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Summary

With a growing population the production of medication and cleaning products has increased
significantly. This has resulted in these compounds entering freshwater sources as current wastewater
treatment technologies are unable to completely remove them. This can cause harm to aquatic and
human life while increasing bacteria’s resistance to disinfectants. Therefore, this study focused on
utilising photoelectrocatalysis (PEC) to determine its feasibility as an alternative process for removing
pollutants from water. In this study a WO3/BiVO, photoanode was successfully synthesised which
could produce a high photocurrent of 2.75 mA/cm?. Utilising this photoanode with the optimised PEC
operating parameters determined in this study a high degradation of ibuprofen (96%),
benzyldimethyldodecylammonium chloride (100%) and sodium 2-naphthalenesulfonate (100%) was
achieved. This demonstrated how successful the PEC system developed in this study was in degrading
pollutants that current water treatment technologies struggle to remove. However, there were some
drawbacks identified with utilising PEC. In relation solely to the ibuprofen degradation process, 4-
isobutylacetophenone was identified by the mass spectrometer as one of the main by-products. This is
an environmental concern as this compound is more hazardous than ibuprofen. Significantly, however
it highlighted the importance of utilising a mass spectrometer to identify by-products produced during
pollutant degradation and determine the toxicity of the resulting solution. A further drawback identified
was that during the degradation of all the pollutants the pH of the treated solution was very acidic (2.59-
2.75) which means a post-treatment step is required to help neutralise the solution. However, this study
did evidence a significant benefit of utilising PEC in that it can produce considerable amounts of
hydrogen with or without pollutant degradation. PEC can be utilised to produce hydrogen in a
sustainable way.
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Chapter 1 : Introduction

1.1 Why We Need Water Treatment Processes?
Water is the key for all living things to be able to eat, grow and live. Without water we would

be unable to produce a wide range of items from food to life saving medication and even
heating for buildings. The World Health Organisation (WHO) found that there are a minimum
of 2 billion people without clean drinking water which results in 829,000 deaths per year [1].
These deaths are preventable if better water sanitation is available in the least developed
countries. This would allow people to have clean water for drinking, personal hygiene and

farming [1].

While there is a large part of the world without access to clean water there is an even larger
proportion using excess water. Therefore, it is essential that industries from agricultural to
production need to start to capture, clean and reuse their wastewater. It is also important that
when water needs to be discharged into the environment it is to a standard which is safe for
aquatic life. This is achieved by wastewater plants having 3 - 4 stages of treatment to improve

the quality of the water so it can be re-used thus lowering the demand for fresh water [2-4].

The complex nature of the chemical compounds makes them extremely difficult to remove by
during current conventional wastewater treatment [5]. The ever-expanding population and
rapid industrialization causes an increase of these pollutants to be entering our wastewater, thus
resulting in them entering our environment [5]. In recent years the most commonly found and

highly concerning pollutants are [2, 4, 6]:
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Table 1.1 - A table displaying the different type of pollutants detected in the environment and drinking
water.

Category Examples Pathway
Pharmaceuticals Ibuprofen, Domestic wastewater e.g excretion
Paracetamol, Hospital effluents
Antibiotics, Incorrect disposal
Pharmaceutical manufacturing plants
Hormones Estrogens, Domestic wastewater e.g excretion
Cleaning Products Disinfectants, Domestic and industrial wastewater
Antibacterial e.g washing, cleaning, etc
compounds Incorrect disposal
Manufacturing plants effluents
Personal Products Fragrances, Dyes Incorrect disposal
Leaching from landfill
Surfactants Linear alkylbenzene Domestic and industrial wastewater

sulphonic acid (LAS), | Hospital effluents
quaternary ammonium

compounds (QACs)
Metal Pollutants Zinc, lead, cadmium | Discharge from underground mines
Leaching from spoil heaps
Leaching from sludge
Pesticides Herbicides, Drainage from farmland or domestic
fungicides, etc gardens.

There are many reports that explored the presence of pollutants, in both environmental and
drinking water. While these detections are usually in very low concentrations (ng/L) this does
not mean that over a long period they may can affect human and animal (including aquatic)
health. As WHO stated “that while there are currently no risk assessments that state trace
concentrations of pharmaceutical in drinking water poses risks to human health. There is also
no risk assessment associated with the long-term exposure to low concentration of
pharmaceuticals and combined effects of the mixture of pharmaceuticals [1]”. Therefore, it is
critical to completely remove the pollutants from water sources to lower the risk to human
health. As Table 1.1 has shown there are many pollutants currently affecting our water supplies
however pharmaceuticals and cleaning products such as disinfectants are two pollutant

categories that stand out and will be the focus of this thesis.

1.2. The Effects of Pollutants

Pharmaceutical and cleaning products have been selected as the primary pollutants to be
eradicated using photoelectrocatalysis (PEC). These products are mainly found in our water

sources and are used daily by most people.
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1.2.1 Pharmaceutical Waste
The pharmaceutical industry is an essential sector in the UK, as the population increases so

does the demand for prescription drugs. Of significance between 1999 to 2009, the UK has
seen issuing of prescription drugs increase by 65% [7]. While in 2018, it was found that 4000
active pharmaceutical ingredients were issued worldwide [8]. This explains why there is an

increased presence of pharmaceutical compounds in our water sources.

Although it is important to produce and issue pharmaceutical drugs, they are considered as one
of the most threatening substances due to their bioactive nature and hazardous toxic-metabolites
[9]. Thus, having the potential to harm the environment [9]. There are several reasons these
compounds end up in our wastewater, these include: human excretion, improper disposal i.e
flushing them down the toilet and effluents from pharmaceutical facilities [9]. This results in
wastewater treatment plants having to remove large concentrations of a wide variety of
pharmaceutical waste [9]. Unfortunately, current water treatment technologies struggle to
completely eradicate them from water. This is primarily due to the design of current water
treatment technologies which results in them being unable to cope with the variety and higher
concentrations. As a result, many of the water treatment technologies are unable to completely
remove pharmaceutical compounds or their metabolic forms (when extracted). The primary
concern with pharmaceutical compounds entering freshwater sources is that they are designed
to cause biological effects in an organism even at low doses [8]. Hence potentially causing
huge health complications in aquatic life [10]. Several studies have already exhibited how
exposing fish to wastewater effluents has caused changes to their reproductivity, which could
result in population levels decreasing [11]. The long term exposure of low concentrations of
various pharmaceutical mixtures in our drinking water and freshwater could result in multiple
consequences such as acute and chronic damage [12], changes to behaviour [13], a build-up in
tissues, damage to reproductive systems [14], and inhibition of cell production [15]. In addition
as they are stable they take a considerable time to degrade in the environment thus causing a

build-up of the compounds concentration [§].
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Figure 1.1 - Schematic illustration of pharmaceutical water pollutants pathways from industry to
water bodies.

Whilst in the UK the concentration of pharmaceutical compounds in environmental and
drinking water does not go above ng/L, in other countries (China, India, Israel, Korea and USA)
the pharmaceutical compounds concentration detected has been higher (mg/L) [8]. The effects
of the pharmaceutical changes depends on the compound [8] (please see Table 1.2 below)

highlighting the importance of completely removing these pollutants from water.
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Table 1.2 - A table displaying all the different pharmaceutical pollutants and their effects.

Category Example Effect

Analgesics / Aspirin, diclofenac, Damages organs, reduces hatching in

Painkillers ibuprofen, paracetamol, fish, genotoxicity, neurotoxicity,
oxidative stress in mollusks and
hormone disturbance in frogs.

Antibiotics Increasing resistance to antibiotics in

bacteria, reduce growth of algae and
aquatic plants.

Anti-cancer Cyclophosphamidel, Genotoxicity
Mitomycin C,
Fluorouracil
Antidiabetics Metformin Causing disruption to endocrines in fish
Anti- convulsants | Carbamazepine, Problems with reproduction and delay in
Phenytoin, valproic acid growth for fish
Anti-fungals Ketoconazole, Diminish growth in algae and fish
Clotrimazole Triclosan
Antihistamines Hydroxyzine, Changes in behaviour, growth and
Fexofenadine, feeding rates in fish, changes in
Diphenhydramine behaviour and reproductivity of
invertebrates
Antiparasitics Ivermectin Reduction in growth and reproduction of
invertebrates
Beta blockers Propranolol Reproduction toxicity in fish and
invertebrates
Endrocrine E2,EE2, Levonorgestrel Reducing reproduction in fish and frogs

due to changing hormones

Psychiatric drugs

Fluoxetine, Sertraline,
Oxazepam, Citalopram,
Chlorpromazine

Changes in behaviour and hormones for
fish and invertebrates.

Page 19




Katherine Davies

1.2.2 Surfactants

Micelle

Figure 1.2 - lllustration of how surfactants work.

Surfactants are amphiphilic molecules which have hydrophobic and hydrophilic parts [16].
There are several types of surfactants these are: non-ionic (no charge), anionic (negatively
charged head), cationic (positively charged head) or amphoteric (both positively and negatively
charged head) [16, 17]. Surfactants have great disinfection properties because their
hydrophobic tails can pull the contaminate from the surface while the hydrophobic heads help
the micelle to reform and travel with the water that is rising to the surface. The utilisation of
the surfactant varies for each type of surfactant. Due to their exceptional disinfection
properties, they are widely utilised in households (as soaps, disinfectant sprays, laundry
detergents, etc) and industries (such as pharmaceuticals, food, manufacturing etc). This means
they are usually used in cleaning products and are constantly being used from morning to night
to kill bacteria, virus or dirt from various surfaces. These compounds vary from domestic use
such as laundry detergents to hospital or industrial use such as disinfection sprays and due to
the COVID pandemic their use has intensified [18]. Consequently, this has resulted in high
concentrations of surfactants entering our wastewater treatment plants [17]. Wastewater
treatment processes degrade a high number of surfactants from the wastewater however some
surfactants are still present in surface waters, soil and sediments. This is a major concern, as

due to their toxicity they can change the ecosystem [18]. This toxicity also effects the
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microorganisms utilised in wastewater plants thus hindering the degradation efficiencies for
other pollutants [18]. Due to these concerns, it is vital to find an alternative water treatment
technology that is able to completely remove surfactants. It is also crucial that an alternative
water treatment process does not rely on the use of microorganisms which could be affected

by the presence of surfactants.

1.3. Conventional Wastewater Treatments and their Drawbacks
Currently wastewater treatment plants are removing pollutants from water by utilising 3 - 4

stages of treatment known as preliminary, primary, secondary and/or tertiary depending on the
standard required for the treated water. Each stage utilises a different type of technology to
treat the wastewater [19]. The preliminary stage is required for the removal of solids from
water and utilises physical and mechanical methods [19]. The primary stage usually utilises
physicochemical and chemical methods to remove organic matter, while the secondary utilises
a biological and chemical method to further remove any further organic matter [19]. If the
water is required to meet a more pure standard for example drinking water than a tertiary stage
is required and usually utilises physical and chemical methods [19]. There are various
technologies which can be utilised for the wastewater treatment process and are described
below.
Biological Treatment: There are several different types of biological treatment technologies
such as activated sludge, trickling filter and biofilm reactor. However, they all utilise the same
principle which is utilising microorganisms in either aerobic or anaerobic conditions to degrade
the organic pollutants in the water [20]. While they are commonly utilised they do have several
drawbacks to this technology which are [19, 20]:

a) High maintenance cost as it requires an optimal environment for the microorganisms

and constant management of microorganisms.

b) Long treatment time.

c) Low biodegradability of certain pollutants.

d) Biological sludge is produced with uncontrollable by-products in the sludge.

e) Complex process thus operators need training especially in enzymatic processes.

f) Possible foaming.

g) Toxicity of pollutants can cause the alteration of microorganisms thus hindering the

degradation properties.
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This technology is not ideal for industries with limited space. In addition, it is not
environmentally friendly as it produces greenhouse gases during the process [21].
Adsorption: This technology requires an adsorbent material such as activated carbon (highly
porous structure) within a reactor [22]. The contaminated water runs over the absorbent
material which causes liquid-solid intermolecular forces of attraction to occur between the
pollutants and the adsorbent material [22]. This results in the pollutants remaining on the
adsorbent material while the water exits the reactor [22]. Whilst this technology offers some
advantages such as its simple, highly effective process with fast kinetics and excellent quality
of treated effluents, there are some limitations such as [19]:

a) High capital and maintenance cost.

b) Non-selective.

c) Performance varies for each type of adsorbent material thus it can require several

adsorbents.

d) Rapid saturation and clogging of the adsorbent material.

e) High regeneration cost.

f) Regeneration can cause the loss of adsorbent material.

g) Not efficient for all pollutants.
Ion-exchange: This involves tanks filled with resin, which are small beads of organic polymer
chains containing charged functional groups with either negative or positive charges [23].
Cation resin contains negative functional groups which attract positive charged ions with weak
or strong acid [23]. Whilst anion resins are made of positive function groups thus attracting
negative charged ions with weak or strong bases [23]. There are also mixed bed resin tanks
which contain a mixture of the strong acid cation and strong base anion resin [23]. The tanks
are placed in a sequence which enable all the dissolved ions to be removed [23]. The removal
occurs by the protons and hydroxide ions attached to the cation or anion resin (respectively)
swapping with the negatively or positively charged ions in the wastewater [23]. The hydrogen
and hydroxide ions are then able to combine to form pure water while the ions stay on the resin
[23]. The are several disadvantages with this technology which are [19]:

a) High capital, maintenance and regeneration cost.

b) Time-consuming regeneration.

c) Large columns for large wastewater volumes thus requiring a huge amount of space.

d) Fast clogging and saturation of the resin.

e) Resin degrades with time and certain waste materials.

f) Sensitive to pH of effluent.
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g) Not selective

h) Not effective for certain pollutants such as drugs
Membrane Technology: This requires a membrane to help filter the pollutants from water.
There are several membrane technologies, these are ultrafiltration, nanofiltration and reverse
osmosis. Ultrafiltration and nanofiltration utilise a membrane which contains pores of 10-50
nm and 1-10nm respectively [24, 25]. The water passes through the membrane while ions
bigger than these pores are blocked by the membrane. While reverse osmosis utilises a semi-
permeable membrane which is hydrophilic thus allowing water to diffuse from the inlet stream
(high concentration) into the outlet (low concentration) also known as the permeate line whilst
contaminates remain on the outside of the membrane [24]. Due to the membrane being semi-
permeable it is able to remove contaminants as small as 0.001 um [24]. However there are
several drawbacks with this technology which are [19]:

a) High capital, maintenance and operation cost.

b) High energy demand

¢) Quick membrane clogging.

d) High membrane waste thus increasing environment impact and cost.

e) Low flowrates.

f) Training requirements for operators.
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Table 1.3 - A table summarising the different types of conventional wastewater technologies and their
removal efficiencies for different pollutants.

Type of Description | Target Removal Ref
Technology | of the Pollutant Efficiencies
Technology
Biological | Up-flow Tylosin 95% - Tylosin | [26]
Treatment | anaerobic 75% - COD
batch
reactor
Biological | Activated QACs: 13% [27]
Treatment | Sludge CI2TMA 88%
Cl16TMA 67%
CI12BDMA 89%
C16BDMA
Absorption | Power Ibuprofen 95-99.2% [28]
Activated
Carbon
Membrane | XLE 2-Naphthol 57-91% [29]
Technology | Reverse 4-Phenylphenol
omosis
Phenacetine
Caffeine
NAC standard
Primidone
Bisphenol A
Isopropylantipyr
ine
Carbamazepine
Sulfamethoxazol
e
17B-Estradiol
Ion Strong-base | Diclofenac >90% [30]
Exchange Anion
Exchange
Polyer
Resins

1.4. Advanced Oxidation Processes (AOPs)

Even though some of the technologies above have demonstrated sizeable removal they have

been unable to eliminate all pharmaceutical or antimicrobial agents from wastewater. These

technologies also present other issues namely: high costs, high energy demand, training

requirements, space consuming and high waste production. Some of these factors contribute

to global warming, thus making them less favourable in the future for industry. Therefore,

recently research has focused on alternative technologies that reduce the impact of cleaning
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wastewater on the environment [31]. As a result this has drawn researchers to look at advanced
oxidation processes (AOPs) [31]. AOPs work by producing hydroxyl radicals which oxidise
organic pollutants into less harmful by-products [31]. These technologies include ozonation,
Fenton’s oxidation, photocatalysis, electrochemical oxidation and photoelectrocatalysis.
Ozonation: This involves utilising the ozone which is a highly oxidative gas which can
dissolve in the water [32, 33]. The ozone can either degrade pollutants directly or produce
hydroxyl radicals (*OH) which can degrade the pollutants [32-34]. Sometimes ozonation
degradation efficiency can be increased by the utilisation of a catalyst, utilising iron or UV
light to help increase the production of reactive species such as *O2” or *OH which improves
pollutant degradation [33]. However, there are several limitations to this technology which are
[33]:

a) Incomplete removal of pollutants

b) Ozone is unstable thus requires to be produced on site, thus increasing cost and space

needed.

Fenton’s Oxidation Process: The technique utilises an iron catalyst and hydrogen peroxide
to produce *OH. The ¢OH radicals have highly oxidising properties which enables them to
degrade pollutants in the water [33]. However, the main drawback is that it produces iron
sludge which is difficult to remove.
Electrochemical oxidation: This technology utilises electrodes to produce reactive species
which can degrade pollutants. However, there are some drawbacks which are:

a) Expensive equipment and maintenance

b) High energy demand

c) Deposition formation on the electrodes lowers their performance.
Photocatalysis: A photocatalyst such as TiO; is irradiated by a light source such as UV light
to excite electrons from the valance to the conduction band of the photocatalyst [35]. This
produces holes in the valance band where it can directly degrade pollutants or produce *OH
which degrade pollutants [35]. There are several challenges with photocatalysis:

a) Low performance due to charge recombination of photogenerated holes and electrons.

b) Photocatalyst particles leach into the water and can potentially harm aquatic life.
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Table 1.4 - A table summarising the different types of AOPs wastewater technologies and their
removal efficiencies for different pollutants.

Type of AOP

Description of
Study

Pollutant

Removal
Efficiency

Ref

Ozonation

Ozone dose =
0.5
mg03/mgDOC

Sulfadiazine

90%

[36]

Ozonation

Ozone dose =
4.7
mg03/mgDOC

Diatrizoic acid

90%

[36]

Ozonation

Ozone dose=
1.28 g/hO3 with
200 mg/LH>0»
and pH=11
and 30 minutes
treatment time

BACs

90%

[37]

Fenton’s
Oxidation

Utilising
FeSO4.7H20
with H>O»

Various
Pharmaceutical

33-100%

[38]

Fenton’s
Reagent
Treatment

Fe?"/H,0, =
1:10 with pH =
3 and 1 hour
treatment

BAC

80%

[39]

Photocatalysis

Zn0O
photocatalyst
with 120 UVA
irradiation

Progesterone
Ibuprofen
Naproxen

92.3%
94.5%
98.7%

[40]

Photocatalysis

TiO; catalyst
which was
simulated with
UV light for
180 minutes

(70-390mg/L)
BAC

100% for all
concentrations
and 10-15% of
TOC.

[41]

Electrochemical
Oxidation

TNA
photoanode
with 1 V (vs
Ag/AgCl)
applied for 4
hours

ibuprofen

<10%

[42]

Electrochemical
Oxidation

Cyclic flow (10
L/h) reactor
with 3 g/L
sodium chloride
and current
density of 4
A/dm?

Gentamicin and
dexmethasone

85.56% COD

[43]

Tables 1.3 and 1.4 above show that while current wastewater cleaning technologies achieve
high degradation rates, they are unable to completely eliminate these pollutants. This results in

low concentrations of pharmaceutical and surfactant compounds reaching our freshwater
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sources and drinking water. However, this is not the only problem with current wastewater
treatment plants, as there is also the issue of their contribution to greenhouse gas emissions
[21]. It has been reported that biological wastewater treatment technologies produce carbon
dioxide (CO2), methane (CH4) and nitrous oxide (N2O), while all other technologies produce
CO; from their high energy demand [21]. There is also the matter that waste is produced by
certain wastewater treatment technologies such as biological treatment and membrane
technologies. As a result, producing solid waste which requires special disposal that again
requires high energy and cost. As current wastewater treatment plants require 3 to 4 (sometimes
more) technologies to remove pollutants then there is an opportunity to find a more sustainable
and effective technology. This could then replace either the secondary or tertiary stage of
current wastewater treatments in order to complete pollutant degradation and reduce
greenhouse gases production. Therefore, this thesis investigates if photoelectrocatalysis has
potential as an alternative technology which could completely remove pollutants. This could
help PEC come one step closer to being an alternative technology for the secondary/tertiary

treatment stage.

1.5. How Can Photoelectrocatalysis be Utilised to Degrade the Water
Pollutants

Photoelectrocatalysis (PEC) is an advanced oxidation process which combines photocatalytic
oxidation and electrochemical oxidation process. Therefore, it requires both light (with energy
equal to or more than the bandgap energy of the semiconductor) and electrical energy to
achieve degradation of pollutants [44, 45]. The first successful study of this process was
conducted by Fujishima and Honda in 1972 which utilised a TiO; electrode to split water into
H> and O [46]. This study sparked interest in photocatalysis (PC) and photoelectrocatalysis
(PEC) for treatment of pollutants in water, CO: reduction and H> generation [47, 48]. Whilst
there are a significant number of publications on PC, the PEC process offers some advantages
over PC. For instance, photoelectrocatalyst material immoblised on a substrate avoids post-
filtration step (lower cost) and applied potential prevents charge recombination thus achieving

higher degradation of pollutants [49].
For several reasons PEC was chosen as the technology that would be utilised in this thesis to

determine if it could potentially replace current secondary or tertiary water treatment

technologies. Firstly it has been identified as being capable of completely removing various
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pollutants [44]. Secondly, it only requires a light source and an applied potential to power the
process which could be powered by renewable energy. The third reason is that it does not
produce any solid waste meaning there is no additional energy or cost required after the
treatment process. There is also a significant opportunity for it to not only remove pollutants
but also to simultaneously produce hydrogen. As a result, wastewater treatment plants would
be able to produce fuel while removing pollutants from water. Whilst there are many reasons
why PEC would make a great alternative technology for current wastewater treatment
processes there are some barriers. One barrier is that PEC relies heavily on light absorption for
effective degradation of pollutants therefore it would not be suited for the primary stage
treatment or replacing the whole wastewater treatment process. This is because high
concentrations of pollutants can reduce light absorption as it blocks light from reaching the
semiconductor [49, 50]. A further concern is that it currently has only been researched on a
lab-scale which means its performance for large scale treatment has not been assessed. The
final barrier is there is very limited research in utilising photoelectrocatalysis as a continuous
process. Therefore, whilst photoelectrocatalysis could be a promising candidate for wastewater
treatment there are still some barriers which need to be addressed before it can be utilised in a

wastewater treatment plant.

1.5.1 Fundamentals of PEC
The most important component in PEC is the working electrode (photoanode). The working

electrode involves a semiconductor on a conductive substrate [45, 49, 51]. Usually when a n-
type semiconductor is utilised then the working electrode is referred to as a photoanode as
water oxidation occurs on the electrode [49]. This is due to the band-bending being upwards
thus driving holes to the surface. While when a p-type semiconductor is employed then it is
known as a photocathode as water reduction reactions occurs at the electrode [49]. This is due
to the band-bending being downwards thus driving electrons to the surface. It is important that
the semiconductor chosen is correct for the selected application, as the type of semiconductor
used determines the type of photogenerated majority carriers (electrons or holes) present on
the electrode’s surface. N-type semiconductors (photoanodes) are the most popular choice of
semiconductors for organic pollutant degradation, because they regenerate holes on the surface
of the photoanode, which enables the organic material to be oxidised, thus degrading them

[49].
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PEC usually involves three electrodes (working, reference and counter) which are immersed
in a supporting electrolyte and are attached to a potentiostat. The photoanode (working
electrode) contains a chosen n-type semiconductor applied onto a conductive substrate (FTO
glass, ITO glass, Ti mesh) [45, 49, 51]. This semiconductor has two energy bands known as
the higher energy conductive band (CB) and lower energy valance band (VB). The energetic
gap between these two bands is known as the bandgap and it is the amount of energy the
electron needs in order to jump from VB to CB (electron excitation) [45]. Electron excitation
works when the photoanode is simulated by light and photons with energies the same or higher
than the bandgap energy is absorbed by the electrons, causing them to move from VB to CB
[45, 51]. This causes holes to be left in the VB so that they can oxidise water molecules to form
*OH and H" [45, 51]. The *OH can go on to degrade organic pollutants [45, 49]. Whilst an
applied potential drives the electrons in the CB to the counter electrode via an external circuit,

so they can react with the H" to form hydrogen gas (H) [45, 49].

0 e
e
\ ] |
> L e‘f
H, Ag/AtCl || O HD
s He%_ __y Pollutant
*OH  pegradation
H*
m

Figure 1.3 — A simple illustration explaining how photoelectrocatalysis works in this study.

Absorption of Photons:

h
SC = SC(ezp) + SC(hiy)  (Equation 1.1)

Hydroxyl Radical Production on Photoanode:
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SC(h{g) + H,0 — SC(e OH) + H* - Water Oxidation (Equation 1.2)
SC(h{fzg) + HO~ - SC(e OH) (Equation 1.3)
SC(hitg) + 2H,0 — 0, + 4H*  (Equation 1.4)
SC(h{g) + Organic Contaminats - SC + Degraded Products (Equation 1.5)
SC(e OH) + Organic Contaminats — SC + Degraded Products (Equation 1.6)
SC(ecg) + SC(hz) » SC + heat  (Equation 1.7)

Hydrogen and Superoxide Production on Counter Electrode:

applied bias
SC(ecg) — CE(ecg) (Equation 1.8)

2CE(ezg) + 2H* - H,  (Equation 1.9)
CE(ecg) + 0, » CE(05) (Equation 1.10)
0, +2H" + CE(ecg) » H,0, (Equation 1.11)
2CE(ecg) + H,0, = SC(2HO")  (Equation 1.12)

The major difference between PEC and PC is that PEC utilises an applied potential to help
prevent charge recombination. To fully understand how the applied potential transfers these
electrons then researchers have studied the semiconductor/electrolyte interface. A Schottky
junction is formed when a semiconductor is in contact with a redox electrolyte due to the
difference in electrochemical potentials [49]. To help reach an equilibrium at the interface, the
Fermi levels in the semiconductor shift causing a band-bending effect [49]. The region in which
band-bending occurs is known as the space charge layer (SCL) or depletion layer as the
electrons are transferred from that region [49]. The band-bending helps the separation of the
charges and can be controlled by the applied potential [31, 45]. For n-type semiconductors the
applied potential needs to be higher than the flat band potential (zero potential) of the
semiconductor to help increase the band-bending upwards [49]. This results in a greater
gradient thus driving more electrons to the counter electrodes [49]. This extends the holes’
lifetimes resulting in higher pollutant degradation. However, if the applied potential is equal to
the flat band energy then all charge carriers recombine [49]. This emphasises the importance

of applying an applied potential.
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Figure 1.4 - The schematic illustration of energetic structure at electrode/electrolyte interfaces in
photoelectrochemical water splitting process with a n-type semiconductor (a) equilibrium condition
(V=V1b), (b) after immersing the electrode in electrolyte (V>Vfb) and (c) under light condition (hv =

Eg).

1.5.2 PEC System
There are several ways a PEC system can be set-up in order to remove pollutants, with the most

common set-up being a three-electrode configuration in a two-cell compartment
electrochemical cell. The three-electrode set up for this thesis involves a photoanode (n-type
semiconductor applied to a glass substrate), cathode (Pt mesh) and a reference electrode
(Ag/AgCl). All these electrodes are attached to an electrochemical potentiostat which helps
apply a bias to the system. This facilitates band-bending, thus allowing for effective charge
carrier separation and minimising charge recombination. While the photoanode allows
oxidation half reactions and is balanced by the reduction of half reactions that occur on the

cathode [52].

1.5.2.1 Photoanode

A photoanode is a key component in PEC to drive the catalytic reactions and requires a n-type
semiconductor applied on a conductive substrate (FTO or ITO glass Ti mesh) [45, 51]. The
light driven semiconductor in the photoanode controls the number of excited electrons as
electrons can only be excited when they absorb a photon with an energy that is the same or
higher than the bandgap energy of the semiconductor [45]. The bandgap energy is defined as
the gap between the valence band and conduction band and it is the minimum amount of energy

needed for the electron to be released from its bond state [45]. Therefore, a semiconductor with
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low bandgap energy is recommended. However, as the water splitting process has a
thermodynamic potential of 1.23 eV and there would be some energy loss then the bandgap
should be above 1.8 eV [53, 54]. There are several semiconductors which are above 1.8 eV

shown in Figure 1.5.
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Figure 1.5 - A plot displaying the band positions of various n-type semiconductors in regard to their
redox potentials and was adapted from a figure created by Jiang et al [55].

Due to, its success in 1972, wide bandgap energy, good stability, non-toxicity, low cost and
ease of manufacture, TiO> is a popular choice for PEC [46, 49, 51, 56]. However, there are
several drawbacks, such as the photon absorption being limited to the UV light range only (3-
5% of solar the spectrum) and it allows rapid charge recombination [56]. This means it has a
lower photoactivity when compared to other available semiconductors. Therefore, TiO2 was
not utilised for PEC application in this study as it was vital to select a semiconductor that could

utilise a wider range of the solar spectrum.

In this study WO; was chosen as one of the semiconductors for the photoanode due to its
excellent solar light absorption (12% of solar spectrum) [52, 57]. This is due to its bandgap
energy being between 2.5 and 2.8eV, thus allowing wavelengths of up to 500nm to be absorbed
[44, 52, 58, 59]. The other significant advantages of utilising WO3 are: its high stability in low
pH, resistance to photocorrosion, good electron mobility (12 cm?V-!s!) non-toxic, ease of
manufacturing, good hole diffusion length, high conductivity [52, 60-62]. However pristine

WO3 can still suffer from weak visible light absorption (<460 nm) and charge recombination,
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thus lowering its PEC performance [63]. One way of overcoming this drawback is to create a

heterostructure (by creating a heterojunction) photoanode.

A heterostructure photoanode is recognised as improving the photoactivity of pristine
photoanodes [61, 64-68]. This is due to the formation of a heterojunction that drives charge
separation [61, 64-68]. A heterojunction is formed when two semiconductors are coupled
together [44]. This creates an electric field which depending on the alignment of the two
different semiconductors causes the migration of charges [44].There are several types of
alignments namely [44]:

Straddling (Type I) — Semiconductor A has a more negative conductive band and a more
positive valance band than semiconductor B.

Staggered (Type II) - Semiconductor A has a more negative conduction and valence band than
semiconductor B.

Broken (Type III) — Semiconductor A has a valance band higher than the conduction band of

semiconductor B.

Studies have demonstrated that the best alignment for creating an effective heterostructure
photoanode is the staggered type as it extends the lifetime of the photogenerated charge
carriers. [44]. This is due to the electrons moving from the CB in semiconductor B to the CB
in semiconductor A [44]. Whilst the holes move from the VB in semiconductor A to the VB in
semiconductor B, thus resulting in the charges being separated [44]. Therefore, doping WO3
photoanodes with a semiconductor that has CB and VB energies more negative than WO; will

result in this staggered alignment [44, 65].

One effective semiconductor which has proven to create this staggered alignment with WO3 is
BiVOs as the CB and VB in BiVO4 have energies more negative than the CB and VB of WO3
[65, 67] . It also has the benefit of a bandgap of 2.5¢V which means it is able to absorb a higher
proportion of visible light than WO;3 [69]. Therefore, BiVO4 was the chosen semiconductor to
couple with the WOs3 to create a heterostructure photoanode. The benefits of utilising BiVO4
as a hetero partner to the WO3 are (a) smaller bandgap which means it utilises more of the solar
spectrum, (b) it has good stability against photocorrosion (c) its non-toxic and (d) can achieve
good solar-to-hydrogen (STH) efficiency of 9.1% [70]. However, it does have the drawback of

poor electron mobility but nevertheless coupling BiVOs with WOs3 allows the electrons to

Page 34



Katherine Davies

effectively move from the surface to the conductive substrate due to good electron mobility

within WOs [69].

Counter Electrode

€ h+/-\A

Pollutant Degradation

FTO Glass

WO; BiVO,
Figure 1.6 - Schematic illustration of WO3/BiV Oy electronic structure.

It is critical to review previous studies of WO3/BiVOs to help establish its success in PEC and
help determine its best structure. There are numerous different structures of WO3; which can be
developed by various methods. Recent studies showed that a 1D nanostructure WO3/BiVO4
exhibits better photocurrent production than pristine WO3 [63, 71]. The WO3/BiVO4 developed
by Xu et al produced a photocurrent 20 times higher than pristine WO3 due to the BiVO4 layer
enabling charge separation [63]. This was also confirmed by Madhavi et al who created a 1D-
WO3/BiVO4 photoanode that generated a photocurrent density (2.24 mA/cm?) significantly
higher than WO3; and BiVO4 [71]. During this study it was also established that creating the
heterojunction helped improve the stability of the photocurrent production due to the improved
charge carrier density, charge separation and decline of recombination losses [71]. The reason
why 1D nanostructures are successful is they offer direct electrical pathways for charge transfer
and have high interfacial contact area compared with bulk [57]. However, there are other
structures that can achieve high photocurrents such as porous nanocrystalline morphology. This
was demonstrated by Fujimoto et al who achieved a photocurrent density of 3.43 mA/cm? when
creating a porous nanocrystalline structure of WO3 with a layer of BiVO4 [72]. While Chae et
al demonstrated that a smaller sized nanosphere WO3 layer showed better PEC performance
than plate-like or rod-like structure [73]. This structure achieves high photocurrent production
due to the improved charge collection efficiency from the shorter transfer lengths improving
the holes’ transfer to the photoanode/electrolyte interface [57]. This results in higher PEC water
oxidation reactions [57]. As Zhou et al found utilising a hierarchical WO3/BiVOs achieved a

higher photocurrent than flat film which improved light harvesting due to the multiple light
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scattering caused by the small nanoparticles and sufficient voids [74]. These studies established
that the photocurrent density produced by the WO3/BiVO4 photoanode is heavily dependent
on the structure as it can facilitate higher charge separation or higher light harvesting. From all
these studies it was established that having a porous nanocrystalline structure a very high
photocurrent density would be achieved with holes being rapidly transferred to the photoanode
surface which is essential for pollutant degradation. Therefore, it was key to create this

structure for the WO3/BiVO4 photoanode utilised in this study.

Not only does the structure of the WO3/BiVO4 photoanode affect the photocurrent production,
with recent research the thickness of each semiconductor can also affect the photocurrent
produced. There has been reports on how the WOs3 thickness plays a role in increasing or
decreasing the WO3/BiVO4 photoanode’s performance. As recently demonstrated by Grigioni
et al increasing the WOs3 thickness decreases the photocurrent produced by the WO3/BiVO4
photoanode as it enables charge recombination to occur in the WOs layer [75]. However,
another study conducted by Pedroni et al witnessed that increasing the WO3 layer increased the
photocurrent production [76]. They determined that having a high WOs3 thickness helped
increase the light absorption capabilities thus more electron excitation [76]. Therefore, it is
important that this thesis helps add to this research by looking at the effect of the WO3 thickness
on the WO3/BiVO4 photoanode’s performance. Whilst the WOs3 thickness has evidenced it’s
influence on the WO3/BiVO4 photoanode’s performance there has also been recent studies
focusing on the effect of the BiVO4 layer’s thickness on the photocurrent production. Cao et al
found that increasing the BiVOj4 thickness from 3 to 7 cycles (of deposition) increased the
photocurrent density demonstrating that a higher amount of BiVOy allowed for increased light
absorption [77]. However, beyond 7 cycles the photocurrent density decreased as an abundant
amount of BiVO4 can cause charge recombination to occur [77]. This effect was also witnessed
by Grigioni et al who found that increasing the BiVO4 layer thickness from 15 — 75 nm helped
improve the photoanode’s performance [78]. This is because 75nm gives the best balance
between wider light absorption and low charge-carrier recombination during hole transfer to
the photoanode surface thus leading to high photocurrents [78]. However, having a thicker
layer (115nm beyond) drastically decreases performance as the holes travelling from WOs3 are
more likely to combine with the electrons trapped in BiVO4 [78]. They also found that
irradiating the sample front side achieved higher incident photon-to-current efficiency (IPCE)
translating to a higher photocurrent production [78]. Whilst these studies show multiple layers

of BiVOy4 helps improve the performance of WO3/BiVOs, Hong et al demonstrated that one
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single layer of BiVO4 was sufficient for producing high photocurrent density due to an effective
charge separation [68]. They also demonstrated that adding more layers resulted in a decrease
in performance due to charge recombination occurring in the BiVOy layer as it was identified
to be a poor charge transport layer [68]. These studies evidence how vital it is to determine the
optimum thickness for each semiconductor utilised in the photoanode, to help produce the
highest photogenerated holes for pollutant degradation while exciting the biggest number of

electrons for hydrogen production.

1.5.2.2 Cathode
There is limited choice for a successful cathode to produce hydrogen via the reduction reactions

in the cathodic compartment. The best cathode is platinum as it accelerates the hydrogen
reduction process [79]. To be able to produce hydrogen and avoid the production of oxygen
then the environment in which the Pt cathode is placed must be deoxygenated. This will prevent
electrons from reacting with the oxygen and thus allow the production of hydrogen. Therefore,
it is important to purge the cathodic compartment before utilising the PEC system for hydrogen

production.

1.5.2.3 Reference Electrode
A reference electrode is utilised in a three-electrode set-up, to help gather electrochemical data,

as the reference electrode has a known potential which is used as a point of reference for
potential control and measurement.

Silver/Silver Chloride (Ag/AgCl) is a common reference electrode as it is simple and robust
and therefore it is the reference electrode utilised in this thesis. The Ag/AgCl electrode is made
up of a silver wire immersed in a saturated potassium chloride and silver chloride solution all
contained in an enclosed glass tube with a porous plug to allow contact between the
environment and silver chloride electrolyte. The half reaction occurring in the Ag/AgCl is as
follows:

AgCl(s) = Ag* + Cl=  (Equation 1.13)

This redox reaction can occur in solutions with pH between 0 and 13.5, thus meaning the

electrode can be utilised in varying pH levels.

1.5.2.4 Electrolyte
An electrolyte is a solution which contains ions dissolved in water that enables the system to

have conductivity and is essential in PEC [31]. If the conductivity is low, then there is a high
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resistance in the solution thus increasing the potential bias requirement [31]. The electrolyte
also helps generate band-bending in the semiconductor as a result the holes and electrons come

to the surface of the photoanode to facilitate pollutant degradation [49].

Sodium sulfate (Na;SO4) is the most widely utilised electrolyte as it generates excellent
photocurrent during the PEC process. It was found that increasing the concentration improves
the photocurrent density without affecting the photocurrent potential onset [75].
Concentrations of above 0.05 M Na,SOj4 allow for higher photocurrent values to be produced
with the applied bias having more effect on the photochemical response [75]. However, this is

not the only option for the electrolyte there are others such as sodium chloride (NaCl).

Researchers have shown that utilising NaCl as a supporting electrolyte helps improve the
degradation of pollutants when compared to Na>SO4 [80]. This is due to the NaCl electrolyte
shifting the onset potential less positively and producing a higher photocurrent as demonstrated
by Shuhu Xiao et al [80]. It was apparent that when utilising the same photocatalysis conditions
a 0.05 M NaCl solution produced a photocurrent double the amount of 0.1 M Na>SOj4 solution
[80]. This is due to the preferred absorption of chloride ions onto the surface of an electrode
when compared to the sulfate ions [80]. Therefore, a lower potential could be utilised for the

oxidation of chloride ions.

There are several reasons why increasing the concentration of NaCl increases the photocurrent
production. Firstly, it enables higher conductivity thus improving ion transfer in the solution.
Secondly increasing the NaCl concentration results in a higher number of negative chloride
ions being absorbed onto the positive photoanode [80]. These chloride ions act as a hole

scavenger thus improving the charge separation [80].

The benefit of utilising NaCl as a supporting electrolyte is that it can produce active chlorine
species [80, 81]. These active chlorine species have strong disinfection properties thus they can

degrade pollutants [80, 81]. The production of active species is as following [80, 81]:
SC B 5C(ezy) + SC(hty)  (Equation 1.14)
SC(h{g) + Cl- - SC(Cl) (Equation 1.15)
2Cl - Cl, (Equation 1.16)
Cl, + H,0 - Cl~ + HCIO + H* (Equation 1.17)
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HCIO - ClO~ + HY  (Equation 1.18)

Therefore, NaCl will be the main electrolyte for the PEC system utilised in this thesis.

1.5.2.5 Applied Bias
For PEC to be successful then an applied potential is required to provide a driving force for

electrons to move to the cathode (charge separation) [45, 49, 51]. This is achieved by attaching
all three electrodes to an electrochemical potentiostat. The user interface on the computer
allows the desired potential to be set and applied to the system. The applied bias must be more
positive than the flat band potential of the PEC system in order to help transfer the electrons to
the cathode from the photoanode [49]. This will be dependent on each PEC system, as the
photoanode and the electrolyte type and concentration all affect the flat band potential which

needs to be overcome to prevent the recombination of charges.

1.5.2.6 Light Source
For PEC to be successful then it is essential to have a light source which can allow for electron

excitation from the absorption of photons (with energies the same or more than the
semiconductor’s bandgap energy) provided by the light [45, 51]. In this thesis the PEC system
utilises an ASAHI HAL-320 solar simulator to provide the semiconductor with light due to the
availability of this equipment and the benefit of it being able to provide the PEC system a wide
range of wavelengths for photon absorption. However, there is an alternative option to utilising
a solar simulator which is utilising LED light sources. LEDs are beneficial as they are compact,
lower cost, energy efficient and mercury free [82]. LED light sources can also provide different
wavelengths depending on their composition thus allowing the user to select the appropriate

light source for the semiconductor being used [82].
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1.5.2.7 Two Compartment PEC Cell

IbupArofen
I

Reactive

Nafion Membrane

Figure 1.7 - Schematic illustration of the PEC cell utilised for pollutant degradation experiments

The PEC cell utilised in this thesis is a two compartment PEC cell (Figure 1.2) with a Nafion
membrane. The anodic side of the compartment consists of the photoanode and reference
electrode with a quartz window for the light to pass through so it can be absorbed by the
photoanode. While the cathodic side of the compartment consists of just the cathode. The
Nafion membrane is utilised to ensure that the anodic oxidation of pollutants remain in one
compartment while the cathodic reduction of hydrogen takes place in the other compartment
(Figure 1.7). This is due to its selectivity of hydrogen protons, meaning they are the only
species allowed to pass through [83]. This prevents any undesirable reactions with the
ibuprofen or surfactants, as the success of PEC for degrading pollutants is based on the
production of holes (h*) as it generates hydroxyl radicals (¢OH) and active chlorine. These
reactive oxidising species have been reported to cause the degradation of these pollutants [42,
84, 85]. The Nafion membrane keeps the electrons in the cathodic compartment, so they do not
react with any of the reactive oxidising species or pollutant degradation products produced in
the anodic compartment but combine with the hydrogen protons to produce hydrogen gas.

Therefore, it was important to utilise this membrane in the two compartment PEC cell to allow
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for simultaneous pollutant degradation and hydrogen production without pollutant degradation

significantly affecting hydrogen production.

In the PEC process there are four steps which are (a) mass transfer to the photoanode, (b)
adsorption of pollutants onto the surface of the photoanode, (c) degradation of pollutants, (d)
desorption of the by-products from the photoanode surface and then (d) mass transfer of the
by-products from the electrode surface [86]. One or more of these steps would be a rate limiting
step which means a step which has the slowest kinetics. The mass transfer of the pollutants
towards and away from the photoanode are not the rate determining step during this study as
experiments are under continuous magnetic stirring. This means there is good circulation of
pollutants in the electrolyte meaning that the photoanode is exposed to fresh electrolyte
constantly. When there is constant stirring it would imply that the mass transfer cannot be the
rate limiting [86]. However, a study by Liu et al found that for photoelectrocatalytic reactions
the rate limiting step is the charge transfer or the adsorption of the pollutants onto the
photoanode surface [86]. This can make pollutant degradation and hydrogen production slow.
Another reason for slow hydrogen production could be utilising a membrane with a low proton
conductivity. Therefore, it is important that the membrane utilised has excellent proton
transport properties to allow this step and avoid hydrogen production becoming a rate limiting
step. This is the reason why the Nafion membrane was chosen as Nafion is known to have

excellent proton transport conductivity.

1.5.3 The Advantages of PEC
Through various studies it has been established that PEC is the preferred advanced oxidation

process (AOPs) for water treatment as compared to other AOPs because it effectively reduces
the toxicity by removing organic pollutants in the shortest amount of time [42, 85, 87]. Many
researchers refer to the semiconductors used in PC and PEC as photocatalysts as they accelerate
the redox reactions when stimulated with light. This makes it a superior process to

electrochemical which only utilises applied potential to degrade pollutants.

Another benefit of PEC is due to the cathode, hydrogen can be generated in a more sustainable
way than its current process. Currently most of the hydrogen produced happens through the
steam reforming process, which involves methane and steam to produce hydrogen and CO»
[88]. However due to climate change, this process is not ideal as it produces CO> whilst

requiring high energy demand [88]. This produces hydrogen contaminated with carbon
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monoxide [88]. In comparison producing hydrogen via the photoelectrocatalysis process is a
very attractive option as not only is it sustainable, but it also produces clean and
uncontaminated hydrogen. This helps make hydrogen an appealing alternative fuel to fossil

fuels.

PEC can also provide a renewable and environmentally friendly method to remove pollutants
through the utilisation of solar power (as a light source) and bias potential which can be
powered by renewable energy. Therefore, it is essential to find a photocatalyst which has a low
bandgap energy in order to absorb photons in the visible light. Thus, utilising a higher

proportion of solar light which could result in natural sunlight being utilised.

1.5.4 Limitations of PEC
PEC has many advantages over other AOPs and conventional wastewater treatment processes,

such as complete mineralisation, having lower energy demand and lower waste production,
however there are still some limitations to this process. These limitations involve:
a) The adsorption of light is dependent on the bandgap of the semiconductor, eg TiO> can
only absorb UV light (5% solar spectrum).
b) Anapplied bias above the flat band potential is needed, otherwise charge recombination
can still occur in pristine photocatalysts, therefore requiring minimum energy input.
c) High pollutants can hinder the PEC process due to less light penetrating the
photocatalyst. While the volume of pollutants able to be degraded is limited to the

number of active sites on the photocatalyst.

1.5.5 Justification of Utilising PEC for Ibuprofen and Surfactant Degradation

1.5.5.a Ibuprofen

Marchlewicz et al identified ibuprofen as the third most consumed drug due to doctor’s high
prescription rate and it’s easy availability over the counter [89]. This increasing demand causes
the concentration of ibuprofen in our wastewater to increase daily. Therefore, ibuprofen was

chosen as a model pharmaceutical pollutant to investigate in this thesis.

There are several issues with the presence of ibuprofen in our environmental waters, these are:
its endocrine disruption in Mytilus galloprovincialis [90], oxidative stress, membrane damage

within the digestive gland and an increase of the lipid peroxidation level in mussels [91]. Han
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et al found that ibuprofen can cause an increase in 17-B estradiol production and aromatase
activity while decreasing testosterone production in Oryzias latips, Moina macrocopa and
Daphenia magna [92]. Also Lange et al found that concentrations between 1-100 ng/L caused
a decrease in the activity of amphipod crustacean in Gammarus pulex [93]. This emphasises
the necessity of fully eliminating ibuprofen from water streams before its released into the

environment.

A review conducted by Sunil Chopra et al and Sarah Letsinger et al helped summarise the
various ibuprofen concentrations found in environmental waters around the world, please see

Table 1.5 below [90, 94].

Table 1.5 - A table presenting the ibuprofen concentration in different environmental water sources

around the world [90, 94].

Environmental Water | Location Ibuprofen Concentration
Type (ng/L)
River Mississippi, USA 0.03
Lake North Ohio, USA 1.2
River KwaZulu-Natal, South | 19.2
Africa
River South China 1.417
Surface Water Canada 0.98
Surface Water Greece 1-67
Surface Water Korea <15-414
Surface Water Taiwan 5-280
Surface Water France 8
Wastewater Canada 45
Wastewater Pakistan 703-1673
Wastewater South Africa 1.38
Wastewater Belgium 5.78
Estuary UK 0.67

Table 1.5 shows ibuprofen present in the environment and wastewater effluents at pg/L scale.
Thus, highlighting that current wastewater technologies have failed to completely remove
ibuprofen from their wastewater effluents. This evidence shows that water technologies are

currently not up to the standard we require today.

There are also currently several reports on utilising PEC for ibuprofen degradation [42, 84, 85].
Whilst the reports show 80-100% degradation percentages they do not explain how alternating
the operating parameters could vary the ibuprofen degradation whilst only one report identified

the by-products produced during the ibuprofen degradation. Therefore, it is necessary for this
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research to help determine what by-products are formed in order to establish if this technology
is environmentally friendly and has the potential for replacing tertiary wastewater treatment

technologies.

1.5.5.b Surfactants

This thesis will focus on two different types of surfactants which are the anionic and cationic
surfactants. The reason why it will focus on removing anionic surfactants is that it is one of the
most commonly utilised surfactants which affect microorganisms [18]. Popular types of
anionic surfactants are linear alkylbenzene sulfonates (LAS). It has been evidenced that LAS
are biodegradable in wastewater treatment plants with aerobic conditions [18, 95]. However,
these compounds still occur in surface waters as current wastewater treatment technologies
cannot eliminate LAS from water. The other drawback of biodegrading LAS is that it can alter
the microorganisms thus hindering their performance for other pollutants [18]. The problem
with LAS entering surface water is that it is toxic to a range of aquatic organisms such as
invertebrates which has shown that at even very low concentrations (0.02 — 1.0 mg/L) they can
cause damage to fish gills, excels mucus secretion, respiration problems in goby, decrease in
settling rate and the swimming patterns changing in blue mussel larvae amongst other issues
[18, 96]. Hence, it’s important that anionic surfactants are completely removed from
wastewater to ensure fish and other organisms are not negatively impacted. There are several
alternative methods reported on the degradation of LAS compounds. However, none of these
methods (expect for utilising special bacteria) were able to degrade LAS fully. Therefore, more
research is required to achieve complete degradation [97]. Due to inadequate charge separation
at the semiconductor photocatalyst/electrolyte interface then the degradation of LAS lowers.
However, in the case of PEC, the applied potential to the circuit encourages charge separation
at the semiconductor/electrolyte interface which should enhance LAS degradation compared
to photocatalysis. For testifying the feasibility of PEC for anionic surfactant degradation then

sodium 2-naphthalenesulfonate (S2NS) was selected in this thesis due to its availability.

The other type of surfactant which this thesis will focus on are cationic. This is due to cationic
(such as quaternary ammonium compounds (QACs)) being one of the most toxic surfactants
[18]. Cationic surfactants such as QACs have antibacterial properties which means they are
utilised in disinfectants, detergents, etc, resulting in high concentrations (500 pg/L) entering

wastewater [18, 98]. Due to their antibacterial properties they are highly toxic to aquatic life
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and cause organisms to build up a resistance to disinfectants [99, 100]. Wastewater treatment
plants do not completely eliminate these types of compounds from water, resulting in treated
effluents and surface waters having an average QACs concentration of 50 pug/L and 40 pg/L,
respectively [98]. This is highly concerning as excessive exposure of QACs to bacteria could
give a rise in bacterial resistance to these compounds [18]. Hence, indicating the importance

for these compounds to be completely eradicated from water.

Benzylalkyl dimethyl ammonium compounds (BACs) are the most frequently detected QACs
in wastewater effluents with the most common BACs being C12, C14 and C16 [98, 101]. It
has been established that BACs is stable in direct photodegradation [98]. However, there is
limited research on the degradation of BAC, with there being only one study. This suggests
more research is required to find a technology that could completely degrade BACs. Hence,

BAC-C12 was the model pollutant for cationic surfactants in this thesis.

PEC has been proven to degrade many pollutants due to the production of strong reactive
species such as hydroxyl radicals, holes and active chlorine. It does not rely on microorganisms
to degrade surfactants, therefore, there should be no issues with surfactants affecting the
removal efficiency due to inhabitation of the activated sludge. However, currently there is no
evidence of using this effective technology to degrade surfactants. Therefore, it would be
beneficial to see if PEC technology can completely degrade surfactants, as currently there is

no technology that can.

1.6. Producing Hydrogen Fuel Using Photoelectrocatalysis
While the world’s population is ever-growing so is the need for clean fuels. The use of fossil

fuels causes the production of CO2 which forms a heat insulating layer in our atmosphere, thus
causing a greenhouse effect and slowly warming the earth [102]. Many researchers are in a
race to identify a more renewable source of energy to prevent escalating the problem and

simultaneously hopefully reverse some of the damage already caused.

Hydrogen is attracting considerable attention as an alternative fuel to fossil fuels. This is mainly
due to its high yield of energy (122 kJ/mol), which produces energy when utilised in a fuel cell
[103]. However, the major issue with hydrogen as a fuel relates to the current manufacturing
process, “steam reforming” as it emits high amounts of CO> (due to energy demand), which

impacts on the environment [88]. Steam reforming utilises high temperature steam in order to
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break methane into hydrogen, carbon monoxide and carbon dioxide [88]. It is therefore vital
for research to focus on a more sustainable and environmentally friendly method of hydrogen

production to ensure it is a viable option for the future.

PEC is an advanced oxidation process (AOP) that has recently received considerable attention
for green hydrogen gas generation [83, 104-106]. This is achieved by water splitting reactions
when a photoanode is simulated with light and an applied potential is used to help charge
separation by transferring photogenerated electrons to the counter electrode [105]. These
electrons react with the hydrogen ions produced from the water splitting process to produce

hydrogen (please see Figure 1.2) [105].

The benefit of PEC over photocatalysis relates to the use of an applied potential that drives the
electrons away from the photoanode surface and towards the counter electrode, thus allowing
charge separation [31, 107]. This charge separation enables effective hydrogen production as
the holes’ lifetimes are extended [31]. This enhances the amount of water oxidation reactions
thus improving the production of hydroxyl and hydrogen ions. In addition the excited electrons
lifetime are enhanced, thus allowing more electrons to react with the protons to form hydrogen
gas at the cathode [31]. The overall PEC water splitting process by photoelectrons and holes
can be explained as the following [108]:

Anodic Water Oxidation Reaction:

H,0 + h* —e OH + H*  (Equation 1.19)

Cathodic Water Reduction Reaction:
2e” +2H" — H, (Equation 1.20)

The significant advantage of PEC is that is can be driven by solar light and an external electrical
power supply (which can be driven by renewable energy sources). This makes PEC a
sustainable route compared to the conventional steam reforming process. A fresh water based
electrolyte would be favourable as any possible waste by-products from contaminant
degradation would be eliminated. However, on a larger scale, utilising freshwater for the
electrolyte would be more expensive and would have more of an impact on the environment
than recycling the water. A recent study on life-cycle net energy assessment for PEC hydrogen

generation showed that 820 000 m? of electrolyte would be required for IGW facility (which
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equals to 610 metric tons of H> per day) [109]. In view of this, applying wastewater as an
electrolyte would be a promising approach to avoid freshwater scarcity whilst producing
hydrogen. Pharmaceutical and surfactant pollutants in saltwater could be utilised as electrolytes
for PEC hydrogen production. Previous reports have shown that PEC can degrade pollutants
while simultaneously producing hydrogen gas [110-112]. Therefore, it is anticipated that

hydrogen gas can be produced from ibuprofen and surfactant degradation processes.

During the PEC process hydrogen can be produced by the electrons on the platinum counter
electrode being able to react with protons to produce hydrogen gas [70, 113, 114]. However,
the amount produced relies heavily on the material utilised. This was demonstrated by Monfort
et al, who utilising a BiVO4 photoanode produced a higher amount of hydrogen than TiO>
photoanodes [70]. While utilising BiVOs allows significant hydrogen production it does suffer
from charge recombination. This is due to the electrons and holes being separated on the same
surface, therefore, to help prevent this Li et al doped the BiVO4 photoanodes with Bi [70, 113].
This resulted in the hydrogen production being enhanced by 3 umol/cm? overall and
demonstrates how effective doping is for charge separation and improved performance [113].
In addition Shen et al found utilising TiO», TiO>CdSe, NTAs-Au-CdSe and NTAs-CdSe-Au
as photoanodes in PEC resulted in hydrogen production of 0.184, 0.695, 0.43 and1.742
mmol/hg respectively [114]. This evidences that hydrogen production is dependent on the

photoanode material.

While the amount of hydrogen produced is dependent on the photocatalytic material, it still
requires an applied potential to help drive the electrons from the photoanode surface to the
counter electrode, thus reacting with the protons to produce hydrogen [45, 49]. This has been
demonstrated by Monfort et al and Shen et al, who identified that increasing the bias potential
increased the hydrogen production whilst the absence of bias potential failed to produce
hydrogen [70, 114]. This is due to the applied potential helping to drive charge separation thus
increasing the number of electrons available for hydrogen production [70, 114]. Therefore,
PEC has the advantage over PC in that due to the applied potential it would be able to produce

a higher amount of hydrogen and should be investigated more.
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1.7. Aims of Thesis

This thesis will focus on demonstrating the PEC process in pollutants removal from water,
examine its feasibility to replace current wastewater treatment technologies and determine its
potential for hydrogen production. The following objectives will be examined in this thesis.
e Design and fabricate an effective heterostructure metal oxide photoanode
e Establish if the PEC can completely remove a model pharmaceutical compound from
water without impacting the environment.
e Determine if PEC can completely remove a model surfactant pollutant compound
(anionic and cationic) from water.
¢ Quantification of hydrogen gas produced via the developed PEC system and also verify

if it can simultaneously produce hydrogen gas while degrading pollutants.
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Chapter 2 : Materials and Methodology

2.1 Laboratory Equipment

There was various laboratory equipment utilised for the numerous experiments, these were
pipette tips (10 uL, 100 uL, I mL, 10 mL), Mettler Toledo EL240 analytical balance, vortex
mixer, lyophilser, desiccator, enclosed hotplate, rotary evaporator, spincoater, 200ml closed
beaker, magnetic stirrer, ultrasonic soldier, COD meter (multiparameter photometer kit, Hanna
Instruments), two compartment photoelectrochemical cell with Nafion membrane and motor

and pestle.

2.2 PEC Set-up

For all PEC experiments (including EIS and IMPS) a two-compartment photoelectrochemical
cell was utilised and contained a Nafion membrane to separate the anodic and cathodic
compartment (Figures 2.1 and 2.2). The anodic compartment contained the developed
WO3/1BiVO4 photoanode (will be stated which WO3/1BiVOs4 photoanode was utilised as it
varied on the experiment) and Ag/AgCl reference electrode and the electrolyte spiked with the
pollutant. While the cathodic compartment contained just a platinum wire as the counter
electrode immersed in pure electrolyte. The electrodes were all connected to a potentiostat
which controlled the applied potential. A magnetic stirrer was utilised to allow for constant

stirring of the electrolye.

Page 56



Katherine Davies

Figure 2.2 - An image sowing the PEC cell during a pollutant degradation experiment.
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2.3 Chemicals

A wide range of chemicals were utilised for various experiments conducted in this thesis. For
the synthesis of WO3 paste, the chemicals utilised were tungsten (VI) oxide (Sigma-Aldrich,
99.9%), ethanol (Fisher Scientific, HPLC Grade), acetic acid (Sigma-Aldrich, >99%),
deionised water (Suez Environment, Purite, Ondeo IS), a-terpineol (Sigma-Aldrich, 90%),
ethyl cellulose (Sigma-Aldrich, 48-49%). While for the synthesis of BiVO4 the following
chemicals were utilised ammonium metavanadate (Sigma-Aldrich, >99%), bismuth nitrate
pentahydrate (Alfa Aesar, 98%), citric acid (Sigma-Aldrich, >99.5%), nitric acid (Sigma-

Aldrich, 70%) and deionised water (Suez Environment, Purite, Ondeo IS).

For determining each synthesised photoanode’s performance then the following chemicals
were utilised for the PEC system to work which were sodium chloride (Arcos Organics, Extra
Pure), sodium sulfate (Fisher Scientific, 99%), deionised water (Suez Environment, Purite,

Ondeo IS).

While for pollutant degradation experiments, the following chemicals were utilised acetonitrile
(Fisher Scientific, HPLC Grade), water (Fisher Scientific, HPLC Grade), sodium chloride
(Arcos Organics, Extra Pure), ibuprofen (Sigma-Aldrich), benzyldimethyldodecylammonium
chloride (SigmaAldrich, >99%) and sodium 2-naphthalenesulfonic acid (Sigma-Aldrich,
>95%).

While for the LC-UV the mobile phases required the following chemicals which were
acetonitrile (Fisher Scientific, HPLC Grade), water (Fisher Scientific, HPLC Grade) and

formic acid (Fisher Scientific, >98%).

2.4 Photoanode Development

There were several techniques that could have been utilised for synthesising the WOj3 layer in
the photoanodes. Here, the method utilised was adapted from O’Regan and Grétzel’s method
for TiO; paste for dye-sensitised solar cells and photoanodes due to its simplicity and its high

reproducibility [1]. The method is outlined below:
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Figure 2.3 - The WOs paste synthesis method.
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The doctor blade technique was then utilised to apply the WO3 paste onto the FTO substrate. It
worked by masking FTO glass substrate with scotch type to expose 1 cm? of FTO area where
the WOs3 paste was applied onto and spread across by utilising the doctor blade technique Then
an enclosed hotplate was utilised with the following conditions to anneal the WO; onto the
FTO substrate: (a) Ramp time = 1 hour, (b) Set temperature = 450°C and (c¢) Annealing Time

= 3 hours.

While the BiVOq thin films were prepared by adopting the method created by Choi et al [2]. It
involved mixing together 0.1462 g of ammonium metavandate, 0.6061 g of bismuth nitrate
pentahydrate, 0.4803 g of citric acid, 0.825 g of nitric acid and 2.9 mL of deionised water [2].
Sonicate the mixture for 10 minutes. Once the solution was prepared then it was spin coated
onto the FTO glass or the WO3 surface with the settings of 500 rpm for 5 seconds, then 2000
rpm for 40 seconds. The photoanodes were then annealed in an enclosed hot plate using the
following conditions: (a) ramp time = 2.5 hours, (b) Set temperature = 500 °C and (c) annealing
Time = 1 hour. Similarly, to WO; films the structure, surface morphology, chemical

environment, and optical properties of the as-prepared BiVO4 film were studied.

Once the desired number of cycles of WO3 and BiVOs4 were applied then the ultrasonic soldier
was utilised to attach an insulated copper wire to the FTO glass, and the electrode was sealed

using an epoxy resin glue.

To determine the effect of varying the thickness of WO3 and BiVO4 layers on the WO3/BiVO4
photoanode’s performance then the number of deposition cycles were altered for each
semiconductor onto the FTO glass. This was prepared by annealing each cycle before applying

the next cycle.

Once the production of the photoanodes was done then several techniques were utilised to help
determine and explain the photoanode performance. The best techniques for determining
photoanode performance are chronoamperometry and linear sweep voltammetry (LSV), while
electrochemical impedance (EIS) and intensity modulated photocurrent spectroscopy (IMPS)

can help explain the behaviour of the photoanode.
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2.4.1 Chronoamperometry
Chronoamperometry uses a constant applied potential to help to determine the photocurrent

produced as a function of time. Photocurrent is produced when electrons travel from the
photoanode to the cathode via an external circuit causing a flow of electrons (current). This
method indicates how successful the photoanode is at producing electrons, as the higher the

number of electrons produced the higher the photocurrent generated.

All chronoamperometry experiments were conducted on a Zahner potentiostat (Thales Zahner
Zennium X) with the reference electrode being Ag/AgCl, the counter electrode being Pt wire
and the working electrode being one of the synthesised photoanode (will be stated in results
section). The chronoamperometry tests were ran by utilising 0.5 M sodium chloride as the
supporting electrolyte in the anodic and cathodic compartment with 1.2 V applied potential and
a chopped light (1 Sun of Solar Light (Solar Simulator 350-1800nm, HAL-320W, Asahi

Spectra) with 30 seconds off/on) and a run time of 5 minutes.

As 2WO03/1BiVO4 was found to be the optimised photoanode then this was utilised as the
working electrode for all experiments going forward. The chronoamperometry function on the
Zahner potentiostat was utilised to also help determine the effect of altering the operating
parameters of the PEC system on the photocurrent production. Tables 2.1 - 2.3 summarises the

PEC conditions utilised for each experiment.

The first set of experiments were conducted to determine how the type of supporting electrolyte

effected the performance of the photoanode.

Table 2.1 - The method utilised for determining the best supporting electrolyte for the PEC system.

Condition 1 2 3

Supporting Water NazSOq4 NaCl
Electrolyte

Concentration of n/a 0.5 0.5

Supporting

Electrolyte (M)

Applied Potential | + 0.6 + 0.6 +0.6

(V vs Ag/AgCl)

Light (suns) 1 (30 secs off/on) 1 (30 secs off/on) 1 (30 secs off/on)
Time (minutes) 5 5 5

The second set of experiments were conducted to determine the effect of the supporting

electrolyte concentration on the performance of the photoanode.
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Table 2.2 - The method utilised for determining the best supporting electrolyte concentration for the

PEC system.
Condition 1 2 3
Supporting NaCl NaCl NaCl
Electrolyte
Concentration of 0.1 0.5 1
Supporting
Electrolyte (M)
Applied Potential | + 0.6 + 0.6 +0.6
(V vs Ag/AgCl)
Light (suns) 1 (30 secs off/on) 1 (30 secs off/on) 1 (30 secs off/on)
Time (minutes) 5 5 5

The third set of experiments were conducted to determine the effect of the applied potential

has on the performance of the photoanode.

Table 2.3 - The method utilised for determining the best applied

otential for the PEC system.

Condition 1 2 3 4

Supporting NaCl NaCl NaCl NaCl

Electrolyte

Concentration of | 0.5 0.5 0.5 0.5

Supporting

Electrolyte (M)

Applied Potential | + 0.6 +0.9 +1.2 +1.5

(V vs Ag/AgCl)

Light (suns) 1 (30 secs 1 (30 secs 1 (30 secs 1 (30 secs
off/on) off/on) off/on) off/on)

Time (minutes) 5 5 5 5

2.4.2 Linear Sweep Voltametery (L.SV)
Linear sweep voltametery (LSV) is a simple sweep method which is commonly utilised to help

determine the current response of a working electrode when a range of potentials are applied
from a lower to an upper limit at a set scan rate. This results in a plot which exhibits the working

electrode’s photocurrent response vs the applied potential.

LSV was conducted like chronoamperometry by utilising the Zahner potentiostat with
Ag/AgCl being the reference electrode, Pt wire being the counter electrode and the synthesised
photoanodes as the working electrode in a two-compartment PEC cell with a Nafion
membrane. The LSV experiments were ran utilising the LSV function on the Zahner system.
The experiments were ran utilising the light and dark to help determine how much the light

effects the photoanode’s performance.
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Table 2.4 - The method utilised for the LSV experiments.

Light Dark 1 Sun
Lower Limit -0.5 -0.5
Upper Limit +1.5 +1.5

Scan rate 50 mV/secs 50 mV/secs
Supporting Electrolyte NaCl NaCl
Supporting Electrolyte 0.5 0.5
Concentration (M)

2.4.3 Electrochemical Impedance Spectroscopy (EIS) and Intensity-Modulated

Photocurrent Spectroscopy (IMPS)

The photoanode was assessed further by determining the resistance experienced in the

photoanode and calculating the electron transit time. To do this then the EIS and IMPS

functions of the Zahner system were utilised. Due to the measurement requirements of the

Zahner system, the light source was changed from the solar simulator to a LS470 light in the

Zahner PP211 potentiostat.

EIS was utilised to help understand the charge transfer occurring in the photoanode. This

allowed the charge transfer resistance to be calculated. Due to the resistance in the photoanode

it was important to help determine how altering the number of WO; and BiVO4 deposition

cycles affected the PEC performance. EIS works by applying a sinusoidal AC current to the

photoanode with a set amplitude and measuring the response. The method utilised for the EIS

experiment is explained in Table 2.5 below:

Table 2.5 - The method utilised for the EIS experiments.

Supporting Electrolyte (M)

Zahner Lamp LS470

Light Intensity (W/m?) 400

Supporting Electrolyte Sodium Chloride (NaCl)
Concentration of 0.5

Applied Potential (V vs +03,+0.6,+0.9,+1.2

Ag/AgCl)

Amplitude for Potential 10

(mV)

Frequency Limits Upper (Hz) 2M
Lower (Hz) 100 m

Steps per Decade Upper 7
Lower 7

Measure Periods Upper 10
Lower 1
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The data recorded by the EIS experiment is plotted as a Nyquist plot where the Z’(imaginary)
is on the y-axis against Z’(real) on the x-axis. This plot is a result of the electrical circuit
therefore, to help determine the charge transfer resistance then an equivalent electric circuit
model was required which would fit the EIS data. The equivalent circuit utilised for fitting the

EIS was as shown below [3]:

R R

S ct

I VANV 4 VA NI

<<
CPE

Figure 2.4 - The equivalent circuit utilised for resistance calculations [3].

Z view was utilised to fit the equivalent circuit to the Nyquist plot. The R value represents the
charge transfer resistance and is the value taken for assessing the resistance the charge carriers
need to overcome. While Rs and CPE are solution resistance and the constant phase element

respectively [3].

IMPS was utilised to calculate the electron transit time. It works by the light intensity being
modulated at a set amplitude and measuring the photocurrent response across a scope of
frequencies. The IMPS method utilised for the photoanodes (detailed in Chapter 3) is
highlighted below (Table 2.6):
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Table 2.6 - The method utilised for the IMPS experiments.

Zahner Lamp LS470

Light Intensity (W/m?) 400

Supporting Electrolyte Sodium Chloride (NaCl)

Concentration of 0.5

Supporting Electrolyte (M)

Applied Potential (V vs +03,+0.6,+0.9,+1.2

Ag/AgCl)

Light Amplitude (V) 0.230

Frequency Limits Upper (Hz) 100 K
Lower (Hz) 100 m

Steps per Decade Upper 7
Lower 7

Measure Periods Upper 10
Lower 1

The data was analysed using Z view software which would plot Z’(imaginary) on the y-axis
against Z’(real) on the x-axis. This software allowed a circle to be fitted to the data which
generated a value ®,,,,- This is important because the wmax value is utilised in the transit time

equation 2.1.

Electron Transit Time Calculation [4]:

= % (Equation 2.1)

While [5]:
Omax = 2 X1 X f (Equation 2.2)

Therefore, the equation becomes:

= 1ax (Equation 2.3)

2.4.4 Photoanode Characterisation

2.4.4.1 UV-Vis Spectroscopy
The UV-Vis spectrometer was utilised to help determine the wavelengths which could be

absorbed by the different photoanodes. Due to the porosity of the solid films, back scattering
of the light occurs which means absorbance is not able to be accurately recorded. Therefore, a

diffuse reflection UV-Vis spectroscopy is utilised (DR-UV). Which is a UV-Vis spectrometer
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with an integrating sphere which allows reflection values to be obtained. Table 2.7 below

summarises the conditions of the DR-UV.

Table 2.7 - The UV method for photoanode analysis.
Instrument Perkin Elmer Lambda 365
Wavelength Range (nm) 300 - 550

As this instrument obtains the reflection values then an equation is required to help convert
these reflection values into the Kubelka-Munk value. Kubelka-Munk model is widely utilised

for the diffuse reflection conversion to absorption and scattering coefficients (K/s).

The model is as follows [6]:
Ry=1+%— E(2+5) (Equation 2.4)
® s s s q )

which can be re-arranged to [6]:

k _ (1-Ro)?
s 2Re

(Equation 2.5)

These values are then plotted against the wavelength to help determine the wavelengths

absorbed by the photoanode.

2.4.4.2 X-ray Powder Diffraction (XRD)
To help determine the crystal structure for each photocatalyst material on the photoanode then

XRD was utilised. It utilises monochromatic x-rays to hit the sample at various directions. This
causes x-rays to be diffracted by the atoms of the sample which are then detected and recorded
as signals over a range of angles. This produces a diffraction pattern, which is compared to
literature to help determine the crystallinity phases of the molecules. This will verify if the

synthesis method was successful in producing photoanodes with high photoactivity.

The XRD analysis was conducted by Tom Dunlop (Specific Group in Swansea University).
The instrument utilised was Bruker D8 Discover X-ray Diffractometer. It has a copper source
(40kV, 40mA) with a 1D detector in Bragg-Brentao. The operating conditions were 0.03° step

size with a step time of 0.7s and the scans were taken between 10 and 60° 26.
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2.4.4.3 X-ray Photoelectron Spectroscopy (XPS)
XPS is utilised to help identify the atomic composition in the sample. It works by

monochromatic x-rays being absorbed by the sample results in electrons being evicted from
the atom. This produces an energy which is measured by a detector. This energy is the
difference between the initial and final energies of the electron. The energy is dependent on the
atom present in the sample and the environment around it. Finding the binding energy helps
identify the composition of each element on the surface of the photoanode. Thus, making this

a vital analysis tool for confirming WO; and/or BiVOys is present on the photoanode surface.

The XPS was performed by Tom Dunlop (Specific Group of Swansea University). The XPS
was performed on a Kratos Axis Supra using a monochromatic Al KaX-ray source operated at
225W (15mA emission current). Each sample had wide scans performed at a pass energy of
160eV with a binding energy range of 1200-0eV to identify all the elements present. Then each
element was recorded using a high-resolution spectroscopy with a pass energy of 40eV, step
size of 0.1eV with a 1000ms dwell time and repeated sweeps (improves the signal:noise). A
charge correction to the CxHy components of carbon components at 284.8eV was needed for
the binding energy axis, while the Casa XPS with built in Kratos sensitivity factor library based

on Shirley backgrounds was used to quantify the data.

2.4.4.4 Scanning Electron Microscopy (SEM)
SEM was utilised to show the morphology of the surface. This helps verify if the surface is

porous and enables the grain size to be calculated. SEM works by using a beam of electrons
hitting precise spots on the surface of the sample. The surface is scanned in a rectangular pattern
using this beam which causes the back scattering (scattered out of the specimen — higher
energy) and secondary electrons (from the specimen itself — lower energy) and the x-rays to hit
the detector. This produces a signal which is measured and mapped as variation brightness thus
creating an image. During the SEM analysis there is an EDS function which allows the

identification of elements present on the photoanode surface.

Due to COVID restrictions limiting access to the laboratory and instruments the SEM analysis
was conducted by James Russell (Advanced Imaging of Materials Facility in Swansea
University). The SEM instrument was JEOL 7800F FEGSEM with an Oxford Instrument X-

Max™ EDS Detector with a 50mm? window.
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2.4.4.5 High Resolution Transmission Electron Microscopy (HR-TEM)
This technology produces an image of the crystallographic structure of a sample at its atomic

level [7]. TEM works by an electron beam interacting with the sample which causes diffraction
with its intensity varying on the plane’s orientation with respect to the electron beam [7]. An

aperture is utilised to block the deflated electrons and produce a contrast image [7].

Surface morphology of WO; and WO3,BiVOys coatings were analysed by Chalmers University
of Technology, Sweden utilising a HRTEM (FEI Technai F20) done through a collaboration.
Typically, the coatings were scratched carefully and sonicated in ethanol for 15 min. The

sonicated samples were coated on the copper TEM grid.

2.5 Pollutant Degradation
To help assess the pollutant degradation during the PEC process then it was necessary to

monitor the concentration of the pollutant in the solution by utilising a liquid chromatography
with an UV detector (LC-UV). LC-UV utilises a column to help separate each compound in
the sample so each one is recorded by the UV detector separately. LC-UV works by the sample
being injected into the system where it is carried down the non-polar column by the polar
mobile phases. The sample should be completely miscible in the mobile phases so it flows
down the column without causing any blocks or poor elution. The column interacts with the
compounds in the sample and depending on the attraction between the column and compound
the time spent in the column (retention time) changes. If the column has a strong attraction
with the compound, then it will remain in the column longer than if there is a weak attraction.
This allows the compounds to reach the UV detector separately. The UV detector then records
the amount of light absorbed by each compound. This results in a peak or a series of peaks
(depending on how many compounds are in the sample) being record as a chromatogram. The
peak area is then utilised to calculate the concentration for compound as the intensity of the
peaks relates to the amount of pollutant in the sample. Each pollutant requires different LC-
UV methods as the eluting of the compounds (retention time) depends on the gradient pumping
of the mobile phases, while the peak area depends on UV detection wavelength. Therefore,
each method needs to be developed by trial and error of each method. The LC-UV utilised for
all pollutant quantification was the Agilent 1200 LC-UV System with a Waters X-select C-18

column (2.Imm x 100mm).

2.5.1 Liquid Chromatography with UV detector (LC-UV) Methods
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2.5.1.1 Ibuprofen

After some method development, the method which demonstrated the highest sensitivity for

ibuprofen is summarised in Table 2.8. This method was assessed by reproducibility and

calibrations. As the assessment showed excellent results this method was then utilised for

analysing the samples collected during the ibuprofen degradation experiments.

Table 2.8 - The chosen method developed for ibuprofen analysis.

Column Xselect C-18 column (2.1 mm x 100 mm)

Injection Volume 5

(nL)

Flowrate (mL/min) 0.250

UV Wavelength 265

Detection (nm)

Gradient Pumping Time (minutes) Mobile Phase A: Mobile Phase B:
0.1% Formic Acid | 100% Acetonitrile
in Water (%) (%)

0 75 25

1 75 25

17 0 100

24 0 100

25 75 25

35 75 25
2.5.1.2 BAC-C12:

As BAC-C12 is a different compound then method development was needed again to help

establish a method which resulted in high sensitivity. Therefore, the best method is summarised

in the table below and was utilised for analysing the samples collected during the BAC-C12

degradation experiments.
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Table 2.9 - The chosen method developed for BAC-C12 analysis.

Column Xselect C-18 column (2.1 mm x 100 mm)

Injection Volume 5

(L)

Flowrate (mL/min) 0.250

UV Wavelength 260

Detection (nm)

Gradient Pumping Time (minutes) Mobile Phase A: | Mobile Phase B:
0.1% Formic Acid | 100% Acetonitrile
in Water (%) (%)

75 25
75 25
17 0 100
24 0 100
25 75 25
35 75 25
2.5.1.3 S2NS:

Unlike the other two compounds S2NS did not require method development as the first method
achieved high selectivity for S2NS. Therefore, the method which is summarised in Table 2.10

was utilised for quantifying the amount of S2NS in the samples collected from the degradation

experiments.

Table 2.10 - The chosen method developed for S2NS analysis.

Column Xselect C-18 column (2.1 mm x 100 mm)

Injection Volume 5

(nL)

Flowrate (mL/min) 0.250

UV Wavelength 273

Detection (nm)

Gradient Pumping Time (minutes) Mobile Phase A: Mobile Phase B:
0.1% Formic Acid | 100% Acetonitrile
in Water (%) (%)

0 75 25
1 75 25
17 0 100
24 0 100
25 75 25
35 75 25

Page 70




Katherine Davies

2.5.2 LC-UV Reproducibility and Calibration

2.5.2.1 Standards

a. Stock Solution
For each pollutant a stock solution was created. The method of the stock solution depends on

the pollutant.

Ibuprofen: In an amber glass vial (15 mL) 5 mg of ibuprofen was weighed using an analytical
weighing scale. Then 5 mL of acetonitrile was added to the vial using a pipette. The solution

was mixed using a vortex and resulted in a concentration of 1 mg/mL.

BAC-C12: In an amber glass vial (15 mL) 5 mg of BAC-C12 was weighed using an analytical
weighing scale. Then 5 mL of acetonitrile was added to the vial using a pipette. The solution

was mixed using a vortex and resulted in a concentration of 1 mg/mL.

S2NS: In an amber glass vial (22 mL) 5 mg of S2NS was weighed using an analytical weighing
scale. Then 5 mL of water was added to the vial using a pipette and vortexed. Then SmL of

acetonitrile was added and vortexed and resulted in a concentration of 0.5 mg/mL.

b. Diluted Standards for Calibration and Reproducibility
To produce standards for the calibration and reproducibility then the stock solutions need to be
diluted. This is done by adding a suitable amount of ACN/H>O (50/50) to a I mL amber glass

vial. Then adding an appropriate amount of the stock solution and vortex the solution.

2.5.2.2 Repeatability and Reproducibility
The repeatability and reproducibility were assessed by analysing the retention times and peak

areas obtained from the consecutive injections (n=10 on day 1, and n=8 on day 2) of the same
standard. The concentration for the standard utilised for ibuprofen, BAC-C12 and S2NS were
200 pg/mL, 200 pg/mL and 100 pg/mL, respectively. The reason these were the chosen
concentrations was to ensure that the starting concentration of the degradation experiments

would not cause carry over, thus affecting the analysis of the pollutant degradation samples.

In addition, a blank sample followed each set of injections to help identify any carry over which

could occur. No carry over was identified for ibuprofen, BAC-C12 and S2NS thus verifying
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that the selectivity of each method was sustained after multiple injections of high

concentrations of each pollutant.

The coefficient of variation (CV%) was utilised to help determine the spread of the results from
the reproducibility test. If the CV% is < 5% then the method produces repeatable results. The

CV% is calculated using the equation below [8]:

%CV = ix 100 (Equation 2.6)

where: s = standard deviation

X = mean

The two tailed F-test was utilised to help determine if the results were reproducible. As it
determines if there was a significant difference between the two sets of data. The equation

below was utilised for calculating the F-test value [8]:

2
F —Test = C—;) (Equation 2.7)
2

where: s; = the smaller standard deviation

s> = the larger standard deviation

The calculated F-test is then compared to the critical value to help determine if there is a

significant difference between the two sets of data.

2.5.2.3 Calibration
A calibration graph is established to help quantify the ibuprofen concentration in the samples

collected from the degradation experiments. It is achieved by running a set (n = 6) of calibration
standards of known concentrations (Tables 2.11). This results in an analyte response (peak
area) for each concentration. By applying regression statistics to the results then the coefficient
of determination (R?), standard error, intercept and gradient values can be generated. These
values are necessary to establish the linearity, instrument detection limit and actual
concentrations of the analytes analysed. In addition, replicates of quality control standards
(QCs) were utilised to determine the accuracy and precision of the method employed for

analysing ibuprofen within the calibration range.
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Table 2.11 - A table showing the concentrations of the calibration standards for each pollutant.

Standard cC1 cC2 CC3 CC4

CCs

CCe

cCc7 CC8

Ibuprofen 10 30 50 70
Concentration

(ng/mL)

100

130

160 200

BAC-C12 10 30 50 70
Concentration

(ug/mL)

100

130

160 200

S2NS 1 2 5 10
Concentration

(ng/mL)

20

40

60 100

Table 2.12 - A table showing the concentrations of the QC standards for each pollutant.

QC (number of replicates = 5) Low Mid High
Ibuprofen Concentration (ug/mL) | 20 80 180
BAC-C12 Concentration (ug/mL) | 20 80 180
S2NS Concentration (ug/mL) 1.5 15 80

To assess the data obtained from the calibration then it was necessary to calculate the accuracy

and precision of the quality control standards (QCs). To do this then the first step was to

calculate the actual concentration of the QCs. To achieve this the regression tool in excel was

utilised. The regression tool helps to determine the linearity as well as generating values for

the intercept and gradient of the line equation. The line equation was utilised to calculate the

actual concentration of the pollutants in the samples.

y=mx+C (Equation 2.8)

where: y = peak area
m = gradient of the line
x = actual concentration

C = intercept

rearranged to make x the subject:

—C
X = yT (Equation 2.9)

Once the real concentrations were calculated then mean and standard deviations were

calculated, using the formulas on excel. Once the mean and standard deviations of the QCs
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were calculated then the accuracy and precision can be calculated using the equations below

[8]:

theoritcal concentration—real concentration

accuracy (%) = X 100  (Equation 2.10)

theoritcal concentration

precision (%) = ~x 100  (Equation 2.11)

where: s = standard deviation

X = mean

2.5.2.4 Outliners
All quality control standards and experiments were carried out in triple replicates (unless

stated) and then Grubb’s test was utilised to determine any outliners. The Grubb’s Test

equation is as follows [8]:

Grubb's Test = “2 (Equation 2.12)

Where: s = standard deviation
X = mean

X = average mean

2.5.2.5 Instrument Detection Limit (IDL)

It was necessary to establish the limit of detection of the LC-UV methods to ensure the lowest
calibration standard was appropriate for the LC-UV system and method developed. The LC-

UV detection limit can be calculated statistically by utilising the equation below [8]:

3.3 X eg

IDL = (Equation 2.13)

where: es = standard error

m = gradient of the calibration line

2.5.4 Ibuprofen Degradation Experiment Conditions
There were several ibuprofen degradation experiments to determine if the optimised

photoanode developed in chapter 3 (2WO3/1Bi1VO4) would be successful. These experiments
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are classified as photoelectrocatalysis experiments and all involve the use of a working

electrode (2WO3/1BiVs), reference electrode (Ag/AgCl) and counter electrode (Pt wire). All

the experiments were conducted on the Zahner potentiostat and conducted in a two-

compartment PEC cell (with a Nafion membrane).

Table 2.13 - The PEC experiment method for ibuprofen degradation in the dark.

Ibuprofen Concentration (pg/ml) 100
Supporting Electrolyte NaCl
Supporting Electrolyte Concentration 0.5
M)

Applied Potential (V vs Ag/AgCl) + 0.6
Time Ran in the Dark (minutes) 120
Light Used 0
Light Intensity 0
Time Ran in the Light (minutes) 0

Samples

1 mL taken every 10 minutes

Table 2.14 - The PEC experiment method for ibuprofen degradation in the light.

Ibuprofen Concentration (pg/ml) 100
Supporting Electrolyte NaCl
Supporting Electrolyte Concentration 0.5
M)

Applied Potential (V vs Ag/AgCl) + 0.6
Time Ran in the Dark (minutes) 30

Light Used (HAL-320W, Ashai Spectra)

Solar Light (350nm-1800nm)

Light Intensity (sun)

1

Time Ran in the Light (minutes)

120

Samples

1 mL taken every 30 minutes

Table 2.15 - The PEC experiment method for optimising the applied potential.

Ibuprofen Concentration (pg/ml) 100

Supporting Electrolyte NaCl

Supporting Electrolyte Concentration 0.5

M)

Applied Potential (V vs Ag/AgCl) +06 |+09 [+12 [+15
Time Ran in the Dark (minutes) 30

Light Used (HAL-320W, Ashai Spectra)

Solar Light (350nm-1800nm)

Light Intensity (sun)

1

Time Ran in the Light (minutes)

120

Samples

1 mL taken every 30 minutes
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Table 2.16 - The PEC experiment method for optimising the supporting electrolyte concentration.

Ibuprofen Concentration (pg/ml) 100

Supporting Electrolyte NaCl

Supporting Electrolyte Concentration 0.5 1.0
M)

Applied Potential (V vs Ag/AgCl) +1.2

Time Ran in the Dark (minutes) 30

Light Used (HAL-320W, Ashai Spectra) | Solar Light (350nm-1800nm)
Light Intensity (sun) 1

Time Ran in the Light (minutes) 120

Samples

1 mL taken every 30 minutes

2.5.5 BAC-C12 Degradation Experiment Conditions

As the PEC operating conditions were optimised during the ibuprofen degradation chapter then

there were only two different types of experiments run for the BAC-C12 degradation. These

experiments were outlined in the tables below:

Table 2.17 - The PEC experiment method for the higher concentration of BAC-CI12 degradation.

BAC-C12 Concentration (ug/ml) 100

Supporting Electrolyte NaCl

Supporting Electrolyte Concentration 1

M)

Applied Potential (V vs Ag/AgCl) +1.2

Time Ran in the Dark (minutes) 30

Light Used (HAL-320W, Ashai Spectra) Solar Light (350nm-1800nm)
Light Intensity (sun) 1

Time Ran in the Light (minutes) 120

Samples 1 mL taken every 30 minutes

Table 2.18 - The PEC experiment method for the lower concentration of BAC-C12 degradation.

BAC-C12 Concentration (ug/ml) 50

Supporting Electrolyte NaCl

Supporting Electrolyte Concentration 1

M)

Applied Potential (V vs Ag/AgCl) +1.2

Time Ran in the Dark (minutes) 30

Light Used (HAL-320W, Ashai Spectra) | Solar Light (350nm-1800nm)
Light Intensity (sun) 1

Time Ran in the Light (minutes) 120

Samples 1 mL taken every 30 minutes
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2.5.6 S2NS Degradation Experiment Conditions
The S2NS degradation was run using the optimised PEC operating conditions with the

optimised concentration for complete removal of a surfactant.

Table 2.19 - The PEC experiment method for the of S2NS degradation.

S2NS Concentration (pg/ml) 50

Supporting Electrolyte NaCl

Supporting Electrolyte Concentration 1

M)

Applied Potential (V vs Ag/AgCl) +1.2

Time Ran in the Dark (minutes) 30

Light Used (HAL-320W, Ashai Spectra) | Solar Light (350nm-1800nm)
Light Intensity (sun) 1

Time Ran in the Light (minutes) 120

Samples 1 mL taken every 30 minutes

2.4.7 Analysis of the Pollutant Degradation
During the pollutant degradation, 1 mL samples were collected every 30 minutes. These

samples were then filtered (using PVDF syringe filter) into 1.5 mL HPLC amber glass vials
which were stored in the freezer overnight ready for the LC-UV analysis in Singleton Campus

the next day.

2.5.7.1 Recovery Percentages
All standards and samples were required to be filtered to prevent any blockages in the column

of'the LC-UV. To help determine the recovery percentage of the pollutant when passed through
the filter then the percentage yield formula was utilised. Percentage yield is the ratio between

the amount of pollutant collected after and before filter and it is calculated as follows:

concentration of pollutant after filtering

recovery % = X 100 (Equation 2.14)

concentration of pollutant before filtering

2.5.7.2 Calculation of Pollutant Degradation
To help calculate pollutant degradation, then it was necessary to run a calibration curve every

time the samples were run on the LC-UV. Using the results from the calibration curve then the
real concentrations were calculated for the pollutant in the samples utilising Eq 2.9 which

allows pollutant degradation to be calculated.

pollutant degradation = % x 100 (Equation 2.15)

i
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where: C; = initial concentration

C. = current concentration

2.5.8 Reactive Species Identification
The PEC process generates several reactive species which have high oxidising properties which

can degrade pollutants in water. There are several reactive species which can be produced they
are hydroxyl radicals (¢OH) and active chlorine (Cl,, HCIO, OCI"). While hydrogen peroxide

can also be produced due to some side reactions in the anodic compartment.

2.5.8.1 Hydroxyl Radical (¢OH) Quantification
There are several methods which can be utilised for the quantification *OH which involve

emission spectroscopy, laser induced fluorescence, electron spin resonance, spin trap and
chemical probes [9]. However due to its previous success in measuring the hydroxyl radical
produced by a photocatalyst then the method chosen was one utilised by Sebastien J. De-Nasri
et al [9]. It involved the utilisation of coumarin as the chemical probe which when degraded by
*OH produces a florescent compound umbelliferone [9]. The coumarin can be measured by
UV-Vis spectrometer while the umbelliferone is measured by photoluminescence (PL)

spectrometer.

Before the *OH quantification experiment was able to be conducted then a calibration graph
for coumarin and umbelliferone needed to be established. As mentioned, the coumarin
concentration would be measured by the UV-Vis spectrometer (Perkin Elmer 9 Lambda) with
a scan rate 240 nm/min and range of 250 — 500 nm. The calibration standards ranged from 5
UM to 100 uM. While the umbelliferone would be measured by photoluminescence (PL)
spectrometer (Edinburgh Instruments, FS5 Spectrofluorometer) with the calibration standards
ranging from 0.2 pM to 10 pM. The excitation wavelength was set to 332 nm (slit width 0.7

nm) and the emission wavelength range was set to 380 nm to 600 nm (slit width 0.7 nm).

The ¢OH quantification experiment method involved utilising the two compartment PEC cell
(Nafion membrane) with the 2WO3/1BiVOys as the working electrode and the Ag/AgCl as the
reference electrode in the anodic side with a Pt wire as the counter electrode in the cathodic
side. The anodic side contained 100 uM of coumarin in 1 M NaCl while pure 1 M NaCl was

in the cathodic side. The experiment was run utilising the Zahner potentiostat with an applied
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potential of 1.2 V and 1 Sun of solar light for 1 hour after the 30 minutes in the dark while
continuously being stirred magnetically. Samples were collected every 10 minutes for the UV-
Vis spectrometer and PL spectrometer. The UV-Vis and PL spectrometer were ran the same as
the settings utilised for the calibration. The degradation percentage of coumarin was calculated
by determining the real concentrations utilising the calibration graph and Eq 2.9. Then utilising
the real concentrations and Eq 2.15 then the degradation percentage was established. While the
Eq 2.9 would have been utilised to calculate to the umbelliferone from the analyte’s response
and the calibration graph. Due to the results showing the quantification experiment was not

adequate for this system then this experiment was only conducted once.

2.5.8.2 Hydrogen Peroxide (H>0;)
Hydrogen peroxide (H202) was measured due to the potential of it being produced as a side

product. To help indicate how much H>O» is present during the pollutant degradation then
Quantofix 1138902 Peroxide Test Stick were utilised. This allowed the H,O> to be measured
by dipping the stick into the solution of the anodic compartment every 30 minutes for 5
seconds. Then comparing the stick to the chart to help determine an approximation of the

concentration of H,O».

2.5.8.3 Active Chlorine (Cl;, HCIO, CIO)
Active chlorine has been reported to be produced when utilising NaCl as the supporting

electrolyte (Eq 1.14 — 1.18 in Chapter 1) [10, 11]. Therefore, it has been assumed in this study
that they are produced. Monitoring the pH enables the determination of which active chlorine
species are dominant. As active chlorine production is pH dependent hence this would be
utilised to help indicate which active chlorine is present and could be responsible for pollutant
degradation [11]. As Cl is the dominant species for pH < 3.3, but HclO starts to be dominate
from 3.3 <pH < 7.5 while Ocl becomes the only active chlorine >7.5 [11].

The pH was determined by utilising a pH meter (Orion Star A211, Thermo Scientific) and was
conducted by placing the pH probe in the solution of the anodic compartment before and after
the PEC experiment. The pH probe was immersed in the solution until the pH was stable and

recorded.

2.5.9 By-Product Identification
To identify the by-products, present in the solution then the liquid chromatography coupled

with a mass spectrometer (LC-MS) were utilised. It works by the LC helping to separate the
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compounds in the sample, so they enter the MS separately. This is achieved by utilising a
reverse-phase column that contains a non-polar stationary phase while a polar mobile phase is
utilised to help the sample travel down the column. As the Agilent 1200 LC-UV system
(utilised for quantifying pollutant degradation) was very successful in separating all the
compounds in the samples collected from the pollutant degradation experiments then this was
the LC system utilised for the LC-MS. The difference was that the outlet line was then attached
to the inlet of the MS. In terms of MS there were several available however only one type of
MS which was able to identify the ibuprofen standard which was the Waters Xevo TQ-S. The
MS is broken into three main components which are the ionisation, mass analyser and detector.
The ionisation section utilises electrospray ionisation (ESI) to produce gaseous ions from the
compounds in the samples introduced by the inlets. The gaseous ions are then analysed by the
quadrupole mass analyser which enables the separation of the ions depending on their m/z
values. These ions then get detected by the detector which produces a signal for a mass

spectrum.

2.5.9.1 Sample Preparation
Sample preparation for the LC-MS was the same as for the LC-UV analysis however the

filtered samples from the pollutant degradation experiments were reduced to a concentration
of 10 pg/mL and 50 pg/mL by diluting with ACN/0.1% Formic Acid in water (50/50). The
only samples which were analysed were the samples collected from the ibuprofen degradation

experiments.

2.5.9.2 LC Method
There was no need to develop a LC method as the LC-UV method developed previously

showed significant separation of the compounds in the degradation samples. However, it was
found that when developing the LC-MS method, the injection volume needed to be increased

to 20 uL.
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Table 2.20 - The method utilised for the LC part of the LCMS.

HPLC Settings
Column Xselect C-18 column (2.1 mm x 100 mm)
Flowrate (mL/min) 0.250
Injection Volume 20
(nL)
UV Detection 265
Wavelength (nm)
Gradient Pumping Time (mins) 0.1% Formic Acid | 100% Acetonitrile
in Water
75 25
75 25
17 0 100
24 0 100
25 75 25
35 75 24
2.5.9.3 MS Method

The MS settings followed the recommended method provided by the MS’s operating manual
when the inlet flowrate was 0.250 mL/min. This allowed the inlet to be turned completely into
a gaseous sample. It was also established that during the method development the electrospray

mode had to be positive to ensure ibuprofen could be identified.

Table 2.21 - The method utilised for the MS part of the LCMS.

MS Setting

Electrospray mode Positive
Capillary (kV) 3.50
Cone (V) 5
Desolvation Temperature (°C) 500
Desolvation Gas Flowrate (L/hr) 600
Cone Gas Flowrate (L/hr) 150
Mass Scan Range 50 -500
Sample Concentration (ug/mL) 10

2.5.9.4 Fragmentation in MS
Running a mass scan can help identify the m/z values for all the compounds present in the

sample. However, these values cannot be utilised to identify the compounds as several different
compounds could have the same m/z values. Therefore, fragmentation can be utilised to help
break the ionised compounds into smaller product ions by utilising a cone energy specified by
the user. These product ions go through the mass analyser and are identified by the detector
which produces a fragmentation pattern. These fragmentation patterns then display all m/z
values corresponding to the product ions which could be produced by the breakdown of the

original compound. The success of the fragmentation relies heavily on the collision energy
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utilised for each of the compound, as this controls how much the compound is broken down.
Too low of an energy result in insufficient breakdown of the compound, while too high of an
energy, results in complete breakdown but with less fragmentation. The first and successful

fragmentation is outlined below:

Table 2.22 - The collision energies chosen for the fragmentation of the by-product compounds.

LC-MS Method | Table 2.18 and 2.19

Fragmentation Method

Compound m/z First Collison Energy Optimised Collision Energy
(eV) (eV)

251 +30 n/a

239 +30 +25

223 +30 +30

221 +30 +30

177 +30 +30

2.6 Hydrogen Production
The GC utilised for the hydrogen production analysis was provided by the Dr. Mortiz Group

in the Chemistry Department in Singleton Campus of Swansea University. The GC utilised
was Shimadzu Nexis GC-2030 with a barrier-discharge ionisation detector (BID) and a
molecular sieve column with an internal diameter of 530 pm and a length of 30 m. The capillary
column temperature was set to 140 °C with the BID set to 250 °C. The run time of the injection
method was 5 minutes, programmed with an auto-injection time after 2 minutes and a backflash
at 2.29 minutes to avoid moisture and CO: to be injected into the column. The gas samples
were carried by the purge gas (nitrogen, BOC) via mass flow chamber (Bronkhorst) to the
injection port of the GC, the gas mixture (sample and purge gas) is then carried through the
GC column to the detector by the carrier gas (helium, BOC). The H, evolution rates were
determined from the concentration of H, measured from the gas mixture and the gas flowrate

(10 mL/min).

All the hydrogen production experiments were conducted in the two compartment PEC cell
with the 2WO3/1Bi1VO4 photoanode and Ag/AgCl reference electrode in the anodic side (where
pollutant degradation occurs), while the Pt mesh counter electrode was in the cathodic side
with a sealed lid that had an inlet and outlet line for the nitrogen gas and GC, respectively. The
light illumination was proved by a solar light simulator (Thermo Oriel 92194-1000) equipped
with an AM 1.5G filter (Newport) with 1 sun light intensity. While the applied potential was
provided by the EmStat 3+ Potentiostat (PalmSens). The cathodic side was purged for 10
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minutes with nitrogen (flowrate 20 mL/min) before the PEC experiment. The PEC experiment

was conducted the same as previously mentioned but summarised in Table 2.23.

Table 2.23 - The PEC experiments ran for hydrogen production.

Anodic 0.5M 0.5M 100 100 50 pg/mL | 50 pg/mL

Compartment NaCl NaCl pg/mL of | pg/mL of | of BAC- of S2NS
ibuprofen | ibuprofen | C12 in IM | in IM
in0.5M | in 1M NaCl NaCl
NaCl NaCl

Cathodic 0.5M 0.5M 0.5M IM NaCl | IM NaCl | 1M NaCl

Compartment NaCl NaCl NaCl

Applied Potential | +1.2 +1.2 +1.2 +1.2 +1.2 +1.2

(V vs Ag/AgCl)

Time Ran in the | 120 30 30 30 30 30

Dark (minutes)

Light Used 0

Light Intensity 0 1 Sun 1 Sun 1 Sun 1 Sun 1 Sun

Time Ran in the |0 120 120 120 120 120

Light (minutes)
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Chapter 3 : Photoanode Development
3.1 Introduction

The aim of this chapter is to synthesise a WO3/BiVO4 photoanode which resembles a porous
nanocrystalline structure that can produce a high photocurrent. This chapter will also
investigate how altering the WO3 and BiVOs thickness effects its performance and what is the
optimum thickness for this study. The final part of this chapter will establish how the operating

parameters of the PEC system can impact on the photocurrent production.

3.2 Results and Discussion

3.2.1 Preparing the Primary Semiconductor WOs
It was decided that WO3; would be the primary semiconductor for the heterostructure

photoanode configuration. This is due to several reasons, such as narrow bandgap energy, high
abundance (in the earth), highly tuneable configuration, high stability in moderate pH,
excellent electrical conductivity, good hole diffusion length (~150 nm) and good electron
transport (12 cm?V-!s!) [1-3]. However currently many methods involve complicated routes
or hazardous chemicals, making them less than ideal for upscaling in industry. Therefore, a
simple method was utilised (described in section 2.4) to create two different types of WO3
pastes, which had different ethyl cellulose amounts. Ethyl cellulose is utilised as an eco-
friendly binder for producing mesoporous metal oxide electrodes for dye-sensitised solar cells
or photoanodes [4]. A binder is necessary to ensure the photoanodes were crack-free and the
film thickness could be controlled [4]. The benefit of using a binder is that during the sintering
process, the binder combusts, thus creating a porous surface [4]. Therefore, it is necessary to
determine the optimal amount of ethyl cellulose that would create a high porosity for effective
photodegradation but not too high that it causes any naked sites of conducting substrate to be
exposed to the electrolyte. This would cause photoelectrons from the semiconductor to leak or
back travel from the FTO substrate to the electrolyte, thus reducing the charge collection rate
at the FTO substrate. To determine the optimal binder concentration, two types of pastes were
synthesised. Paste 1 had a lower ethyl cellulose content (15 g of 10% ethyl cellulose solution),
while Paste 2 had a higher ethyl cellulose content (30 g of 10% ethyl cellulose solution). It
would be assumed that Paste 2 should obtain the better photocurrent production due to the

higher porosity facilitating a higher amount of water splitting reaction [5].
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£l pm

9 o e
Figure 3.1 — SEM images for WO film fabricated using (a) Paste 1, (b) Paste 2, EDS analysis of (c)
Paste 1 and (d) Paste 2.

The surface morphology and porous distribution was determined by utilising scanning electron
microscopy (SEM). The SEM analysis (Figure 3.1(a) and 3.1(b)) confirmed that both pastes
were successful in creating a porous structure as both images show particles with grain sizes
between 66.7 and 333.3 nm. This indicates that varying the ethyl cellulose amount does not
significantly affect the grain size. However, the EDS analysis (Figure 3.1(c) and 3.1(d)) did
show that the ethyl cellulose content in Paste 1 was not sufficient to bind the WOs nanoparticles
onto the FTO substrate. Indicated by figure 3.1(c) showing exposure of Sn which is an element
present in FTO substrates, thus verifying that the WO; paste does not completely cover the
FTO substrate. However, for Paste 2 Sn was absent thus demonstrating that the ethyl cellulose

content was an appropriate amount for WO3 to completely cover the FTO substrate.
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Figure 3.2 - The chronoamperometry results for Paste 1 and Paste 2, the experiment was run by
utilising 2 layer pristine WO as the working electrode, Pt wire as the counter electrode, Ag/AgCl as
reference electrode, +1.2 V (vs Ag/AgCl) potential, 0.5 M NaCl electrolyte and a chopped light (30
seconds on/off) with a solar light intensity of 1 Sun.
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Figure 3.3 - A plot displaying the average photocurrent density produced for each WOj3 paste type.
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To further assess the influence of the ethyl cellulose concentration on the WO3 photoanodes,
then it was necessary to establish the photoelectrochemical performance of each paste. Figures
3.2 and 3.3 showed that Paste 2 obtained a significantly higher photocurrent than Paste 1.
Several reasons contribute to this. The first reason is that the higher concentration of ethyl
cellulose helps achieve a homogenous paste. This results in WOs3 nanoparticles to uniformly
spread over the FTO substrate thus avoiding naked sites. Therefore, no back electron flow from
the FTO substrate to the electrolyte occurring thus a higher photocurrent production. Usually
having a higher binder concentration can result in higher porosity thus more active sites for
photon absorption [6]. However, the SEM images did not support this, but it did confirm that
Paste 2 synthesised a porous WOs structure. Based on these results it was decided to utilise

Paste 2 for manufacturing the WOs layer.

3.2.2 Crystalline Structure Analysis of WO3
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» -FTO Glass

150 —
/rl? .
Q.
)
>
£ 100 4 .
S
L
=

50
0 T T T ! !
20 40 60
g (degree)

Figure 3.4 - The XRD diffraction pattern of pristine WOs.

The crystallinity phase of a semiconductor is critical in governing its PEC performance.
Therefore, it is vital to identify the crystallinity phase of the WO3 photoanode to ensure it will

achieve the highest photocurrent production. To help determine the crystalline structure of the
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WOs3 photoanode then X-Ray Powder Diffraction (XRD) was utilised. The XRD analysis
showed strong peaks at 23.1°, 23.6° and 24.1° which corresponds to the phases (002), (020)
and (200), thus confirming that monoclinic WOj is present on the photoanode surface [2, 3, 7-
9]. This was the aim as according to literature, the crystallinity phase which exhibits the highest
photocatalytic activity and stability for WO3 is the monoclinic phase [2, 3, 7]. This signifies
that the method developed above created WO; photoanodes with high photoactivity
capabilities. This was expected as the annealing temperature utilised was 450 °C which in

literature has proven to produce monoclinic WO3 [2].

3.2.3 Chemical Environment of WO3

10°

12_| Residual STD =2.915
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Binding Energy (eV)

Figure 3.5 - The XPS core spectra results of pristine WOs. The experimental results of W4f core spectra
(red colour) are fitted with CasaXPS software.

The chemical environment of the WO3 photoanode was studied utilising X-ray Photoelectron
Spectroscopy (XPS). The XPS identifies the compound present on the surface as it can measure
the elemental composition with the chemical and electronic state of the atoms. From Figure 3.5
peaks were established at binding energies of 35.18 and 37.29 eV which corresponds to to
W4t and W4fs), respectively [10, 11]. These peaks confirm that Wé" is present on the surface
of the photoanode, thus verifying WO3 was present [10, 11]. Since WO3 has been confirmed
to be present on the photoanode then further characterization needs to be conducted to help

explain its photocurrent production.
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3.2.4 Optical Property of WO3
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Figure 3.6 — The K-M spectra obtained for pristine WO3

To determine the optical properties of WO3 photoanode than a DR-UV was utilised. This
results in the reflectance to be measured and recorded. These reflectance values allow the

Kubelka-Munk value to be calculated by utilising the equation below [12]:

_ 2
F(R) = K = 0Reo)” (Equation 3.1)

s (2XReo)

Plotting the Kubelka-Munk value against the wavelength allows the wavelength absorption
range to be determined as the Kubelka-Munk value represents the absorption and scattering
coefficients of the photoanode. Figure 3.6 establishes the WO3 photoanode can absorb
wavelengths up to 450 nm. This is excellent as it translates to the synthesis WO3 photoanode
being a visible light absorbing photoanode. This confirms that the method developed for WO3
was successful in creating a visible light absorbing photoanode. Thus, a higher number of
photons are absorbed compared to TiO photoanodes, which can only utilise wavelengths in

the UV range.
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Whilst it is important to know the wavelength absorption range it is equally important to
calculate the bandgap. The band gap energy can be calculated using the Tauc plot with the
Kubelka-Munk function [13].

The Tauc plot is based on the equation below:
1
(< hv)r = A(hv —E,;)  (Equation 3.2)

where:

o - absorption coefficient

h — Planck constant

v - photon’s frequency

vy - ¥ for direct or 2 for indirect transition band gaps
A — constant usually 1

E;— bandgap energy

As K and S are the absorption and scattering coefficients respectively then the Kubelka-Munk
function can be substituted into Eq 3.2 for a . While y was equal to 2 for WO;3 and BiVOy as
both have indirect bandgaps [14, 15]. Therefore, making the equation:

(F(R) x W)Y? = (hv — E;)  (Equation 3.3)

Using this equation then a graph is plotted with (F(R)hv)/? vs hv and a tangent line was
utilised to determine the bandgap energy (Figure 3.6). From this the calculated bandgap was
2.6 eV. This is a narrow bandgap and is the reason why the synthesis WO3 photoanode can

absorb wavelengths up to 450 nm.
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Figure 3.7 — The Tauc plot of WO:.

Whilst Figures 3.1 to 3.7 demonstrated that the WOs3 photoanodes synthesized exhibited
properties which enable them to have high photoactivity. The photoelectrochemical study
(Figures 3.2 and 3.3) demonstrated that the WO3; photoanodes produced by Paste 2 were only
able to generate a photocurrent of 0.8 mA/cm? at 1.2 V (vs Ag/AgCl). This is low but is
expected for a pristine WO3 photoanode as unfortunately pristine WO3 photoanodes suffer
from charge recombination, thus lower photocurrent production. This demonstrates that a
heterostructure is necessary for achieving high photocurrents as it enables charge separation
thus enabling more electrons to travel the counter electrode while more holes are available for
pollutant degradation [3, 8, 16-19]. To make a successful heterojunction then BiVO4 was the
chosen semiconductor to couple with the developed WOs. However, before the heterojunction

could be formed it was essential to find a successful method for manufacturing BiVOs.
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3.2.5 Preparation and Investigation of BiVQ4 Film
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Figure 3.8 - Images obtained for thin film BiVO, during (a) SEM analysis and (b) EDS analysis.

The SEM analysis demonstrated that the BiVO4 films have a morphology that contains a high
pore network. Whilst the EDS analysis (Figure 3.8 (b)) confirms the presence of Bi, V and O
species thus verifying that the method was successful in creating a BiVOs film. However, it
also showed a high peak for “Sn” element, thus indicating the FTO substrate was exposed. This

could be due to the porosity of the thin films exposing the FTO glass. This would mean that if

Page 93



Katherine Davies

using the above method for pure BiVOs4 photoanodes then the photoanode must contain

multiple layers of BiVOys to lower the exposure of the FTO glass.
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Figure 3.9 — The XRD diffraction pattern of pristine BiVO,.

Similarly, to WOs the crystallinity phases which demonstrates the highest photocatalytic
activity for BiVO4 was monoclinic [3, 7, 20]. The results from the XRD analysis (Figure 3.9)
established peaks at 18.9°, 28.9° and 30.5° which are associated with diffraction facets of (101),
(112) and (004) [20]. These diffraction peaks correspond to monoclinic BiVOj4 thus verifying
that this method was very successful in producing high photoactivity BiVO4 photoanodes [33].
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Figure 3.10 - The XPS obtained for pristine BiVOy focused on the Bidf signals. The experimental
results of Bidf core spectra (ved colour) are fitted with CasaXPS software.
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Figure 3.11 - The XPS obtained for pristine BiVO, focused on the Ols and V2p signals. The
experimental results of Ols and V2p core spectra (red color) are fitted with CasaXPS software.

The XPS analysis confirmed the presence of BiVOs. Figure 3.10 identified two strong signals
with binding energies of 159.16 eV and 164.45 eV. These correspond to Bidf;, and Bidfs,

which verify that Bi 3 was present on the photoanode surface and is the element state in BiVO4
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[11]. While Figure 3.11 displays a peak at a binding energy of 516.5 eV that corresponds to
V2ps3, which confirms that V3" is present [11]. While the peak at 529.64 ¢V indicates that
oxygen species in a metal oxide (BiVOs) are present on the surface. There are multiple peaks
in Ols which were theoretically fitted by utilising the XPS fitting software and taking
references from the XPS knowledge base created by Thermo Fisher Scientific [21] . There are
multiple peaks as not only is there oxygen associated with a metal oxide being present, but also

oxygen associated with water and/or organic contamination, thus there will always be oxygen
peaks when samples are exposed to the atmosphere [21]. These results verify that BIVO4 was

successfully synthesized [11].
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Figure 3.12 — The K-M spectra of pristine BiVO,.
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Figure 3.13 — The Tauc plot of BiVOA.

The results from the DR UV-Vis analysis of pristine BiVO4 (Figure 3.12) revealed that the
band edge lies around 490 nm. This extended absorbance wavelength range is due to BiVO4
having a narrower bandgap than WOs [22]. Utilising the Eq 3.1 — 3.3 and the plotted graph
(Figure 3.13) the calculated bandgap of BiVO4 was 2.4 eV which is significantly lower than
WOs (2.6 V). Therefore, coating WO3 with BiVO4 should extend the solar light absorbance
from 450 nm to 490 nm. Thus, resulting in a higher number of photons being absorbed and

producing more electron/hole pairs.

3.2.6 Creating a Heterostructure Metal Oxide Photoanode

To create WO3/BiVOs4 photoanode then the pre-synthesised BiVOj4 solution was spin coated
onto the 2 layered WOs electrode and annealed utilising the method for the pristine BiVOs

photoanode.
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(a)

Figure 3.14 - The images obtained during the SEM analysis for (a) Pristine WO; and (b) WO3/BiVOy

The surface morphology of the synthesised WO3/BiVO4 photoanode was studied via SEM and
HR-TEM. The Figures 3.14(a) and 3.14(b) show that adding the BiVOj4 layer did not greatly
affect the porous structure as the images show that nanoparticles are still present on the
photoanode surface without huge variation in grain size. This was because the BiVO4 layer
was discovered to be ultra-thin (3 nm - 12.5 nm) by the HR-TEM analysis (Figures 3.15 c-d).
Hence, coating the WOs particles with a single layer would not significantly vary the
nanoparticle size or cause any active sites to become block. It was necessary to create an ultra-
thin layer of BiVOs4 because it has poor electron mobility, which means electrons take a long
time to travel in the BiVO4 layer. Consequently, if it is too thick then there is high probability

of charge recombination.

20nm Snm
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Figure 3.15 - HR-TEM analysis of (a-b) of pristine WOz and (c-d) of WO3/BiVO4 photoanodes.

3.2.7 Characterization of WO3/BiVO4
To ensure that the addition of BiVO4 onto the WO3 did not affect the crystallinity or chemical

environment of the photoanode then it was essential to run characterise the WO3/BiVO4

photoanode by surface analytical tools (XRD and XPS).

m-WO;
@ -BiVO,
« -FTO Glass
150 - i
L]
& 100-
2
g =
=
— [ ]
50 -
]
e °
0 I T l T I
20 40 60
20 (degree)

Figure 3.16 - The XRD diffraction pattern obtained for the synthesised WO3/BiVO, photoanode.
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As previously mentioned, it was important that the crystallinity phases of both WO3 and BiVO4

were monoclinic. The XRD analysis (Figure 3.16) of the synthesised WO3/BiVO4

established signals at 18.8°, 28.8° and 30.5° which were associated with the diffraction peaks
of (101), (112) and (004) of BiVO4 and signals at 23.1°, 23.6°, 24.3° which were associated
with the diffraction peaks of (002), (020), (200) of WOs [2, 7, 11, 20]. These diffraction peaks
verified that both monoclinic BiVOs and WO3 were present in the synthesised WO3/BiVO4

and that the heterojunction did not affect the crystallinity.

The XPS was utilised to examine the chemical environment of WO3/BiVO4 heterostructure

photoanode. It was essential to determine any metal ion diffusion or oxygen vacancies that

could occur at the WO3/BiVOys interface.
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Figure 3.17 - The XPS spectra obtained for pristine WOj3 focused on W4f peaks. The experimental

results of W4f core spectra (red colour) are fitted with CasaXPS software.
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Figure 3.18 - The XPS spectra obtained for WO3/BiVO, focused on W4f peaks. The experimental
results of W4f core spectra (red colour) are fitted with CasaXPS software.

For both WO3 and WO3/BiVOs there were signals at 35.18 eV and 35.55 eV which are
associated with W4fs, for WO3 and WO3/BiVOys, respectively [11, 23]. Whilst also having
signals at 37.29 eV and 37.66 eV which are associated with W4f;,; for WO3; and WO3/BiVO4
respectively [11, 23]. This verifies that both photoanodes contain W which is part of WOs
[11, 23]. There was a slight positive shift in the binding energies associated with W in
WO3/BiVOs. A shift in binding energies usually suggests that there is a chemical shift due to
the oxidation state of the atom or the physical environment changing. This would suggest that
the W oxidation state in WO3/BiVOys is higher than in WO3 or that the chemical environment
has changed. However, looking at literature for WO3, the W4fs, and W4f7, associated with
W®" have binding energies between 35.1-35.4 ¢V and 37.2-37.6 €V [11, 23, 24]. Therefore,
this would suggest the oxidation state has not changed but instead adding the BiVO4 changes

the chemical environment causing this shift in binding energy.

Page 101



Katherine Davies

)(103

1 Residual STD = 2.521

20- Lo N A,

18]

16

o™
=
~
—
<
m

14 |

12 |

CPS

10

T T T T T T T
172 168 164
Binding Energy (eV)

Figure 3.19 - The XPS spectra obtained for BiVOq focused on Bidf peaks. The experimental results of

Bidf core spectra (red colour) are fitted with CasaXPS software.
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Figure 3.20 - The XPS spectra obtained for WO3/BiVOy focused on Bidf peaks. The experimental

results of Bidf core spectra (ved colour) are fitted with CasaXPS software.

Again, both BiVO4 and WO3/BiVO4 photoanodes exhibited peaks 159.16 eV and 159.21 eV
(respectively) associated with Bidf7, [3]. As well as signals at 164.45 eV and 164.52 eV for
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Bidfs;, [3]. This helps demonstrate that Bi*" is present thus verifying that BiVOs was
successfully synthesized for WO3/BiVO4 and did not cause the oxidation state of Bi to change.
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Figure 3.21 - The XPS spectra obtained for BiVO, focused on Ols and V2p peaks. The experimental
results of Ols and V2p core spectra (red colour) are fitted with CasaXPS software.
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Figure 3.22 - The XPS spectra obtained for WO3/BiVO, focused on Ols and V2p peaks. The
experimental results of Ols and V2p core spectra (red colour) are fitted with CasaXPS software.

Page 103



Katherine Davies

As previously mentioned BiVOj4 contains V>* which is associated with V2ps2 [11]. As both the
spectra show that pristine BiVO4 and WO3/BiVOs4 photoanodes had peaks at binding energies
of 5.16.5 eV and 516.55 eV, respectively, then V°* is present [11]. The V2p peak in
WO3/BiVOs is much lower compared to the BiVO4 as the Ols peak is stronger due to the
higher presence of oxygen associated with WO3 and BiVOs, There was no shift to the binding
energies of the Ols associated with BiVO4 peaks which would indicate that the heterojunction

does not affect the oxygen absorption sites.

3.2.8 The Photoelectrochemical Activity of WO3/BiVO4
To assess the benefit of creating a heterostructure the photoelectrochemical activity and optical

absorbance was assessed.
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Figure 3.23 - A graph displaying the production of photocurrent by pristine WO3 (2 layers) and
WO3/BiVO4 (2 layers of WO3 and 1 BiVO,) with a chopped light (30 secs off/on for 5 minutes), 1.2 V
applied potential and 0.5 M NaCl supporting electrolyte.

The photoelectrochemical analysis (Figure 3.23) established that adding the layer of BiVOs
onto the WO; photoanode helped to increase the photocurrent density produced by 3.44-fold.
There are several reasons creating this heterostructure resulted in an increase in photocurrent

production, these are:
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e The onset potential could shift lower thus a higher number of electrons are produced at
lower potentials.

e The heterojunction helped achieve effective charge separation thus extending the
electron’s lifetime.

e The BiVOs4 helps to narrow the bandgap energy thus allowing a higher range of

wavelengths to be absorbed.

To determine which of these reasons were truly responsible for this increase in performance

then further investigations were conducted.

The onset potential was examined by linear sweep voltammetry (LSV) (Table 2.4) that
generated a plot of photocurrent density produced as a function of the applied potential. The
onset potential is the potential at which the photocurrent production increases significantly due

to it going above the flat band potential.
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Figure 3.24 - The LSVs for Pristine WO3 and WO3/BiVO, the experiment details were that the
electrolyte was 0.5M NaCl, 1 sun of solar light (when light was turned on), scan limit from -0.5 V to
1.5V.
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Unexpectedly it was established that the onset potential did not alter when adding the BiVO4
layer onto the WO; photoanode. This confirmed that the onset potential was not responsible

for the increase in photoactivity.
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Figure 3.25 — The K-M spectra of (blue) WOs, (red) BiVO,and (green) WO3/BiVOs.
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Figure 3.26 - The Tauc plot of WO3/BiVO..

The DR UV-Vis analysis (Figure 3.25) exhibits that the WO3/BiVOs photoanode absorbs
wavelengths up to 490 nm. This is significantly higher than the maximum wavelength
absorption of pristine WOs. This is due to the BiVO4 layer having a narrower bandgap thus
allowing a higher proportion of solar light to be absorbed [10, 22]. From the bandgap energy
calculations, the bandgap of WO3/BiVO4 was 2.45 eV, which is narrower than WOs. Resulting
in the wavelength absorption range increasing thus helping to increase the photoactivity of the
photoanode as it allows a more electrons to be excited, thus a higher production of

photocurrent.
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Figure 3.27 - The Nyquist plot obtained from the IMPS analysis of (blue) WO; and (red) WO3/BiVOy.
The experimental details summarised in Table 2.6.

Intensity-modulated photocurrent spectroscopy (IMPS) is commonly utilised to assess the
dynamics of the charge carriers [25]. Therefore, it was utilised to help assess the electron
transfer time from the photoanode surface to the FTO substrate. The IMPS experiment
produced a Nyquist plot which is utilised for calculation of the electron transit time (tp) as the
electron transit time (tp) is estimated to be ®max' generated from the Nyquist plot. The tp for
WOs3 and WO3/BiVO4 was calculated as 22.97 ms (to 2 d.p) and 2.44 ms (to 2d.p), respectively.
This verified that the electrons were travelling faster in the WO3/BiVO4 photoanode compared
to the WO3 photoanode. This could be because there is effective charge separation in
WO3/BiVOs4 and as result then the electrons are not being trapped in charge recombination

reactions, resulting in more electrons traveling to the FTO substrate.

3.2.9 The Effect of Varying the Semiconductors’ Thickness on The Heterostructure
Photoanode’s Performance
There is very limited research on how each semiconductor’s layer could affect the performance

of the photoanode. However there has been some studies which looked into the effect of

altering the WO3 thickness in WO3/BiVOs4 [19, 26-29]. It showed that increasing the WO3
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thickness decreases the performance of WO3/BiVOs4 [19, 26]. This is because the BiVO4 layer
starts becoming less effective in charge separation as it is small compared to the WO; layer
[26]. Thus more charge recombination occurs [26]. However, another study showed in
increasing the WOs thickness increased the performance, due to WO; having good light
absorption thus resulting in more photon absorption [19]. Therefore, to help add value to either
argument then in this thesis the effect of the WOs3 thickness on the heterostructure photoanode’s

performance was investigated.

3.2.9.1 Influence of WO;3 Coating Cycles in the WO3/BiV O, Photoanode
The WOs layer is an essential layer in the photoanode as not only does it absorb visible light,

but it also exhibits excellent electron mobility and stability in low pH [2, 10, 30]. To help
understand the influence of the WO; thickness on the photoanode performance then different
coating cycles (1, 2, 3 and 4) of WO3 were annealed onto the FTO glass and subsequently a

single coating cycle of BiVO4 was sintered on top of the desired number of cycles of WOs.
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Figure 3.28 - Transverse SEM analysis of (a) 1 Layer of WO3 with BiVOy, (b) 2 Layers of WO;3 with
BiVOy, (c) 3 Layers of WOs with BiVOy and (d) 4 Layers of WO; with BiVO,.

The cross section of each photoanode was analysed utilising SEM to help determine the effect
of the number of the WO3 cycles has on the thickness. Figures 3.28 a-d demonstrated that none
of the photoanodes displayed a non-uniform surface as several different thicknesses were
established for each photoanode. This implies that the method developed for WO3 synthesis
created a random arrangement of WO3 nanoparticles. It also demonstrated that increasing the
number does not always increase the thickness of the WO3/BiVOs thickness. This indicates
that increasing the WO3 cycles results in any naked FTO sites or pores being filled. Filling any
naked FTO sites would improve the photocurrent production, however filling any pores will
reduce the surface area thus reducing photocurrent production (Figure 3.29). To help determine

this then photoelectrochemical analysis was conducted.
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Figure 3.29 - A schematic illustration of how altering the WOs cycles effects the cross-sectional
surface morphology

The EDS mapping (Figure 3.30) verifies that there is no electron leakage when increasing the
number of WOs3 cycle, as only 1WO3/BiVOs photoanode (Figure 3.30a) has Sn exposed.
Therefore, it is good to have more than one cycle of WOs3 to help ensure that no electron leakage

(lower photocurrent) occurs.

[ 1 (v (o] ey

il
Figure 3.30 - The EDS mapping obtained for (a) IWO3/1BiVOy, (b) 2WOs/1BiVOy, (c)
3WOs/1BiVOqsand (d) 4WOs/1BiVO..
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Figure 3.31 - The LSV analysis of (a) IWO3/I1BiVOy, (b) 2WO3/1BiVOy, (c) 3WOs3/1BiVO4 and (d)
4WOs/1BiVOy. Note that the experiment details were that the electrolyte was 0.5M NaCl, 1 sun of

solar light, scan limit from -0.5 Vto 1.5 V.
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Figure 3.32 - A plot displaying the average photocurrent densities for each synthesised WO3/BiV Oy
photoanode.

The LSV analysis (Figure 3.31) demonstrated that under light illumination all photoanodes
produced a significant photocurrent. It demonstrated that increasing the number of WO3 cycles
above 1 significantly improved the photocurrent production of the WO3/BiVOs4 photoanode.
This could be due to no electron leakage as the EDS showed no exposure of Sn in the
photoanodes with more than 1 WOs3 cycle. Beyond 2 cycles of WO; the difference in
photocurrent is negligible this could be while higher content of WO3 allows for higher photon
absorption there is a higher resistance for electron transfer due to a longer diffusion length [19,
26]. The photoelectrochemical analysis (Figure 3.32) demonstrated that increasing the number
of WOs cycles from 1 to 2 increased the performance of WO3/BiVO4. According to literature
the reason this occurs is because WO3 has good absorption capabilities meaning more photons
are absorbed thus generating more electrons [19, 26]. However, from the EDS mapping it
showed that adding an extra cycle of WO3 helped prevent exposure of the FTO “naked” sites
to the electrolyte, thus stopping any back flow of electrons from the FTO substrate to the
electrolyte (Figure 3.30 b). This means all electrons travel to the counter electrode resulting in

a higher current. Figure 3.32 also identified that increasing the WO; cycles beyond 2 cycles
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caused the photocurrent production to decrease significantly. According to literature this is due
to the BiVO4 layer being insufficient to achieve charge separation, as increasing the WO;
increases the resistance for the photogenerated charges to travel through thus causing more
charge recombination to occur in the WO; layer [26]. There is also the possibility that
increasing the number of WO3 cycles can decrease the diameter of the pores thus lowering the
surface area of the photoanode resulting in lower photon absorption. This is due to the doctor
blade technique allowing for WOs to fill the pores. This contradicts the study of Pedroni et al
who concluded that increasing the WOs3 helped increase the photocurrent production due to the

increase in absorption capabilities [19].
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Figure 3.33 - The EIS Nyquist plots for WO3/BiVO, photoanodes with varying WOj3 thickness. The
experimental details are summarised in Table 2.5.

This study utilised electrochemical impedance spectroscopy (EIS) to determine the resistance
of the photoanode. The EIS analysis (Figure 3.33) produced Nyquist plots which with the
equivalent circuit establishes the charge transfer resistance (R¢) that the electron faces in the
photoanode. Increasing the number of cycles from 1 to 2 decreased the R from 1719.1 Q to

563.25 Q. The reason why 1 cycle has a higher R is because there is an inadequate amount of
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WO:s present to achieve good transfer of electrons from BiVOs to the FTO substrate [1, 2]. As
WOs has good electron mobility then a significant amount needs to present to help drive the
electrons from the BiVO4 to the FTO glass substrate. The EIS study also identified that
increasing the number of cycles from 2 to 3 increased the Ret value to 4487. The increase Ret
could be due to the electrons transfer length increasing which results in charge recombination
and lowers the number of electrons. The interesting discovery of this EIS study however, is
that even though the optimal WO3/BiVO4 photoanode contained 2 cycles when increasing the
cycles from 3 to 4 the R value decreased to 3564. This has not been witnessed in literature but
would suggest that 4 cycles achieve a lower resistance as it has a higher absorption capability

that enables effective electron transfer.

IMPS was utilised again to help determine if increasing the WO3 thickness helped increase the

electron mobility.
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Figure 3.34 - The IMPS Nyquist plot for each WO3/BiVO, photoanode with varying WQOjs thickness. The
experimental details summarised in Table 2.6.
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The data obtained showed that the increasing the number of WOs3 cycles increases the electron
transfer time with 3 cycles of WO;3 having the worst electron transfer as the transfer electron
time goes from 1.01 ms for 1 cycle WOs to 12.36 ms for 3 cycle WOs. This is due to the
electrons have a longer distance to travel. When there were 4 cycles of WO3 in the photoanode
the electron transit time decreased slightly to 11.27 ms which could be due to the lower

resistance thus allowing the electron to travel faster to the FTO substrate.
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Figure 3.35 - The XRD diffraction pattern obtained for each WO3/BiVO, photoanode with different

WO; thickness.

According to the XRD analysis altering the number of WOs cycles does not affect crystallinity
as all the WO3/BiVOs photoanodes had phase peaks of 002, 020, 200 associated with
monoclinic WOs and 101, 112, 004 associated with monoclinic BiVO4 [2, 7, 11, 20]. This is

important as the monoclinic phase for WO3 and BiVOs has demonstrated the highest
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photocatalytic activity [2, 7, 11, 20]. Hence it was important to ensure this crystallinity was not
affected.

Since 2WO3/1BiVO4 achieved the highest photocurrent then the next step was to determine
how altering the thickness of BiVOs altered the performance of this photoanode.

3.2.9.2 Influence of BiVO, Coating Cycles in the WO3/BiV O, Photoanode
There have been some studies on how increasing the BiVOys thickness effects the WO3/BiVOs

performance. From the studies it was evidenced that the WO3/BiVO4 photoanode performance
increases with increasing the thickness of BiVO4 to an optimal [29]. Beyond this optimal
thickness however the performance decreases, the photogenerated charges recombine as

BiVO4 has poor electron mobility thus taking longer to get to the WOs layer [27, 29].

2WO,/1BiVO,
2WO,/2BiVO,
7.0 5 ’
] 2WO,/4BiVO,
6.5 1 -
6.0 —
S 5.5 1
£ ]
< 07
E 45-
b 4
‘7w 4.0 7
= -
]
A 354
5 30 —
2
S 25
E m
= 2.0 7
1.5
1.0 1
0.5 1
0.0 ; , ; , . ,
-0.5 0.0 0.5 1.0
Applied Potential (V vs Ag/AgCl)

Figure 3.36 - LSV analysis of (a) 2WO3/1BiVO,, (b) 2WO3/2BiVOy and (c) 2WO3/4BiVO, Note that the
experiment details were that the electrolyte was 0.5M NaCl, 1 sun of solar light, scan limit from -0.5 V
tol5V.
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Figure 3.37 - A plot displaying the amount of photocurrent density produced by each WO3/BiVO, of
varying BiVOy thickness.

The LSV analysis (Figure 3.36) demonstrated that the WO3/BiVO; electrode with 2 layers of
BiVO4 improved the photocurrent density production compared to 1 and 4 layers. However,
the photoelectrochemical analysis (Figure 3.37) showed that the WO3/BiVOs photocurrent
production decreases as the thickness of the BiVOj4 layer increases and that one layer of BiVO4
was the optimum thickness. This is due to BiVO4 having poor electron mobility thus
encouraging charge recombination at the photoanode’s surface [31]. This means that there is a
lower number of electrons traveling to the counter electrode. The photoelectrochemical
analysis results are more reliable as it is a more in-depth study of the photoactivity of the

photoanodes.

Page 120



Katherine Davies

® 2WO3/1BiVOy
) ® 2WO03/2BiVOy4
2W03/4BiVO4
-1000 —
-800
-
.g -600 —
o
g |
N = ",
-400 — al -
— ]
. [ [
n
[
200 _B ]
5 - n
10 u -
)‘ .
[
o —/—7—T—TT—T T T T T 7
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Zreal

Figure 3.38 - The EIS Nyquist plot for each WO3/BiVOy4 with varying BiVOy thickness. The experimental

details are summarised in Table 2.5.

Again, EIS was utilised to help determine the resistance in each photoanode. As the data shows

increasing the BiVOyq layer increases the Rec from 563.25 Q to 2442 Q. This is due to a higher

amount of the poor electron mobility BiVO4 causing the electrons to move slower from the

photoanode surface to the FTO substrate [29]. Hence, only one cycle of BiVOs is sufficient for

effective charge separation [28].
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Figure 3.39 - The XRD diffraction pattern obtained for each WO3/BiVO, photoanode with varying
BiVOq thickness.

Again, XRD was utilised to ensure that altering the BiVOs thickness did not affect the
crystallinity of the WO; and BiVOs in the WO3/BiVO4 photoanode. Figure 3.39 showed that
monoclinic WO3; and BiVOs were both present in the photoanodes as there were peaks at
approximately 18.8°, 23.1°, 23.6°, 24.3°, 28.8° and 30.5° [7, 20]. This confirms that adding
various layers of BiVO4 did not affect the crystallinity of WO3 or BiVOs in the photoanode.

The only change relates to more BiVO4 layers resulting in more intensity for the peaks

associated with BiVOa.

These results showed that increasing the BiVO4 causes a decrease in photocurrent production

for WO3/BiVOs. This is due to a higher percentage of electrons recombing with holes. This
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recombination occurs due to the higher resistance causing electrons to remain in the BiVOj4 for
a longer time. It was therefore, decided that 2 layers of WOs3 and 1 layer of BiVOj4 created the
optimum WO3/BiVOs4 photoanode with an average photocurrent of 2.75 mA/cm?. This
photoanode will be known as 2WQO3/1BiVO; as it is the optimum photoanode and as a result is

the photoanode which will be utilised in all experiments going forward.

3.2.11 How Do the Operating Conditions Effect the Photocurrent Production

The photocurrent production is heavily dependent on the semiconductor material used for the
photoanode. As found in the previous section utilising the 2WO3/1BiVO4 photoanode with a
0.5 M NaCl supporting electrolyte and 1 sun of solar light then a high photocurrent of 2.75
mA/cm? was produced higher than utilising pristine WO3; which resulted in 0.8 mA/cm?.
However, while 2WO3/1BiVO4 achieved elevated photocurrent production compared to other
studies, the operating parameters can also be altered to improve the photocurrent production.
It was necessary to determine how these factors influence the photocurrent production to help

explain decisions made in future work.
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Figure 3.40 - The chronoamperometry obtained for the optimised photoanode with (blue) pure water,
(red) 0.5 M Na>SOq and (green) 0.5 M NaCl. Note that all the experiments had an applied potential +
0.6 V with a chopped light (30 secs off/on for 5 minutes).
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The first operating parameter tested was the supporting electrolyte type, as it is important to
use an electrolyte to help provide the system with conductivity. As no supporting electrolyte
(pure water) resulted in zero photocurrent production (Figure 3.40). The addition of a
supporting electrolyte such as NaCl or NaxSOj4 helps create a conductivity in the solution [32].
Forming a conductivity in the solution enables an electrical current solution which prevents
recombination of the photogenerated electrons and holes [32]. This is due to the electrical

current reducing the resistance in the solution to help drive ions transfer [32].
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Figure 3.41 - The J-V plots when utilising 0.5 M Na:SO; electrolyte (blue) and 0.5 M NaCl (red).
Note that the experiment details were that 1 sun of solar light was utilised with a scan limit from -0.5
Vito 1.5V atarate of 50 mVis.

The electrolyte effects the onset potential of the PEC system, which in turn effects the
photocurrent production. Sodium chloride (NaCl) electrolyte shows a lower onset potential
than sodium sulphate (Na>SO4) which means NaCl is able to achieve higher photocurrents at a
lower applied potential than Na>SO4 [33]. However, Figure 3.41 demonstrated that this was
not true when utilising 2WQO3/1BiVO4 as the photoanode. As the onset potential was the same
for Na;SO4 and NaCl. Therefore, the reason for the increase in photocurrent production when
utilising NaCl is because it enables higher charge separation, due to the negative chloride ions

having a higher absorption rate on the semiconductor surface than sulphate ions [33]. Hence
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the chloride ions act as a hole scavenger thus lowering and charge recombination [33]. The
other benefit of utilising NaCl as a supporting electrolyte is that it’s cheap, abundant and has
shown great photodegradation for pollutants. Due to this reason, it was decided that this would

be the supporting electrolyte of choice.
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Figure 3.42 - The chronoamperometry obtained for the optimised photoanode with (blue) 0.1 M
NaCl, (red) 0.5 M NaCl and (green) 1 M NaCl supporting electrolyte. Note that the constant
experimental details were that an applied potential of 0.6 V was utilised with a chopped 1 Sun of
solar light (on/off; 30 s each) for 5 minutes.

Not only does the type of electrolyte utilised affect the photocurrent production but so does the
concentration. This is because the higher the concentration the greater the conductivity. As
previously mentioned, increasing the conductivity of the solution results in the resistance
reducing, thus fast ion transfer [32]. It was identified that increasing the NaCl concentration
from 0.1 M to 1 M resulted in the photocurrent density production to increase by approximately
0.8 mA/cm?. This demonstrates how important the conductivity is in achieving high

photocurrents.
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Figure 3.43 - The chronoamperometry obtained for the optimised photoanode with (blue) 0.6 V, (red)
0.9V, (green) 1.2 V and (vellow) 1.5 V. Note that the constant experimental details were that an 0.5
M NaCl supporting electrolyte was utilised with a chopped 1 Sun of solar light (on/off, 30 s each) for
5 minutes.

The benefit of utilising PEC is that it combines electrochemistry with photocatalysis [32]. This
method results in the separation of the photogenerated electrons and holes which improves the
efficiency of the process [32]. It achieves this by the applied potential causing band-bending
to occur in the semiconductor material [34]. The band-bending creates a gradient which drives
the electrons away from the photoanode surface to the FTO substrate, where it travels via an
external circuit and into the counter electrode [34, 35]. This band-bending effect only occurs
when the potential is above the flat band potential [34]. Therefore, from the LSV it was shown
that the flat-band potential for this system was approximately 0.25 - 0.3 V (Figure 3.24), thus

the applied potential needed to be above this value for effective charge separation.

As Figure 3.43 demonstrates increasing the applied potential increases the photocurrent
production due to the band-bending driving the electrons to the counter electrode [34]. By
driving the electrons from the photoanode surface the photogenerated holes have longer

lifetime to split water molecules or degrade pollutants [36]. However, as the data showed the
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increase in applied potential only enhances the photocurrent production to a certain value,
namely 1.2 V (vs Ag/AgCl) for this PEC system. Beyond 1.2 V (vs Ag/AgCl) the photocurrent
generated decreases, due to the light intensity being fixed at a permanent intensity [36]. This
means only a finite number of electrons can be produced, as electron excitation depends on the
amount of photons absorbed [36]. Another reason why increasing the applied potential above
this limit can cause a decrease in performance is due to the space charge layer. The space charge
layer becomes nearly the same thickness as the film at the optimum applied potential but
beyond this then the space charge layer is relocated thus decreasing the amount of
photogenerated carriers [36]. The maximum applied potential varies for each system or

pollutant it is therefore key to identify the maximum potential was for this system [32, 37, 38]

3.3 Conclusion
A monoclinic crystalline WO3 layer was successfully synthesised on a conductive substrate. In

literature monoclinic WOs crystallinity phase has displayed the highest photocatalytic activity.
Also, it was able to absorb visible wavelengths up to 450 nm which means it is a visible light
absorber. This achieved the aim of producing a visible light photoanode. However, the
photocurrent production was low (0.8 mA/cm?) meaning that the photoanode experienced high
charge recombination due to poor electron-hole separation at the photoanode/electrolyte

interface.

The BiVO4 was successfully optimised and XRD showed a monoclinic crystalline phase. A
monoclinic BiVO4 usually exhibits the highest photocatalysis activity among its other phases.
Whilst the DR UV-Vis analysis also showed that the synthesised BiVO4 was able to absorb
wavelengths up to 490 nm. This meant that when adding BiVO4 layer to WOs3 the light
absorbance range increased for the photoanode, while also enhancing the charge separation and

preventing charge recombination, thus increasing the photocurrent.

It was hypothesised that creating a WO3/ BiVO4 photoanode should result in an increase of the
photocurrent as it enables charge separation. This hypothesis was met as adding a BiVO4 layer
to the WO3 photoanode increased the photocurrent by a 3.44 -fold. This would indicate that the
heterojunction helped prevent any charge recombination occurring thus helping electrons to
travel faster to the FTO substrate. While the DR UV-Vis analysis exhibited that adding BiVO4
helped increase the wavelength absorption range by 40 nm. This meant that the WO3/ BiVO4
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photoanode could utilise a higher portion of visible light, resulting in this photoanode being a

visible light absorber. This demonstrated that the aim was met during this chapter.

To help optimise the WO3/ BiVO4 photoanode then it was necessary to determine the effect of
altering each semiconductor’s coating cycles separately. It was found that increasing the layer
from 1 to 2 increased the photocurrent production as there was more WO3 (good electron
mobility) to help effectively transfer the electrons from BiVOjs to the FTO substrate and absorb
more electrons. However, increasing the WOs coating cycles above 2 resulted in a decrease in
performance. This is due to a higher resistance in the WO3 layer thus allowing the electrons to
recombine with the holes. It was found that 1 layer of BiVO4 was optimum for 2WO3/BiVO4
as any further increase caused a decrease in performance. This is due to poor electron mobility
of BiVO4 which means its more suspectable to charge recombination, which lowers the
photocurrent. Therefore, the optimised photoanode was 2 layers of WO3 with 1 layer of BiVO4
and it achieved a high photocurrent of 2.75 mA/cm?2.

It is known that the effects of the operating parameters can help influence the photoanode’s
performance. Therefore, to help ensure decisions for optimising pollutant degradation would
result in positive results it was important to investigate how these parameters affected the
2WO3/1BiVOs4 photoanode. It was demonstrated that a supporting electrolyte was required for
PEC to be successful and the best electrolyte for this system was 1 M NaCl. A high
concentration of NaCl allowed the photocurrent production to increase significantly as it
increases ion transfer. It was also found that increasing the applied potential increased the
photocurrent production as it helped improve charge separation. However, this was only to 1.2
V (vs Ag/AgCl) as beyond this the applied potential decreased slightly. This is due to the light
intensity being fixed which resulting in 1.2 V (vs Ag/AgCl) transferring the maximum number

of electrons possible.
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Chapter 4 : Ibuprofen Degradation

4.1 Introduction

The aim of this chapter is to establish if PEC can completely remove a model pharmaceutical
compound from water without impacting on the environment. The model pharmaceutical
compound chosen for this study was ibuprofen because as mentioned in Chapter 1 it is one of
the most popular pharmaceutical compounds and it can cause various side effects to aquatic
life. Therefore, it was necessary to see if this PEC system utilising a WO3/BiVO4 photoanode
was able to completely remove ibuprofen from water. The work in this chapter involved; the
optimisation of the PEC system to maximise the ibuprofen degradation, provide an explanation
of how ibuprofen is degraded by identifying the reactive oxidising species involved and finally

identified by-products produced during the degradation of ibuprofen via PEC.

4.2 Results and Discussion

4.2.1 Development of Ibuprofen Analysis
Due to the physical properties of ibuprofen many researchers have utilised liquid

chromatography coupled with a UV detector (also known as LC-UV) to quantify its
concentration in target samples. LC-UV has recently become a popular analytical tool due to

several reasons namely its rapid, automatic, high precision and reproducibility.

The LC-UV system (Agilent 1200 LC-UV) was utilised with a Waters Xselect C-18 column
(2.1 mm x 100 mm) which was constant for all methods and analysis work. To ensure that the
LC-UV system was able to detect and quantify ibuprofen then the sensitivity was determined
through method development. For all methods developed the mobile phases were kept constant
and were 0.1% formic acid in water (Mobile A) and 100% acetonitrile (Mobile B) with starting

ratios of 75% and 25% respectively.

Method I was developed using the LC-UV settings highlighted below (Table 4.1). The
chromatogram (Figure 4.1) demonstrates that the method was successful as there was a sharp
peak present at a retention time of 14.3 minutes. It demonstrates that the sensitivity was high

for ibuprofen and the gradient pumping was adequate in eluting the ibuprofen at one time as
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there was only one sharp peak. Agreeably, the blank sampled displayed no signal at the target

detection conditions, thus verifying the selectivity of the method.

Table 4.1 - The first method developed for detection of ibuprofen via LC-UV.

Column Xselect C-18 column (2.1 mm x 100 mm)
Injection Volume 5

(nL)

Flowrate (mL/min) 0.250

UV Wavelength 260

Detection (nm)

Gradient Pumping Time (minutes) Mobile Phase A: Mobile Phase B:
0.1% Formic Acid | 100% Acetonitrile
in Water (%) (%)

75 25

75 25
17 0 100
24 0 100
25 75 25
35 75 25

VWD1 A, Wavelength=260 nm (IBF_KD_30012020_260NM_G 2020-01-30 10-16-15\002-0301.D)
mAU 1

=333
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Figure 4.1 - Chromatogram of the ibuprofen standard when utilising LC-UV method 1.

To help increase the peak area the UV detection wavelength was changed to 265nm as
ibuprofen has high absorption between wavelengths of 260-270 nm [1]. Utilising Method I1
(Table 2.8 in Chapter 2) resulted in a higher peak area for ibuprofen. Therefore, this method
was chosen to quantify the amount of ibuprofen present in the sample. However, it was
essential to determine the repeatability, accuracy, and precision of the method in quantifying

ibuprofen.
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4.2.1.2 Repeatability and Reproducibility of Ibuprofen LC-UV Method
Once the method for the LC-UV had been developed, a reproducibility (Section 2.5.2.2) and

calibration test (Section 2.5.2.3) was conducted to ensure the system produced an accurate and

precise analysis of the ibuprofen samples.

Table 4.2 - The calculated CV% and F-test value obtained for the retention time reproducibility.
Compound CV% Day 1 CV% Day 2 F-Test Value
Ibuprofen 0.19 0.05 12.23

The assessment of the obtained retention times (Table 4.2) showed that they were highly
repeatable as the CV% calculated for each day was < 1%. Thus, demonstrating there was very
low variation in the retention times. The calculated F-test value (12.23) was significantly higher
than the critical value (4.30) indicating a significant difference between the two sets of data.
There is a significant difference due to the spread of the results being much lower on the second
day (CV%day 1 > CV%uday 2). This reveals that the stability of LC-UV improves with longer
runtime. Since both CV% values are < 5%, the retention times are found to have high

repeatability [2].

Table 4.3 - The calculated CV% and F-test value for the injection repeatability of ibuprofen.
Compound CV% Day 1 CV% Day 2 F-Test Value
Ibuprofen 0.18 0.89 3.89

The injection repeatability was determined to establish the stability of the analyte response
(peak area), through the comparison of the peak areas obtained between the two days. The
CV% for each was less than < 1% which translates to there being low variation of the peak
areas obtained. This was also confirmed by the F-test value which was less than the critical
value. Thus, confirming there was no significant difference between the two sets of data. This
validates that the method developed for ibuprofen analysis, was able to produce repeatable and

reproducible results.
4.2.1.3 Calibration Graph

The calibration was important to help determine the accuracy and precision of the method while

also being used to calculate the concentration of ibuprofen in the samples.
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Table 4.4 - A table displaying the values obtained from the regression statistics analysis.

R? Value 0.99
Standard Value 4.33
Intercept -0.92
Gradient 1.32

The results from the calibration showed excellent linearity as the R? was > 0.99, as the closer

the R? value is to 1 the closer the calibration trend is to a perfect line.

To help determine the accuracy and precision of the method developed for ibuprofen analysis,
the concentrations of the QCs needed to be established, through the utilisation of Eq 2.9
(Chapter 2) and the values obtained from the regression statistics of the calibration results. The
FDA bioanalytical method validation criteria was utilised to determine if the accuracy and
precision of the QCs could be accepted. They state that QCs can only be accepted when they
are within 15% of the known concentration except for the low concentration QCs where it
should be within 20% [3]. As the accuracy and precision for all QCs (Table 4.5) were < 8%
then the method demonstrates it is suitable for producing accurate and reliable concentrations

within this calibration range.

Table 4.5 - A table displaying the calculated mean concentrations, accuracy % and precision % of the
QOCs.

QC  Sample | Theoretical Actual Accuracy % Precision %
Name Concentration | Concentration
(ug/mL) (ug/mL)
QC Low 20 21.46 7.30 4.61
QC Mid 80 80.30 0.37 0.59
QC High 180 182.48 1.38 0.65

4.2.1.4 Instrument Detection Limit
The instrument detection limit (IDL) was assessed to evaluate the minimum concentration,

which could be accurately quantified for the chosen test material by the developed LC-UV
method. There are two methods for quantifying the IDL. The IDL value calculated via the
statistical method (Eq 2.13) was 12.79 pug/mL which is higher than the lowest concentration of
the calibration range. Therefore, as it is a more robust approach, the empirical method was
utilised, which demonstrated the lowest (10 pg/mL) concentration showed a signal-to-noise
(S/N) ratio of 20:1. A S/N ratio of > 3:1 means that the analyte’s signal response is more

significant than the background signal. This demonstrates that 10 pg/mL is an appropriate low
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concentration for the calibration as it results in a significantly bigger signal than the blank

signal.

The instrument quantification limit (IQL) also confirms that the instrument can quantify
ibuprofen concentrations less than the low QC concentration (20 pg/mL) due to the QC’s

accuracy and precision being much less than < 20%.

4.2.1.5 Sample Preparation
LC-UV is an excellent analytical tool however, it is an extremely sensitive instrument due to

the column containing a very narrow diameter and particles. Therefore, it is at risk of becoming
blocked by insoluble particles in the samples. This would suggest that target samples should

be filtered before running them on the LC-UV system to prevent any of these issues.

There are many different filters that can be used to help filter samples for the LC-UV analysis.
However, due to availability, the selection was narrowed down to PTFE hydrophobic (0.45
pm), PTFE hydrophilic (0.45 pum), PVDF hydrophilic (0.45 pum) and Regenerated Cellulose
(0.45 um). To validate the suitability of the filter for ibuprofen, then all five filters were tested

and compared to the calibration standards.

Page 136



Katherine Davies

Figure 4.2 - A graph showing the ibuprofen concentration achieved for each filter.
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Table 4.6 - A table displaying the difference in ibuprofen concentration between the filtered samples

and the non-filtered standards.

Concentration difference (%) between
Sample Name Filtered Sample and Standard (to 2 d.p)
IBF_10pg PVDF 2.92
IBF 30ug PVDF -1.51
IBF 50ug PVDF 3.09
IBF 70ug PVDF 0.65
IBF 100pg PVDF 3.06
IBF 10pg Hydrophilic PTFE 7.17
IBF 30ug Hydrophilic PTFE 6.56
IBF 50ug Hydrophilic PTFE 6.96
IBF 70ug Hydrophilic PTFE 5.96
IBF 100ug Hydrophilic PTFE 4.70
CC 1 10ug RC 14.94
CC 1 30ug RC -18.20
CC 1 50ug RC -8.41
CC 1 70ug RC -7.68
CC 1 100pg RC -5.63
CC_1 10ug Hydrophobic PTFE 4.89
CC_1 30ug Hydrophobic PTFE -10.80
CC 1 50ug Hydrophobic PTFE -10.42
CC_1 70ug Hydrophobic PTFE -10.35
CC 1 100pg Hydrophobic PTFE -3.83

The filter showing the closest ibuprofen concentrations to the calibration trend was the PVDF
hydrophilic filter. It is known that PVDF hydrophilic filters are compatible with aqueous and
organic samples, which the sample solution contains to help dissolve the ibuprofen. It is worth
mentioning that any ibuprofen captured in the PVDF hydrophilic filter can result in degradation
errors when analysing the target samples. Therefore, it was vital to calculate the recovery
percentage of ibuprofen achieved by the filter to help minimise these errors in the degradation
calculations. To determine recovery (%) then the percentage yield formula (the ratio between
the amount of ibuprofen collected after filter and the amount of ibuprofen present before the
filter) was utilised. Therefore, it was essential to prepare a non-filtered and filtered standard
using the same 100 pg/mL ibuprofen solution. This would help calculate the ibuprofen

concentration before and after filtering. Thus, demonstrating the amount of ibuprofen if there
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was no filter. For the filter analysis experiments it was essential to prepare two types of
ibuprofen solutions. One solution was made up in 0.5 M NaCl while the other solution was
made up in 1 M NaCl. This was necessary to see if the supporting electrolyte concentration

influences the ibuprofen recovery in the filters.

Table 4.7 - A table displaying the calculated percentage yields and loss (%).

Percentage  Yield | Average Recovery | Precision (%)

Sample Name (%) (%)

0.5M NaCl IBF 1 96.19

0.5M_NaCl IBF 2 96.27

0.5M NaCl IBF 3 96.83 96.43 0.36

IM NaCl IBF 1 95.06

IM NaCl IBF 2 94.58

IM NaCl IBF 3 94.64 94.76 0.28

The recoveries (%) achieved from the filtering of ibuprofen were 96.43% and 94.76% for 0.5
M NaCl and 1 M NaCl respectively with high precision. This demonstrates that while high
recoveries were achieved, the ibuprofen interacts with the filter, thus causing a small amount
of ibuprofen to remain in the filter. These values need to be taken into consideration when
calculating the ibuprofen degradation percentage. Unexpectedly slightly lower recoveries were
established for the 1 M of NaCl ibuprofen standards than 0.5 M NaCl. Therefore, it was
important to test the two different supporting concentrations to ensure the proper recovery

percentages were utilised in the ibuprofen degradation calculations.

4.2.2 Ibuprofen Degradation Via Photoelectrocatalysis
Previous studies have demonstrated the success of utilising PEC in the degradation of

ibuprofen [4-7]. Therefore, this PEC system should be able to degrade ibuprofen. However,
there are no existing reports to explain how the operating parameters effect the ibuprofen

degradation.

4.2.2.1 The Effect of Light Irradiation
The PEC performance is highly dependent on the light absorption behaviour of the photoanode.

Hence it was valuable that this photoanode (2WO3/1Bi1VO4) was able to absorb wavelengths
up to 490 nm (utilising UV and visible light). A higher absorbance of light photons results in
higher photocharge carrier generation (electrons and holes) for catalysis reactions, as electrons
are excited when photons (from light) with energies the same or higher than the bandgap energy

of the photoanode are absorbed by the photoanode [8-11]. This electron excitation produces
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holes in the valance band which can either degrade ibuprofen directly or split water to produce
reactive species that degrade ibuprofen [4, 5]. Therefore, it would be expected that ibuprofen

degradation occurs when light irradiates the photoanode surface.
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Figure 4.3 - A graph showing the ibuprofen degradation during the dark and light (1 Sun of solar light)
PEC process with the following conditions 0.5 M NaCl as supporting electrolyte, 0.6 V (vs Ag/AgCl)
as an applied potential and 2 hours of run time.

To establish the adsorption equilibrium time for ibuprofen onto the photoanode surface then
the PEC experiment (0.5 M NacCl, 0.6 V vs Ag/AgCl, 2 hours runtime) was ran in the dark.
Figure 4.3 demonstrates the adsorption equilibrium is achieved within the first 30 minutes as
the slope of the degradation went from being sharp to gradual which implies the absorption
equilibrium was saturated after 30 minutes. Another indication that the degradation in
ibuprofen was related to the absorption of ibuprofen onto the photoanode surface is that the
chromatogram obtained for the 120-minute treatment sample (Figure 4.5) indicated no by-
products. As no additional peaks were observed when comparing to the 0-minute treatment
sample (Figure 4.4). However, after 30 minutes of PEC treatment utilising light there was by-
product formation at 15.49 minutes (Figure 4.6). Therefore, all ibuprofen degradation
experiments conducted in this thesis required an initial 30 minutes in the dark to achieve

absorption equilibrium.
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Figure 4.4 - Chromatogram obtained from the LC-UV analysis of 0-minute dark sample.

mAU |
14 4

124

10

VWD1 A, Wavelength=265 nm (IBF_DARK_06V_300321 2021-03-30 15-31-07\040-3801.D)

1.214

3
o
T

44

10

25 30 min|

Figure 4.5 - Chromatogram obtained from the LC-UV analysis of 120-minute dark sample.
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Figure 4.6 - Chromatogram obtained from the LC-UV analysis of 30-minute light sample.

As Figure 4.3 demonstrates the ibuprofen degradation increases from 27.99% to 52.38% when
the photoanode is irradiated by simulated solar light. The enhancement of ibuprofen
degradation under light irradiation conditions is due to combining photocatalysis and
electrochemical oxidation [5-7]. It is expected that the photoanode, generates holes which
produces reactive species such as hydroxyl radicals and active chlorine (from the NaCl
supporting electrolyte) to degrade ibuprofen when irritated by light. As the result of ibuprofen
degradation is linearly dependent on the light duration. This demonstrated that light irradiation

is key for driving the PEC ibuprofen degradation process.

Importantly, the results confirmed that PEC is successful in ibuprofen degradation, but it does
not achieve 100% degradation. It is therefore crucial to alter another operating parameter to
help maximise the degradation of ibuprofen for this system. As it has been previously shown
that increasing the applied potential helps to improve charge separation, it was decided to vary

the applied potential and evaluate whether it increases ibuprofen degradation.

4.2.2.1 The Effect of Applied Potential
Evidence exists that the applied potential to the circuit affects the pollutant degradation [12].

Applying an electric potential to the system helps increase band-bending in the photoanode,
thus driving the electrons from the photoanode surface to the counter electrode via an external

circuit [13-15]. Thus lowering the charge recombination rate and resulting in the holes’ lifetime
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extending for hydroxy radical production (indirect pollutant degradation) or direct pollutant

degradation [13-15]. To define the influence of the applied potential on the PEC ibuprofen

degradation performance, then the PEC experiment was carried out with different applied

potentials (0.6 V to 1.5 V).
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Figure 4.7 - A graph demonstrating the ibuprofen degradation achieved for each PEC experiment
with the following conditions 0.5 M NaCl, 30 minutes in dark then 2 hours with 1 Sun of Simulated
Solar Light (blue) 0.6 V vs Ag/AgCl, (ved) 0.9 V vs Ag/AgCl, (green) 1.2 V vs Ag/AgCl and (yellow)

1.5V vs Ag/AgCIL
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Figure 4.8 - The photocurrent produced by the photoanode during the ibuprofen degradation
experiments in Figure 4.7.

The results presented in Figure 4.7 advocate that the ibuprofen degradation was distinctly
affected by the applied potential. As expected, increasing the applied potential from 0.6 to 1.2
V (vs Ag/AgCl) resulted in the ibuprofen degradation enhancing from 58.28% to 81.73%. This
is due to the charge carrier separation effect caused by the applied potential which controls the
band-bending in the photoanode. Increasing the band-bending by increasing the applied
potential drives the electrons from the photoanode surface to the counter electrode thus
separating them from the reaction sites and allowing more holes to be available for ibuprofen
degradation [13-15]. The chronoamperometry studies (Figure 4.8) demonstrate that increasing
the applied potential from 0.6 V to 1.2 V (vs Ag/AgCl) promotes the photocurrent production
due to charge separation affect. This results in more holes being available on the photoanode
surface for either degrading the ibuprofen directly or producing reactive species for ibuprofen

degradation.
The photocurrent generation was slightly reduced after increasing the applied potential 1.2 V

to 1.5 V (vs Ag/AgCl). The reduction in photocurrent generation maybe due to several reasons.

Firstly, there can only be a maximum amount of electrons produced as the light intensity is
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fixed at 1 Sun. It means the applied potential can only drive the electrons available on the
photoanode surface. Hence continually increasing the applied potential cannot constantly
increase the ibuprofen degradation as there are no extra electrons available on the surface. This
was shown in Figure 4.8 as the photocurrent produced was slightly lower for 1.5 V than 1.2 V
(vs Ag/AgCl). Secondly at the optimal applied potential, the space charge layer becomes nearly
the same thickness as the photoanode thus achieving complete charge carrier separation [16].
Beyond this optimal value the space charge layer has to relocate thus causing charge
recombination to occur and lowering pollutant degradation [16]. Thirdly at higher applied
potentials the formation of intermediates occurs at faster rates [17]. Therefore, there is more
competition for the active sites which can be blocked by some intermediates resulting in a
reduction in ibuprofen degradation [17]. Finally increasing the applied potential above the
optimal can result in a competitive reaction i.e generation of oxygen (O.), thus reducing the

availability of reactive species for ibuprofen degradation [15].

Both Figure 3.43 (in Chapter 3) and Figure 4.8 suggested that 2WO3/1Bi1VO4 photoanode based
PEC cells function at high rate of ibuprofen degradation under optimal applied potential 1.2 V
(vs Ag/AgCl). Therefore, this value was chosen as the optimum applied potential and was
utilised for the other ibuprofen degradation experiments to help optimise the additional
operating parameters. Note that even this applied potential did not result in complete
degradation (81.73%). Therefore, the next step was to alter the concentration of the supporting

electrolyte (NaCl) as it can help improve conductivity thus enhancing the ion transfer.

4.2.2.3 The Effect of Electrolyte Concentration
The ionic species present in the electrolyte provide a conductivity which enables good transfer

of ions to the photoanode and cathode surfaces as the ions scavenge the photocharge carriers
to the electrolyte [13]. There are several different types of supporting electrolytes that have
been tested by other researchers. However, sodium chloride (NaCl) based aqueous electrolyte
was selected for several reasons. Firstly utilising NaCl as the supporting electrolyte enables the
production of active chlorine, which can degrade pollutants [18]. Secondly in Chapter 3, it was
demonstrated that utilising NaCl resulted in a higher photocurrent production due to enhanced
charge separation when compared to NaxSO4 (Figure 3.40). This indicates that NaCl helps the
photoanode achieve higher electron hole separation at electrode/electrolyte interfaces, thus

improving reactive species production.
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Figure 4.9 - PEC ibuprofen degradation vs time plot for different concentrations of the NaCl
electrolyte. Note that the PEC experiment was conducted at applied potential 1.2 V Vs Ag/AgCl). The
simulated solar light irradiation (1 Sun) was used for PEC experiments.
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Figure 4.10 - The photocurrent produced by the photoanode during the ibuprofen degradation
experiments in Figure 4.9.

As expected, the ibuprofen degradation has increased by 13.06% when doubling the sodium
chloride (NaCl) concentration from 0.5 M to 1 M (Figure 4.9). Figure 4.10 demonstrates how
increasing the supporting electrolyte’s concentration promoted photocurrent production. The
higher concentration of NaCl in the electrolyte significantly improves ionic conductivity of the
electrolyte, thus facilitating faster ion transfer and resulting in more holes being transferred to
the electrolyte for ibuprofen degradation. Also, a higher amount of chlorine ions in the solution
results in a higher amount of active chlorine (Eq 4.3 - 4.5) such as Cl,, HCIO, OCI" being
produced during the PEC process. As active chlorine species have disinfecting properties, it
has been anticipated they degrade pollutants [18, 19]. It is suggested that higher production of
active chlorine is responsible for the increase in ibuprofen degradation. Overall increasing the
electrolyte concentration to 1 M resulted in an average ibuprofen degradation of 96.70%. It has
been demonstrated by other studies that a further increase of the concentration may decrease
the ibuprofen degradation. This is due to chloride ions reacting with the holes and hydroxyl
radicals instead of the ibuprofen, because the absorption of chloride ions is faster than
pollutants onto the photoanode surface [19, 20]. It was therefore decided to keep the electrolyte
concentration at 1 M. To further achieve complete ibuprofen degradation then it would be

recommended to extend the light irradiation duration or increase the photoanode surface area.
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Increasing light irritation duration would enhance the number of light photons absorbed thus
extending the electron excitation which allows more holes for ibuprofen degradation. For
instance, it would be expected that extending the light irradiation to 150 minutes (initial 30
minutes in the dark) could achieve complete ibuprofen degradation. In view of reproducibility
the experiments were repeated three times. The repeats of the optimised ibuprofen degradation
experiment resulted in two out of the three experiments achieving complete degradation within
2 hours of light irritation while one achieved 90.09%. Thus, to ensure complete degradation

for each run then 2.5 hours of light irradiation would be recommended

Alternatively, the pollutant degradation could be improved through enhancing the photoanode
active area. Increasing the photoanode’s surface area can help increase in the light photon
absorption and improve the number of active sites for ibuprofen degradation. This PEC system
utilises a photoanode with an active area of 1 cm? which is less compared to previous reports
of PEC ibuprofen degradation [4, 5, 7]. It indicates that this study of PEC ibuprofen degradation
(Figure 4.9) is very effective in degrading ibuprofen as it achieved an average of 96.70%
ibuprofen degradation with only an active area of 1 cm? with 2 hours of treatment. At the same
time, the other studies utilised photoanode active areas of 2 cm? and 3 ¢cm? to achieve complete

ibuprofen degradation within 1.5 hours and 2 hours of treatment respectively [5, 7].

4.2.3 The Degradation Pathway of Ibuprofen via The Optimised PEC System
Table 4.8 below is based on the previous information (see section 4.2.2.3) and shows the

optimum operating parameters for this photoelectrocatalysis system.

Table 4.8 - The optimised photoelectrocataysis method.

Ibuprofen concentration (ng/ml) 100

Electrolyte Concentration (M) 1

Light Irradiation Intensity (suns) 1 Suns Solar Light
Light Duration (mins) 120

Dark Duration (mins) 30 minutes

Samples Collection Period Iml every 30 minutes
Syringe Filter for Sample PVDF Hydrophillic

Utilising the parameters above for PEC ibuprofen degradation experiments achieved an
average of 96.70% of degradation. However, degrading ibuprofen via PEC produced several
by-products as the chromatogram (Figure 4.11) established several peaks at retention times of
3.61, 6.39, 9.61, 10.93, 15.48, 17.29. This implies that after the PEC process, the ibuprofen

was transformed into other organic species, which would need to be defined in order to
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determine the safety of this water treatment process. If these by-products are harmless than
there is no issue in terms of releasing the solution into the environment. However, if the by-
products are more hazardous then maybe another water treatment route or post treatment would
be necessary. To further investigate the by-products then a mass spectrometer is required. To
determine the by-products then it was essential to analyse which reactive species could be

involved in the degradation of ibuprofen.
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Figure 4.11 - The chromatogram obtained from the final sample of the optimised PEC ibuprofen
degradation experiment.

4.2.4 Species Responsible for Ibuprofen Degradation

During the PEC process, there are several possible species which could be involved in pollutant
degradation which are holes (h™), hydroxyl radicals (*OH) and active chlorine species [4-7, 13,
18]. The by-product varies depending on the reactive species responsible for ibuprofen
degradation, so it was decided to determine which reactive species were produced. It was
hypothesised that the main reactive species produced by the PEC system and would be

responsible for ibuprofen degradation would be *OH and active chlorine.

4.2.4.1 Hydroxyl Radical Quantification
The problem found in several reports of ibuprofen degradation via PEC is that the species

responsible is usually assumed to be hydroxyl radicals (¢OH). Previous theories have

suggested that «OH is produced during the PEC system. Therefore, it was essential to check
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that this system was able to produce ¢OH. To do this then a previously successful quantification

method was employed to analyse this PEC system [21, 22].

The experiment utilises 100 uM of Coumarin as the target pollutant (full description in Chapter
2 Methods and Materials) that when degraded by *OH produces umbelliferone (also known as
7-hydroxycoumarin) which enables to indirectly measure the amount of *OH produced [21,
23]. Due to umbelliferone being a fluorescence compound it is measured via the

photoluminescence (PL) spectrophotometer while the coumarin is measured by a UV-Vis

spectrophotometer.
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Figure 4.12 - A graph displaying the coumarin degradation achieved by the utilisation of the optimised
PEC system. Note that the experiment was run with 2WQ0Os/1BiVOy as the photoanode, Pt wire as the
counter electrode, Ag/AgCl as the reference electrode, 1 M NaCl as the supporting electrolyte, 1.2V
applied potential and 1.5 hr of 1 Sun solar light irradiation.
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Figure 4.13 - The PL spectra obtained during the coumarin degradation experiment.

The system was very effective in degrading Coumarin (Figure 4.12) achieving 50%
degradation. However, the PL spectra showed no umbelliferone was formed (figure 4.13)
during the degradation of Coumarin as there was no peak at 450 nm. During the calibration of
umbelliferone it was found that the emission wavelength was 450 nm. It means that the
WO3/BiVOs photoanode developed did not produce *OH to degrade Coumarin. This means

the that the hypothesis was not met.

4.2.4.2 Hydrogen Peroxide Production
It has been demonstrated that hydrogen peroxide (H20:) can be produced during the PEC

process, following the reactions below [14, 24]:

0, +2H" +2e~ — H,0, (Equation 4.1)

or

2HO,e —» H,0, + 0, (Equation 4.2)
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H>0O, has a low oxidation-reduction potential (1.77 V) which means it cannot degrade
ibuprofen directly [25]. However, UV light is able to split H2O; into «OH which is able to
degrade ibuprofen [4-6, 25]. However, the coumarin degradation experiment suggests that «OH
are not produced directly by the PEC process. It does not suggest that ¢OH could be produced
via the UV degradation of H»O,. Therefore, it was necessary to establish if there was H,O»

being produced during the PEC process when degrading ibuprofen.

The Quantofix H>O» stripes were utilised to quantify the H>O2 being produced during the PEC
ibuprofen degradation experiment. These stripes can only give an approximation; thus, the
results have low precision for the H,O2 concentrations. The stripes were dipped into the

electrolyte periodically every 30 minutes and examined against the colour chart.

Table 4.9 - A table displaying rough approximations of the hydrogen peroxide concentration in the
solution during the ibuprofen degradation process.

Sample Collection | Average H>0: | Precision (%)
Time (min) Concentration
(mg/L)
0 0 0
30 0 0
60 1.67 69.28
90 1.67 69.28
120 2.33 49.49
150 2.33 49.49

During the ibuprofen degradation process, H>O> was produced in an abundance (approximately
2.33 mg/L) in the electrolyte. The quantity of H>O» gradually increased with reaction time and
became saturated after 120 minutes. This endorses would suggest that H>O; is not degrading
into #OH or degrading ibuprofen itself as it is accumulating in the solution. The other benefit
of producing H>O: is that it can be utilised as a fuel in H2O; fuel cell [26]. Utilising H2O: as a
fuel instead of H» is a much safer option as it can be stored as liquid in a much safer way [26].
This means that this PEC system has other benefits above and beyond just ibuprofen

degradation.
4.2.4.3 Active Chlorine

The utilisation of NaCl as the supporting electrolyte enables active chlorine species (Clz, HCIO

and OCI") to be formed as the following reactions [18]:
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2C~ + 2h* > Cl, (Equation 4.3)
Cl,+ H,0 -» Cl” + HCIO + H* (Equation 4.4)
HCIO & OCl~ + HY  (Equation 4.5)

It was assumed that when utilising NaCl as the electrolyte then active chlorine species are
formed which is a benefit for pollutant degradation as active chlorine species have disinfectant
properties and can degrade pollutants from water [18]. As the formation of the active chlorine
species are dependent on the pH level in the solution then pH was monitored to indicate which
possible active chlorine species are being produced [18]. At room temperature, Clo is
prominently produced at pH < 3.3, while HCIO starts to dominate for pH > 3.3 [18]. However,
beyond pH 7.5 then the OCI" starts to be produced and becomes the only active species in
alkaline solutions [18]. Therefore, establishing the pH level of the solution can help indicate
what active chlorine species could be responsible for the ibuprofen degradation, but it cannot

quantify the amount.

Table 4.10 - A table displaying the pH of the solution in the anodic compartment before and after
treatment.

Average | Precision
pH (%)
Before 4.05 0.14
PEC
Treatment
After PEC | 2.75 5.76
Treatment

The pH of the solution decreases from 4.05 to 2.75 indicating the solution is being acidified
during the PEC process. Acidification occurs when there is a high amount of H" present in the
solution. This would imply that the system is producing H" which can be from the water
oxidation process and the production of either HCIO or OCI as during their production they
generate H'. Since the pH is < 7.5, the only active chlorine species present which could be Cl»

and HCIO [18]. Thus, suggesting these two species are involved in ibuprofen degradation.

4.2.4.4 Holes
As this WO3/BiVOs4 photoanode was unsuccessful in producing eOH then the holes generated

by electron excitation are able to directly oxidise ibuprofen. It has been demonstrated that the

holes have strong enough oxidising properties to effectively degrade various pollutants [27-

Page 153



Katherine Davies

29]. Therefore, holes play an important role in degrading ibuprofen for this system. However,

time of flight experiments are necessary in understanding the hole pathway mechanisms.

4.2.5 Identification of By-Products
To identify the possible by-products formed when the ibuprofen was degraded then LC-MS

was utilised. The LC-MS couples a liquid chromatography (LC) with a mass spectrometer
(MS) to help separate each compound in the sample and introduce them separately into the
MS. The MS can then determine the mass/charge ratio of each compound. During the MS
analysis, fragmentation can be utilised to help produce a product ion spectrum which helps
determine the chemical structure of the compound identified. Identifying the by-products is
essential to determine if ibuprofen degradation via PEC is safe for the environment. Therefore,

it is important to utilise the LC-MS correctly to obtain accurate data.

4.2.5.1 Method Development
Similar to the LC-UV, the mass spectrometer needed a method that would allow it to identify

ibuprofen and its’ degradation by-products. As the method for the LC-UV was successful in
the identification of ibuprofen and its degradation by-products then it was decided to keep these
settings for the LC part of the LC-MS system (Table 2.18 - Chapter 2 Materials and
Methodology).

For analysing ibuprofen via mass spectrometry, the electrospray ionisation mode is usually
operated in negative [30]. This is due to ibuprofen’s acidic pKa of 4.3, indicating that ionisation
happens when a proton in the carboxylic acid group is lost [30]. However, in this work both
positive and negative modes were investigated to find out which mode produced the highest
sensitivity for ibuprofen. Comparing the obtained chromatograms, it was found that the
positive mode helped achieve better sensitivity. To help improve the sensitivity then it was
necessary to prepare the ibuprofen standard to have a concentration of 10 pg/mL using a
diluting solution of ACN/0.1% Formic Acid in H>O (50/50) as well as increasing the injection
volume from 5 to 20 pL. The optimised LC-MS method was summarised in Table 4.11.

Page 154



Katherine Davies

Table 4.11 - A table displaying the LC-MS method operating parameters.

HPLC Settings

Column Xselect C-18 column (2.1 mm x 100 mm)
Flowrate (mL/min) 0.250
Injection Volume (ul) | 20
Uv Detection | 265
Wavelength (nm)
Gradient Pumping Time (mins) 0.1% Formic Acid | 100% Acetonitrile
in Water
75 25
75 25
17 0 100
24 0 100
25 75 25
35 75 24
MS Setting
Electrospray mode Positive
Capillary (kV) 3.50
Cone (V) 5
Desolvation Temperature (°C) 500
Desolvation Gas Flowrate (L/hr) 600
Cone Gas Flowrate (L/hr) 150
Mass Scan Range 50-500
Sample Concentration (ug/mL) 10

Table 4.12 - A table displaying the m/z values and their retention times obtained from the mass scan.

Ibuprofen Degradation Experiment (Run 3)

m/z Value Mass Spectrometer Retention Time
(minutes)

251 11.95 and 14.42

239 4.15 and 13.90

223 11.26-11.63, 14.25, 15.8 and 17.87

221 17.84

177 15.58

The utilisation of the LC-MS method helped obtain m/z values with retention times similar to

the peak obtained in the LC-UV, thus indicating the presence of by-product. To ensure the

repeatability of m/z values at least three samples were collected from different ibuprofen

degradation runs (with the same operating parameters). The LC-MS results of these samples

are displayed in Table 4.13.
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Table 4.13 - A table showing the retention times for each peak associated with the individual m/z

ratios.
Run 1 Run 2 Run 3
m/z MS RT m/z MS RT m/zZ MS RT
251 11.95 251 11.96 and | 251 11.95 and
14.40 14.42
239 416 and | 239 4.19, 239 4.15 and 13.90
13.80 13.80 and
15.55
223 11.35, 223 11.464, 223 11.26-11.63,
15.62 14.15, 14.25, 15.8 and
15.435 and 17.87
17.871
221 11.01 and | 221 17.87 221 17.84
17.90
177 15.54 177 15.55 177 15.58

Table 4.13 showed that the same m/z values were found in each sample at similar retention
times. This implies that these by-products are consistent for every run of ibuprofen degradation.
Their retention times are also similar to the retention times found in the LC-UV chromatogram.

This indicates that these are the by-products stemming from the ibuprofen degradation.

The LC-MS results expressed that some of the compounds, were not completely eluted from
the column. Therefore, there could be a possible contamination on the guard column causing a
slight blockage. This would result in the compounds not eluting individually and at one time,
hence multiple retention times. Another indication that the guard column was contaminated
was that the blanks were starting to have peaks appearing in the chromatogram. Therefore, the
guard column was changed to help remove these contaminants and improve the eluting of the

by-products in the sample.

Once the guard column was changed, then the sample was reanalysed to see if the eluting of
the compounds improved. As table 4.14 demonstrates all the compounds elute at one time,
except for compound 177. This would imply that the elution for the by-products improved
which means all the compound is entering the MS at one time. As the m/z ratios were
determined then fragmentation could be done to produce a product ion spectrum which can be

used to determine the chemical structures for each compound.
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Table 4.14 - A table showing the retention times of each compound obtained by the LC-MS.

Sample R3 150mins

m/z MS RT

251 14.48

239 4.34

223 11.26

221 11

177 7.28 and 15.57

4.2.5.2 MS/MS Fragmentation
The fragmentation in LC-MS helps break down each compound in the sample into product

ions, thus creating a spectrum with several peaks which correspond to an ion of the original
compound. This identifies the chemical structure of the compound. Note that the success of
fragmentation depends on the collision energy, because the collision energy controls the
breakdown of the compound. For instance, too high of a collision energy causes a complete
breakdown of the target analyte while too low of a collision energy can result in insufficient
fragmentation of the precursor ion. Therefore, some method development was required to help

determine the optimal collision energy for each by-product.

Table 4.15 - A table showing the optimised collision energy for each compound found.

LC-MS Method | Table 4.11

Fragmentation Method

Compound m/z Optimised Collision Energy (eV)
251 n/a

239 +25

223 +30

221 +30

177 +30

During the fragmentation optimisation, it was found that compound 251 was not present in the
product ion scan. This indicates that m/z 251 may have been a background ion or in too low an
abundance to fragment. However, the other compounds achieved great fragmentation utilising
the optimised collision energies (Table 4.15). Table 4.16 below summarises the m/z compounds

with their corresponding product ion peaks obtained by the fragmentation.
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Table 4.16 - A table displaying each compound with their corresponding peaks.
Compound m/z Product Ion Peaks
239 167, 157, 147 139, 129, 121,
116, 111, 95, 93, 87, 81, 75,
73,71, 67,57, 55.

223 191, 149, 141, 123, 121, 97,
93,91, 67, 65, 57, 55
221 163,159, 143, 142, 139, 133,

131, 121, 117, 106, 105, 93,
91, 81,79,717, 67,57

177 135, 128, 119, 103, 92, 91,
77, 65,59, 57

As the product ion peaks have been established for each by-product compound then they need

to be compared to literature to identify the structure of the compound.

4.2.5.3 Comparison with Literature

Previous literature is utilised to determine if the compounds present in the sample are the same
as other ibuprofen degradation experiments. The benefits of confirming the chemical structure
of the compounds are:

e It defines the species responsible for the ibuprofen degradation.

e [t establishes if the PEC process is safe for ibuprofen degradation or if it causes more

hazards.

There is only one report that identifies by-products produced during the ibuprofen degradation
via PEC [4]. Therefore, irrespective of treatment technique, it is necessary to look other studies
of ibuprofen degradation that involve the same reactive species produced by PEC. This would
then help identify other possible by-products formed due to ibuprofen reacting with these
species. Table 4.27 outlines all the possible by-products with their monoisotopic mass obtained

from the various ibuprofen degradation experiments.
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Table 4.17 - A table summarising the possible by-products from ibuprofen degradation experiments by

PEC and other techniques.

Experiment Reactive Possible By-Products By-products’ | Ref
Oxidising Monoisotopic
Species Mass
Responsible
Photoelectrocatalysis | ¢«OH 2-hydroxyl-propanoic acid 90.031694049 | [4]
Hydroxyl-acetic acid 76.016043985
Pentanoic acid 102.068079557
Malonate 101.99530854
Phenol 94.041864811
1,4-benzenecarboxylic acid 164.01095860
Photocatalysis eOH, h+ Ci3H1302 206 [31]
Ci3Hi1s03 222
Ci3Hi303 222
Ci3Hi1s03 222
Ci2His 163
CioHi4 135
Ci13Hi304 239
Ci2H190 179
Ci2H190 179
Photocatalysis eOH 4'-Isobutylacetophenone 176.12 [27]
(C12H160)
1-(4-Isobutylphenyl)ethanol 178.14
(C12H150)
Ci12H15303 210.13
C12H1602 192.12
C12H1603 208.11
CiuHi60 164.12
Photocatalysis *OH 2-hydroxy-2-(4-isobutyl phenyl) | 222.28 [32]
propanoic acid
2-(4-(1-hydroxy-2-methyl  propyl) | 222.13
phenyl) propanoic acid
1-(4-ethyl phenyl)-2-methyl propan- | 178.27
I-ol
4-isobutylacetophenone 176.25
Isobutylbenzene 134.22
UV/chlorine eOH, active | C13H1303 222 [33]
advanced oxidation | chlorine Ci13H1304 238
process Ci3H170.Cl1 240
Ci3H1606 268
C12H1506 258
CoHs04 180
CoH 100 134
CsH100s3 118
CeH1003 130
CsH1,04 172
C3H40,Cl; 142
CsHoO3Cl1 152
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Electro-peroxone (E- | «OH 2-(3-Hydroxy-4- 222
peroxone) treatment isobutylphenyl)propanoic acid
(Ci3Hi1303)

2-Hydroxy-ibuprofen 222
(Ci3Hi1303)
1-Hydroxy-ibuprofen 222
(Ci13Hi1303)
2-Hydroxy-2-(4- 222
isobutylphenyl)propanoic acid
(Ci3Hi1303)

Dihydroxylated ibuprofen 238
(C13H1304)
4-(1-Hydroxyethyl)benzaldehyde 150
(CoH1002)
2-(4-Methylphenyl)propanoic acid | 164
(CoHs03)
1-(4-Isobutylphenyl)ethanol 178
(C11H1302)
4-Isobutylacetophenone 176
(C12H160)
1-(4-(1-Hydroxyethyl)phenyl)-2- 192
methylpropan-1-one
(Ci2H1602)
4-(1-Hydroxy-2- 192
methylpropyl)acetophenone
(Ci2H1602)

2-(4- 222
(Carboxycarbonyl)phenyl)propanoic
acid

(Ci3Hi1303)

1,2,4-Benzenetriol 126
(CsHe03)
Catechol 110
(CsHe0O2)
4-Ethylphenol 122
(CsH100)
Hydroquinone 110
(CsHe0O2)
4-Ethylbenzaldehyde 134
(CoH100)

[34]

The compounds which had matching molecular mass to the compounds obtained from this
chapter’s ibuprofen degradation experiments were 2-hydroxy-2-[4-(2-
methylpropyl)phenyl]propanoic acid, 4'-Isobutylacetophenone (Ci2Hi60) Ci3His03
Ci3H1304, 2-(3-Hydroxy-4-isobutylphenyl)propanoic acid (Ci3His03), 2-Hydroxy-ibuprofen
(C13Hi1803), 1-Hydroxy-ibuprofen (Ci3H1s03), 2-Hydroxy-2-(4-isobutylphenyl)propanoic acid
(C13H1803),Dihydroxylated ibuprofen (Ci13H15804) and 2-(4-
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(Carboxycarbonyl)phenyl)propanoic acid (Ci13HisO3). However, the m/z values alone cannot
confirm these compounds are present because compounds can have identical m/z values.
Therefore, the fragmentation data was needs to be compared to confirm if the compounds are
present.

Table 4.18 - A table comparing the product ion peaks obtained for the samples and the literature for
each compound [27, 32, 34].

Compound | Product Ion | Product Ion Peaks From Literature
m/z Peaks From
The Sample
239 167, 157, 147
139, 129, 121, 237.0802,
116, 111, 95,
221.0783,
93, 87, 81, 75, 195.0995
73, 71, 67, 57, '
55
223 191, 149, 141, | 221.1172, | 221.1147, | 221.1123, | 221.1132, | 221.1166,
123, 121, 97, | 205.0894, | 177.1295 | 177.1257, | 203.1060, | 133.065
93, 91, 67, 65, | 159.1188 149.0417 | 159.1143
57,55 149, 177,
133 149
221 163, 159, 143, | n/a
142, 139, 133,
131, 121, 117,
106, 105, 93,
91, 81, 79, 77,
67,57
177 135, 128, 119, | 177.12 175,
103,92,91,77, | 121.06 103
65, 59, 57 57.07
43.02

The major issue in finding fragmentation data for each compound is that there is limited
fragmentation data available for each compound. In addition, some compounds only had
fragmentation data using negative electrospray ionisation mode. Therefore, when comparing
these fragmentation peaks the literature peaks would have m/z values slightly less than the

thesis obtained fragmentation.

The only compound in literature which has some of the same product ion peaks as the sample
was 177. This was identified as 4-Isobutylacetophenone. There were some peaks that were
different to each other, but this could be due to the different fragmentation conditions. The
literature shows they were unable to achieve complete fragmentation as they still had a peak at
177. This explains why more peaks were attained for the PEC treated sample’s product scan as

complete fragmentation was achieved thus producing more product ions. The issue with
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producing 4-Isobutylacetophenone as a by-product after PEC ibuprofen degradation is that it
has many hazards such as skin irritant, toxic to aquatic life and flammable as liquid or vapour.
Therefore, running the PEC system with the optimised conditions degraded the ibuprofen to a
toxic pollutant 4-Isobutylacetophenone. In a previous study, the formation of 4-
Isobutylacetophenone indicates that h* are the prominent reactive species in ibuprofen
degradation due to the decarboxylation of ibuprofen by hole oxidation forming a benzyl radical
[27]. Subsequently the benzyl radical then reacts with «OH to produce 4-Isobutylacetophenone
[27]. This demonstrates that this PEC system produces ¢OH to degrade ibuprofen and indicates
that the method utilised for quantifying eOH was not appropriate for this PEC process. In
general, the original organic species were degraded quickly by PEC or PC process however the
by-products will take longer, possibly a few hours to completely degrade into toxic-free
species. This would indicate a longer treatment time might help to degrade 4-
Isobutylacetophenone as there would be more «OH formed. However, further research would

be needed to confirm this.

The problem with compounds 239 and 223 is that the only fragmentation data available is data
obtained through negative electrospray ionisation. It means there would be a slight difference
between the m/z values of the product ion peaks. However, Table 4.18 shows there is a big
difference between the two sets of fragmentation data. This implies these by-products are not
present in the sample. Therefore, to precisely determine the by-products then the samples
should be run on a mass spectrometer with an accurate mass function. This demonstrates the

importance of fragmentation in identifying compounds.

4.2.6 The Feasibility of Utilising PEC for Ibuprofen Degradation
To assess the feasibility of using PEC as a water treatment technology, then the pH of the

resulting solution needs to be established. This would help determine if a post-treatment was
required. It is essential to consider the pH of treated solutions before releasing them into
freshwater sources as too acidic or too alkaline solutions could cause harm to aquatic life and
plants. In nature there are some lakes that have become either alkaline or acidic [35]. This is
due to evaporation causing an accumulation of minerals or concentrating the sulfates and acids
already in the water [35]. This only occurs in certain regions of the world such as the alkaline

Lake Natron in Tanzania and acidic lakes in Dallol in Ethiopia [35]. These lakes demonstrate
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how dangerous it is for aquatic animals when the pH is too high or too low. Therefore, it is

crucial to ensure the pH of the water released into the environment is neutral.

Adding ibuprofen to the saltwater solution resulted in a pH of 4 (Table 4.13) in the solution,
which is due to ibuprofen having a pH of 4 in its natural form [36]. Therefore, the anodic side
is already acidic before the treatment process. However, during the PEC ibuprofen degradation
process the solution acidifies to a pH of 2.75. This pH would be too low for release into the
environment. This means a post-treatment step is necessary to help neutralise the solution
before it can be released to the environment. This is a drawback as it would add to the cost of

utilising PEC and would need to be considered if PEC were to be adopted by industry.

During the ibuprofen degradation via PEC, the pH of the solution is constantly acidic. This
means that the photoanode needs to be stable in acidic conditions. WO3 has proven to be stable
in acidic conditions hence the stability of the photoanode should allow it to be reused. In order
to verify the sustainability of the photoanode then the PEC ibuprofen degradation was repeated
3 times with the same photoanode. This would help demonstrate if the photoanode could reused

and achieve high degradation each time.
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Figure 4.14 - A graph of the ibuprofen degradation achieved during each run of the optimised PEC
system while utilising the same 2WQO3/1BiVO4 photoanode.

From Figure 4.14, unexpectedly the photoanode showed significant difference in ibuprofen

degradation performance between run 1 and 2. This would imply that the WO3/BiVOs

photoanode undergoes photocorrosion which affects the stability at low pH. This was not

expected as WOs3 has good stability in low pH [10, 37]. However, this issue could be resolved

by the addition of a passivation layer coating with another metal oxide.

Chemical oxygen demand (COD) is an indirect measurement method in determining the

amount of organic contaminants in the solution. It is widely utilised in wastewater plants to

help determine the efficiency of the water treatment process [38]. The COD analysis was done

on the solution before and after treatment to help determine if there was any decrease in organic

compounds in the solution.

Table 4.19 - Display of the COD values obtained before and after treatment.

Ibuprofen Treated Water
(100ug/ml) in | Average
1M NaCl

COD (mg/L) 144 144.67
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From the COD results (Table 4.19) the optimised method does not affect the organic
compounds in the solution. This could be due to the production of several by-products during
the process. Therefore, it is recommended that the experiment is repeated but with a longer
treatment time to see if this helps degrade the by-products. Consequently, reducing the COD

and improving the efficiency of the process.

4.3 Conclusion
Ibuprofen is a popular pharmaceutical compound which due to its excessive use, improper

disposal and inability of current water cleaning technologies to eradicate, means it enters our
freshwater supplies. This has many complications for the health of humans and aquatic life.
Therefore, it is crucial to develop a water cleaning treatment which completely eliminates

ibuprofen.

The method developed for quantifying the ibuprofen degradation via LC-UV was successful.
It demonstrated excellent repeatability and the results were reproducible. In addition, the
established calibration graph demonstrated high accuracy and precision for calculating the
ibuprofen concentrations of the QCs. This proves how successful the method was in

determining the ibuprofen concentrations.

PEC is a sustainable process and was optimised to degrade an average of 96.70% of (100
pg/mL) ibuprofen from water. This was achieved using the optimised PEC conditions which
were 2WOs/1BiVOs photoanode (1 e¢m?) with a 1.2 V (vs Ag/AgCl) potential, 1 M NaCl
supporting electrolyte and 1 sun of solar light irradiation for 2 hours (30 minutes in the dark).
This PEC system demonstrated extremely high ibuprofen degradation whilst utilising a smaller
surface area compared to previous studies which utilised larger surface areas to achieve 100%
degradation within the same 1.5 — 2 hr treatment time. Therefore, demonstrating that this
system is very successful over a short period. However, a longer duration of reaction is essential

to degrade the by-products completely.
Despite its advantages there are some challenges such as the very low pH of the treated

solution. This means that the treated solution is very acidic and would require a post treatment

step to ensure the solution is neutralised before being released into the environment.
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The other obstacle relates to the formation of by-products confirmed by the LC-UV, LC-MS
and COD. Due to the minimal fragmentation data available, only one by-product could be
identified, namely 4-isobutylacetophenone. 4-Isobutylacetophenone is a more hazardous
material than ibuprofen therefore it would be important to see if increasing the treatment time
or photoanode active area would result in degrading this by-product. Thus, decreasing the
environmental impact of the PEC system. As the other by-products detected in the sample are
unidentifiable via the fragmentation data, it is suggested that the sample analysis is repeated on
a mass spectrometer with accurate mass identification function. This will determine other by-
products’ chemical structures to be determined. In addition this would help determine other
possible by-products which could be formed, as it is often assumed that hydroxyibuprofen is

produced during ibuprofen degradation via PEC or photocatalysis.

It was established that several reactive species such as holes, *OH, H,O, and active chlorine
was produced during the PEC process which are responsible for ibuprofen degradation.
However, the quantification experiment for *OH was not appropriate for this system as it
indicated no *OH was produced. In contrast, the MS identified that 4-isobutylacetophenone
was produced this is due to the benzyl radical (from holes reacting with ibuprofen directly)
reacting with eOH, thus indicating *OH is being produced by the system and is responsible for
ibuprofen degradation. However more research is needed to quantify the amount. It is also
suggested that while stripes and pH indicate that H>O> and active chlorine are produced during
the ibuprofen degradation, it does not quantify the amount. Therefore, more quantification tests
for H>O; and active chlorine are required to establish the amounts produced. This demonstrates
the need for more research to determine the quantities produced for each reactive species, thus
confirming the species responsible for ibuprofen degradation and if this differs for different

photoanodes utilised.
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Chapter 5 : Surfactant Degradation

5.1 Introduction

The aim of this chapter was to determine if PEC could completely remove a model surfactant
pollutant compound (anionic and cationic) from water. The model surfactants chosen for this
study were BAC-C12 which is a cationic surfactant and S2NS which is an anionic surfactant.
This chapter looked at utilising the optimised PEC system from Chapter 4 to remove BAC-
C12 at a high concentration 100 pg/mL and low concentration 50 pg/mL. Then the same PEC
system was utilised to remove S2NS at a low concentration of 50 pg/mL and the results were
compared to help determine which type of surfactant was favoured for degradation via PEC.
This chapter is of importance as currently no research exists in relation to a technology that can

completely remove an anionic and cationic surfactant.

5.2 Results and Discussion

5.2.1 Quantification of Surfactant Degradation
To monitor and quantify the amount of surfactant present in the sample, then a LC-UV method

was developed for the two surfactants, BAC-C12 and S2NS. Based on the chemical properties
of these surfactants, the reversed phase column and methodology applied for ibuprofen was
tested for these analytes. However, due to the differences in chemical structure then these
compounds displayed two different maximum wavelength absorption thus two different
wavelengths were utilised. The UV wavelength detections for BAC-C12 and S2NS were 260
nm and 27 3nm, respectively. To test if the methods developed (Table 2.9 and Table 2.10)
achieved good selectivity, a known concentration standard (BAC-C12 = 50 pg/mL and S2NS
= 20 pg/mL) was injected for each analyte to establish its retention time. The obtained
chromatograms were then compared to a blank sample to find the selectivity of the method. As
expected, these compounds showed significant sharp peaks at retention time indicative of their
hydrophobicity at 14.163 (BAC-C12) and 2.6 (S2NS) minutes, thus showing great sensitivity
at the target wavelengths. Pleasingly, no signal was observed within the blank sample at the

target detection conditions, supporting the selectivity of the method.
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Figure 5.1 - The chromatogram obtained for a pure BAC-C12 standard utilising the best method
developed.
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Figure 5.2 - The chromatogram obtained for a pure S2NS standard utilising the best method
developed.

5.2.1.1 Repeatability and Reproducibility of Methods

As the LC-UV methods for BAC-C12 and S2NS showed great selectivity then it was

important to determine whether the methods were repeatable and reproducible.
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Table 5.1 - Results for retention times repeatable for each surfactant.

Compound CV% for Day 1 CV% for Day 2 F-Test Value
BAC-C12 0.11 0.14 1.79
S2NS 0.54 2.02 13.82

The retention times of BAC-C12 and S2NS were highly repeatable as the CV% values were <
0.2% and < 3% respectively across each day. This indicates a minor variation in retention times
as the CV% was < 5%. This was also confirmed for BAC-C12 as the F-test value was
determined to be 1.79 (to 2 d.p) which is far less than the critical value of 4.3, thus showing no
significant difference between the two days. It ensures that the method (Table 2.9) achieved
repeatable retention times running over a 2-day period. However, for S2NS, the F-test
calculated was 13.82 (to 2 d.p) which is much higher than the critical value. It implies that
there is a significant difference between the two sets of data. However, as the CV was < 5%

then the retention times are repeatable [1].

Table 5.2 - Results for the injection repeatability for each surfactant.

Compound CV% for Day 1 CV% for Day 2 F-Test Value
BAC-C12 0.23 0.26 1.27
S2NS 0.22 2.44 125.32

The stability of the integrated analyte response was explored by determining the injection
repeatability. It involved comparing the peak areas across both days. Again, good injection
repeatability was observed as both compounds achieved CV% < 0.3% (BAC-C12) and < 3%
(S2NS). Thus, a low variation in the results (Table 5.2). Interestingly, a higher CV% was
observed for S2NS for day 2 which would indicate there is carryover. However, the blank
signal obtained after the samples would suggest this increase in CV% is due to random error
during the LC-UV analysis. The F-test value calculated for BAC-C12 was 1.27 (to 2 d.p) which
is much lower than the critical value of 4.3. This suggests that there is no significant difference
in variation between days 1 and 2. This further verifies this method (Table 2.9) and the LC-UV
can achieve outstanding injection repeatability for BAC-C12. However, the F-test value of
S2NS was 125.32 (to 2 d.p), which signifies a significant difference between the two sets of
data. As previously mentioned, this could be due to day 2 having a higher variation as a result
of some random errors. However, as both CV% were < 5%, the injection is repeatable for each

method [1].
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5.2.1.2 Calibration Graph
Again similar to ibuprofen it was necessary to assess the calibration graph to determine if the

methods were accurate and precise and if so then it could be utilised to calculate BAC-C12

and S2NS concentration in the samples.

Table 5.3 - The values obtained from the regression of the calibration graph.

Compound R? (to 3 d.p) Standard Error | Intercept (to 2 | Gradient (to 2
(to 2 d.p) d.p) d.p)

BAC-C12 0.999 1.74 0.32 1.08

S2NS 0.999 17.20 -0.28 23.67

The linearity for both compounds were > 0.99, which shows that the calibration graph has

excellent linearity and enables the use of the line equation to calculate the actual concentrations

of the QCs.

Table 5.4 - The average accuracy and precision calculated for the OCs of BAC-C12 and S2NS.

Compound QC Type Accuracy (%) Precision (%)
(to 2 d.p) (to 2 d.p)

BAC-C12 Low 4.38 2.56
BAC-C12 Mid 0.05 1.01
BAC-C12 High 0.08 2.62

S2NS Low 24.09 10.96

S2NS Mid 3.19 0.38

S2NS High 1.20 0.97

The precision and accuracy for the quantitation of BAC-C12 was excellent as the values
obtained were < 5% across the concentration range. It fulfilled the acceptance criteria set out
by the FDA bioanalytical method validation. This set a threshold value of 15% for mid and
high QC concentrations and 20% for the low QC concentration [2]. Thus, confirming that the
method was able to quantify BAC-C12 accurately and precisely across the tested concentration
range. However, for S2NS, only the mid and high concentration QCs were acceptable accuracy
and precision (< 15%) values [2]. The low concentration QC was > 20%. Therefore, to establish
statistically if there were any outliners within the data set then Grubb’s Test (Eq 2.12 in Chapter
2) was utilised. Interestingly, a replicate QC sample (QC_Low_4) was an outliner. Removing
this outliner from the accuracy and precision calculations resulted in the values being 18.81%
(to 2 d.p) and 6.57% (to 2 d.p), respectively. Therefore, meeting the acceptance criteria. This
data shows that the method can accurately and precisely quantify S2NS concentrations within

the tested concentration range.
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5.2.1.3 Instrumentation Detection Limit
The calibration graph was assessed further by determining the instrument detection limit (IDL),

which indicates the minimum concentration that could be accurately quantified for the chosen
test material by the preferred method. There are two methods to calculate this value which are
either a statistical approach (Eq 2.13 in Chapter 2) or an empirical approach. Utilising the
statical approach the IDL values for BAC-C12 and S2NS were 5.31 pg/mL and 2.40 pg/mL,
respectively. However, as demonstrated for ibuprofen the empirical method is a more robust
approach. Therefore, this method was chosen to verify if the lowest concentrations on the
calibration graphs of BAC-C12 and S2NS were appropriate. For BAC-C12 and S2NS the
signal to noise ratio (S/N) was calculated as 7:1 and 33:1 (respectively), thus demonstrating
that both of the analytes’ signal response is more significant than the background signal. This
confirms that 10 pg/mL and 1 pg/mL are appropriate low concentrations for the calibration as
it results in significantly higher signal than the blank signal. Due to both low QC concentrations
achieving accuracy and precision of less than < 20% then it is confirmed that the instrument

quantification limit (IQL) is less than the low QC concentration.

5.2.1.4 Sample Preparation
Similar to ibuprofen degradation, the samples collected during the BAC-C12 and S2NS

degradation were filtered to ensure no particulates would enter the column of the LC-UV. The
filter was kept the same as the ibuprofen degradation due to its availability and high pollutant
recovery (for ibuprofen). The recovery % was calculated by utilising the percentage yield (Eq
2.14 in Chapter 2) achieved from comparing the difference in concentration with and without

a filter.

Table 5.5 - The obtained recovery percentages of the surfactants after filtering.

Average Precision %
Recovery % (to 2 d.p)
(to 2 d.p)

BAC-C12 93.80 0.30

S2NS 100.02 1.04

The filtration process showed high average recoveries of 93.80 % (to 2 d.p) and 100.02 % (to
2 d.p) for BAC-C12 and S2NS, respectively, with excellent repeatability (precision < 2%).
This implies that there is some minimal interaction of BAC-C12 with the filter. However, given
the excellent precision (< 2%) of the data this minimal loss can be accounted for when
calculating the final degradation percentage. There was no loss witnessed for S2NS, implying

S2NS did not interact with the filter.
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5.2.2 BAC-C12 Degradation
The results from the PEC degradation of 100 pg/mL BAC-CI12 (Figure 5.3) showed poor

degradation (52.9%) after 2 hours of treatment. The poor performance could be due to several
reasons which are inadequate light intensity, reaction duration or too high an initial
concentration. As this system was operating with maximum light intensity and a long reaction
time, then the pollutant concentration was reduced to 50 pg/mL. The results showed that
lowering the initial BAC-C12 concentration by half and maintaining the identical the PEC
experiment then the system achieved complete degradation, thus demonstrating its
effectiveness for removal pollutants at low concentrations. Previous reports have established
that reducing the initial pollutant concentration facilitates higher degradation due to the
formation of reactive species being constant for a given PEC system [3, 4]. Therefore, when
the initial pollutant concentration decreases the ratio of reactive species to pollutant increases.
This results in more pollutant degradation due to the increased availability of active sites [3,
4]. The other issue with high initial pollutant concentration is there is an increased production
of by-products which compete with the active sites, thus lowering the number of active sites
available for the initial pollutant [3, 4]. This was demonstrated as Figure 5.4 shows that during
the degradation of 100 pg/mL BAC-C12 there was by-product formed (retention time of 15.46
minutes). However, the chromatogram obtained at the end of the PEC degradation of 50 pg/mL
of BAC-C12 showed no by-product peak. These results support the hypothesis that degradation
is more efficient at lower initial pollutant concentrations. In addition, demonstrating that
cationic surfactants such as QACs are able to be completely degraded by this PEC system at
low concentrations. This report is the first of its kind in literature on PEC surfactant
degradation. As discussed in the introduction, current wastewater treatment technologies can
only degrade QACs to 50ug/mL [5]. Therefore, it is suggested to utilise PEC technology as a

polishing step to degrade the QACs remaining after wastewater treatment.
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Figure 5.3 - A plot comparing the degradation of high concentration (100 ug/mlL) vs low
concentration (50 ug/mL) of BAC-C12 during the PEC experiment. The experiment details are the
supporting electrolyte was 1 M NaCl, with 1.2V (vs Ag/AgCl) and 2 hours of 1 Sun solar light
irradiation with an initial 30 minutes in the dark.
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Figure 5.4 - The chromatogram obtained for the analysis of 150-minute sample from the PEC
degradation of 100 ug/mL BAC-C12.

To verify the influence of surfactant pollutants concentration on the photoanode activity,

chronoamperometery studies were carried out (Figure 5.5). Figure 5.5 shows that there was
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similar photocurrent generation for both concentrations. This reveals that the number of holes
available for pollutant degradation is the same for both concentrations. Therefore, confirming
that there is less competition when there is a lower pollutant concentration hence higher

degradation rate.
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Figure 5.5 - A plot showing the photocurrent produced during the BAC-C12 degradation
experiments.

5.2.3 S2NS Degradation
The PEC system was shown to be effective for degrading a cationic surfactant (BAC-C12), so

it was decided to utilise it to determine if anionic surfactants could be degraded by this
technology. There have been several previous reports which have achieved degradation of
anionic surfactants utilising photocatalysis [6]. Therefore, it was hypothesised that PEC should
be able to degrade S2NS as it utilises photocatalysis with an applied potential thus resulting in

improved pollutant degradation.
The PEC system was very successful in completely degrading 50 pg/mL S2NS from water, as

Figure 5.6 showed 100% degradation was achieved within 1 hour of light irradiation (plus the
30 minutes absorption equilibrium). Figure 5.6 also established that the PEC system favoured
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the anionic surfactant as the degradation was more rapid for S2NS compared to BAC-C12.

This is due to the fundamentals of the electrolysis process in the cell which is when the anode

is under an anodic potential the electrons are driven away from the anode to the cathode, thus

making the anode positively charged which attracts the negatively charged heads of the anionic

compounds towards it [7]. Hence the negatively charged S2NS is more attracted to the

positively charged photoanode surface. In comparison the BAC-C12 is degraded slower as it

is attracted to the reactive oxidising species produced after water oxidation reactions.
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Figure 5.6 - A plot comparing the degradation of (red)50 ug/mL BAC-CI12 vs (blue) ug/mL S2NS
during the PEC process. The experiment details are the supporting electrolyte was 1 M NaCl, with
1.2V (vs Ag/AgCl) and 2 hours of 1 Sun solar light irradiation with an initial 30 minutes in the dark.

Page 178



Katherine Davies

BAC-C12
3.5
S2NS
B 3.0-
L
< i
g
- 2.5
(]
Q
= -
s,
2
A 204
=
(0] -
g
2
2 1.5 1
Qo
= ]
[a
& 1.0+
o
> 4
<
0.5 -
0.0 . , . , . , ; , . ,
0 2000 4000 6000 8000 10000
Time (seconds)

Figure 5.7 - The photocurrent produced by the photoanode during the two surfactant degradation
experiments.

The chronoamperometry results (Figure 5.7) showed that the surfactant degradation was not
dependent on the photocurrent production but was dependent on the charge of the photoanode.
As the average photocurrent produced during S2NS degradation was 0.39 V less than during
BAC-C12 degradation. This would suggest there’s less holes available for S2NS degradation
thus the degradation should be lower. However, that is not the case hence demonstrating that
the charge of the photoanode and pollutants are more important factors to take in consideration

for pollutant degradation.

5.2.4 Degradation Pathway Explained
It is well recognised that during PEC, hydroxy radicals (¢OH) are formed from water splitting

reactions [3, 8, 9]. These hydroxyl radicals have strong oxidising properties that are able to
react with pollutants to degrade them [10]. Whilst the free radical analysis in Figure 4.13
(Chapter 4) implied that ¢OH was not produced during the PEC process the LC-MS data
showed there must have been ¢OH produced due to the formation of 4-Isobutylacetophenone

from ibuprofen. Hence, ¢OH is likely to be responsible for some surfactant degradation.

During the PEC process H>O» has been generated due to the reduction of oxygen [11]:
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0,+2H*" +2e~ — H,0, (Equation 5.1)

The production of H>O» is beneficial for several reasons, namely it is able to degrade into
hydroxyl radicals under UV light or reduction by electrons/superoxide in the cathode and be

used as an alternative fuel [12]:

H,0, + e~ — eOH + OH~ (Equation 5.2)
H,0, + 0, —» eOH + OH™ + 0, (Equation 5.3)

H,0, + hv — 260H (Equation 5.4)

The amount of H>O» produced during the surfactant degradation experiments was determined
using Quantofix H>O» stripes. These strips were utilised to give an approximation of how much
H>0O, was produced. The drawback of utilising these stripes is the precision is very low as a

chart with set concentrations was used with the stripes to determine the H>O> concentration.

Table 5.6 - The H>O; concentration monitored from PEC cell throughout the surfactant degradation
rocess.

Time (minutes) | BAC-C12 - H20; | Precision (%) | S2NS - H;O: | Precision
Concentration Concentration (%)
(mg/L) (mg/L)

0 0 0 0 0

30 0 0 0 0

60 2.33 49.49 0 0

90 5.33 75.78 0 0

120 5.33 75.78 3 0

150 5.33 75.78 7.67 52.72

Interestingly, a significant amount of H>O» was generated from the 2WO3/BiVO4 photoanode
during the BAC-C12 degradation experiment which would indicate H>O2 was not involved in
BAC-CI12 degradation. However, during the PEC S2NS degradation process, H-O, was
generated after S2NS was completely degraded by the other reactive species. This would imply
that H>O» was involved in S2NS degradation. It has been demonstrated by literature that H>O»
can improve the amount of pollutant degradation [13, 14]. Therefore, the presence of H20O- can

improve pollutant degradation.
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Sodium chloride (NaCl) was the supporting electrolyte utilised in this PEC system for two
reasons. Firstly, as in Chapter 3 utilising NaCl as the supporting electrolyte resulted in higher
photocurrent production compared to sodium sulphate (Na;SOs) due to improved charge
separation. Thus, indicating more h* would be available for pollutant degradation. Secondly
other reports suggest that utilising NaCl as a supporting electrolyte helps generate active
chlorine species such as Clo, HCIO and CI" [15, 16]. This is due to the chlorine ions reacting
with the holes available on the photoanode’s surface. Therefore, the active chlorine species are

produced by the following reactions [15, 16]:

2Cl~ + h* > Cl, (Equation 5.5)
Cl, + H,0 - Cl- + HCIO + H* (Equation 5.6)
HCIO <> ClO~ + H*  (Equation 5.7)

Active chlorine species has previously been demonstrated to have disinfection properties [15].
Therefore, it has been evidenced that utilising NaCl as a supporting electrolyte compared to

other electrolytes has improved the pollutant degradation [16].

It was assumed that active chlorine was produced during the PEC process due to the utilisation
of NaCl as the electrolyte. While pH cannot dictate the presence of active chlorine it can
indicate the dominant species as the amount of each active chlorine produced during the PEC
process varies on the pH and temperature of the solution [15]. At room temperature, Cl, is the
dominant species in very acidic conditions (< 3.3), while HCIO dominates at 3.3 <pH < 7.5
and as OCl- dominates in pH > 7.5 [15]. Therefore, determining the pH of the solution will

identify the type of active chlorine species present.

Table 5.7 - The pH of the solution during the surfactant degradation experiments

BAC- Precision | S2NS Precision
C12 (%) Average
Average
pH 5.80 2.00 5.98 1.42
Before
pH 2.60 4.12 2.59 1.61
After
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The repeatability of the pH was very good as the precision of the measurements were < 5% for

both before and after BAC-C12 and S2NS degradation experiments.

During the degradation of BAC-C12 the average pH of the solution decreased from 5.80 to
2.60. This indicates that the solution is becoming acidic. Acidification occurs due to the
increase of protons in the solution which can occur from the water oxidation process and the
hydrolysis of dissolved chlorine (Eq 5.6). Given that the pH is < 7.5, then this suggests that
only Cl; and HCIO would be generated and appear to be the predominant species in the
degradation of BAC-C12 [15].

Similarly, the average pH decreased from 5.98 to 2.59 during degradation of S2NS. This again
suggests the acidification thus confirming protons are being produced. This indicates that
active chlorine species are produced and available for pollutant degradation. Likewise to BAC-
C12 the pH was < 7.5 thus indicating that only Cl, and HCIO are the active chlorine species
responsible for S2NS degradation [15].

It is beneficial that both degradation experiments produce hypochlorous acid over hypochlorite
ion as it has a strong disinfection ability [15]. Low pH is also beneficial for S2NS (anionic
surfactant) degradation as the positive charged holes are dominant species compared to *OH.
Thus, driving more negative charged surfactants to the photoanode surface allowing for higher

degradation.

5.2.5 The Feasibility of Surfactant Degradation Via Photoelectrocatalysis
The pH of the treated solution needs to be taken into consideration when determining the

feasibility of utilising this technology. Releasing effluents which are too high or low in pH can
cause damage to aquatic life, with a majority only surviving in a range of 6.5 - 9 [17]. The
results in Table 5.7 shows that during the BAC-C12 degradation the pH decreased
significantly, due to the production of H*. Due to the treated solution pH being 2.60 then a
post-treatment would be required to help neutralise the solution. Similarly, the pH of the S2NS
treated solution was 2.59 which would be too acidic to release into the environment thus
requiring neutralisation. The drawback of adding a further post treatment would be that it

increases the cost of photoelectrocatalysis.
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5.3 Conclusion
It is imperative to identify a technology that can eliminate surfactants from wastewater as it is

causing bacteria to build a resistance to disinfectants whilst being toxic to aquatic life. The
issue with current wastewater treatment technologies is that whilst they can remove the
majority of surfactants, they are unable to completely eliminate them. This results in surfactants
ending up in the environment. Therefore, the feasibility of PEC techniques to remove

surfactants from industrial wastewater was investigated.

It was established that the PEC system with 2WQ3/1BiVO4 photoanode was able to completely
remove BAC-C12 (cationic) and S2NS (anionic) at low concentrations (50 pg/mL). It was
established that the PEC system favoured the anionic more than the cationic surfactant. This is
possibly due to the photoanode’s surface being enriched with positively charged h*, thus
encouraging the negative heads to the active sites. The experimental results prove that PEC has
the potential to be utilised as a polishing step in wastewater treatment to degrade both cationic
and anionic surfactants. However, further research would be required to verify if it can
effectively degrade other anionic and cationic surfactants. The challenge of utilising this
technology is that the treated solution has a low pH (less than 3) thus it would need a post-

treatment step to help neutralise the solution before releasing into the environment.

It was determined that the species mainly responsible for the degradation of BAC-C12 were
Cl2, HCIO and *OH. In relation to S2NS degradation it was the h*, Cl,, HCIO, *OH and H>O»
which were mainly responsible. However, quantification experiments for these species would

need to be conducted to ensure this is true.
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Chapter 6 : Hydrogen Production

6.1 Introduction

The aim of this chapter was to quantify the hydrogen gas produced via the developed PEC
system and verify if it can simultaneously produce hydrogen gas while degrading pollutants.
The work presented in this chapter was the result of utilising the PEC system with the
developed WO3/BiVO4 photoanode to produce hydrogen gas in pure electrolyte, during
ibuprofen degradation (with a lower and higher electrolyte concentration), during light and
dark conditions and finally during surfactant degradation. This chapter is important as
hydrogen is currently being produced via steam reforming which produces CO; and is not
sustainable. Therefore, there is a drive for researchers to find an alternative method for

producing hydrogen gas.

6.2 Results and Discussion

6.2.1 Hydrogen Production Without Pollutants
Several studies have reported on how PEC has successfully produced hydrogen from

freshwater based electrolytes [1-6]. In this study, the system utilised was 2WO3/1BiVO4
(working electrode), Ag/AgCl (reference electrode) and Pt wire (counter electrode) in 0.5 M
of NaCl and 1.2 V (vs AgCl/AgCl) applied potential and 1 Sun of solar light. The reaction
occurred in a two compartment PEC cell separated by a Nafion membrane. The Nafion
membrane (proton exchange membrane) was utilised to ensure that the hydrogen ions (protons,
H*) were the only species that could travel into the cathodic compartment to react with the
electrons on the Pt counter electrode. Thus, it improves the amount of hydrogen gas produced
as no other species generated by the water splitting reaction could travel to the counter
electrode. This has also been reported by other researchers such as Zhang et al who used a
proton exchange membrane to help separate hydrogen and oxygen resulting in improved

hydrogen production [3].
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Figure 6.1 - Hydrogen production for the developed PEC system. Note that The PEC system utilised
for hydrogen production used 2WQO3/1BiVOy (photoanode), Pt mesh (counter electrode), Ag/AgCl
(reference electrode), 1.2 V applied potential, 0.5 M sodium chloride as the supporting electrolyte
and 1 Sun of Solar Light irradiation (2 hours) after 30 minutes in the dark.

Figure 6.1 established that this PEC system was very successful in generating hydrogen as an
average of 68.79 pmol/cm? was produced during the 2 hours of light irritation. This equates to
34.40 pmol/cm?hr, which is competitive when compared to the literature and demonstrates the
effectiveness of this PEC system. Sfaelou et al reported the production of 120 pmol/hr of
hydrogen when they utilised a larger active surface area (3.5 cm x 5 cm) photoanode and higher
applied potential of 1.6V (vs Ag/AgCl) [1]. This would mean Sfaelou et al only produced 6.86
pumol/cm?hr which is only 10% the amount that this system this producing. This might be due
to the highly mesoporous nature of WO3/BiVO4 photoanode architecture allowing effective

mass transport of the electrolyte and lowering charge recombination.

Another researcher found that they were able to produce a significant amount of hydrogen (130
umol/hr) when utilising utilised WO3 as a photoanode with 0.5 M H>SO4 as the supporting
electrolyte, 0.1 Wem light intensity (with UV filter) and 1.2 V applied potential [2]. However,
their photoanode had an active area of 9 cm? which is much greater than this study’s
photoanode (1 c¢m? active surface) [2]. Having a high active area means that it has more

photoactive material for photon absorption, thus a higher amount of electron excitation. It
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would suggest that to increase hydrogen production for this system then increasing the

photoanode’s active area would be recommended.

6.2.2 Hydrogen Production During Ibuprofen Degradation
The optimised PEC system utilised in Chapter 4 was very effective in degrading ibuprofen due

to its success in generating reactive species from long hole lifetimes caused by the
heterojunction in the photoanode. During the production of reactive species via water
oxidation, H" are generated as a by-product in the anodic compartment. These protons (H") can
transfer to the cathodic compartment through the Nafion membrane and react with the electrons
on the counter electrode thus generating hydrogen while other ions and reactive species remain
in the anodic compartment to degrade ibuprofen. Therefore, it would be expected that there is

high selectivity of hydrogen gas production at the cathode.

Figure 6.2 demonstrates that the PEC system was able to generate similar amounts of hydrogen
gas in the presence and absence of ibuprofen in the electrolyte (anode compartment). The PEC
system produced 62.76 pmol of hydrogen whilst simultaneously degrading ibuprofen in the
water. This compares to 69.18 pmol in pure 0.5 M NaCl and implies that hydrogen production
is not significantly affected by ibuprofen degradation. This is due to the Nafion membrane
which successfully separates the ibuprofen degradation reactions (at the anode) from the
hydrogen production (at the cathode). If the membrane was absent the secondary by-products
from ibuprofen degradation would further reduce at the cathode surface, which would be a
competitive reaction for hydrogen gas production. Therefore, a two-compartment PEC cell

with a proton exchange membrane is recommended for high hydrogen yield.
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Figure 6.2 - Hydrogen production for the developed PEC system during ibuprofen degradation (red)
and no ibuprofen degradation (blue). Note that The PEC system utilised for hydrogen production
used 2WQOs/1BiVOy (photoanode), Pt mesh (counter electrode), Ag/AgCl (reference electrode), 1.2 V
applied potential, 0.5 M sodium chloride as the supporting electrolyte and 1 Sun of Solar Light
irradiation (2 hours) after 30 minutes in the dark.

To determine the influence of light irradiation on hydrogen generation, the PEC hydrogen
production during ibuprofen degradation was repeated under dark conditions. This will also
help determine if 2WO3/1BiVOy is a dark catalyst which means that it is able to achieve

electron excitation in dark conditions.
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Figure 6.3 - Hydrogen production for the developed PEC system in complete dark conditions (blue)
and during 1 Sun of Solar Light irradiation (2 hours) after 30 minutes in the dark (red). Note that The
PEC system utilised for hydrogen production used 2WQOj3/1BiVOy (photoanode), Pt mesh (counter
electrode), Ag/AgCl (reference electrode), 1.2 V applied potential and 0.5 M sodium chloride as the
supporting electrolyte.

Figure 6.3 demonstrates hydrogen production during dark conditions is negligible compared to
light irradiation. This confirms that the photoanode is not a dark catalyst as the hydrogen
production is dependent on light irradiation thus it is purely a photoelectrocatalytic process [1].
As photon absorption excites the electrons from the VB to CB of the photoanode, the applied
potential helps separate and drive these electrons to the FTO substrate then to the counter

electrode for hydrogen production [2].

It has been identified that increasing the supporting electrolyte concentration can increase
pollutant degradation due to the higher conductivity resulting in higher charge carrier
separation [7]. This is due to extra photogenerated electrons being captured by the external
electrical field thus a greater number travelling to the counter electrode [7]. Therefore, it is
assumed that increasing the supporting electrolyte’s concentration should increase hydrogen
production. To ensure this assumption was true, the PEC hydrogen gas production was

quantified in two different concentrations of NaCl electrolyte (0.5 and 1 M).
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Figure 6.4 - Hydrogen production for the developed PEC system in ibuprofen degradation in 0.5 M
NaCl (blue) and ibuprofen degradation in 1 M NaCl (red). Note that The PEC system utilised for
hydrogen production used 2WQOs3/1BiVOy (photoanode), Pt mesh (counter electrode), Ag/AgCl
(reference electrode), 1.2 V applied potential and 1 Sun of Solar Light irradiation (2 hours) after 30
minutes in the dark.

As expected, the hydrogen production increased from 62.76 pmol to 118.17 umol for 150-
minute reaction. Doubling the NaCl concentration resulted in the hydrogen gas quantity to
increase by nearly 2-fold. This demonstrates that the electrolyte’s concentration is a critical
parameter in promoting hydrogen production. Therefore, it is evident that a high supporting

electrolyte concentration results in high hydrogen production.

6.2.3 Hydrogen Production During Surfactant Degradation
As hydrogen production was not affected by ibuprofen degradation (Figure 6.2) it was

necessary to testify this was true for surfactant degradation. Therefore, hydrogen gas generation
during surfactant degradation was analysed. It was hypothesised that the hydrogen production

during surfactant degradation would be similar to ibuprofen degradation.
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Figure 6.5 - Hydrogen production for the developed PEC system during S2NS degradation (blue),
BAC-C12 degradation (red) and ibuprofen degradation. Note that The PEC system utilised for
hydrogen production used 2WQO3/1BiVOy (photoanode), Pt mesh (counter electrode), Ag/AgCI
(reference electrode), 1.2 V applied potential, 1 M sodium chloride as the supporting electrolyte and
1 Sun of Solar Light irradiation (2 hours) after 30 minutes in the dark.

Figure 6.5 demonstrated that hydrogen generated during PEC degradation of BAC-C12 and
S2NS surfactant was significantly lower (82.51 umol and 71.81 pumol, respectively) compared
to ibuprofen. This implies that the production of hydrogen depends on the type of pollutant
degraded and relates to the hole scavenging properties of the pollutant species. This was also
identified by Zhao et al who established that the hydrogen generation was dependent on the
removal efficiency [8]. The higher the removal efficiency, the higher the hydrogen production
indicating that a higher amount of photogenerated holes react with the pollutant while the
photogenerated electrons are transferred to the cathode for hydrogen production [8]. This
means the pollutant acts as a sacrificial agent [8]. The recovery of hydrogen gas from
pharmaceutical (ibuprofen) and surfactants (BAC-C12 and S2NS) pollutants are compared in
Figure 6.5. It demonstrates that the ibuprofen pollutants degradation process allows more
hydrogen gas recovery from cathode compartment than the surfactants-based pollutant
degradation process. However, note that the pollutant concentration is not identical between
ibuprofen (100 pg/mL) and surfactants (50 pug/mL). For instance, a higher concentration of

ibuprofen offers excellent hole scavenging from photoanode to electrolyte thus resulting in
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higher photoelectrons collection at the charge collector. However, too high a pollutant
concentration restricts the degradation rate as it lowers the number of active sites to pollutant
species. Therefore, increasing pollutant concentration is a trade-off between hydrogen

production at the cathode and pollutant degradation performance at the anode.

6.2.4 Limitations of these Hydrogen Production Studies

6.2.4.1 Temperature Control
The cell set-up made it impossible to control the temperature as there was no cooling jacket or

cooling tank available to go around the PEC cell. Therefore, while the reactions were conducted
at room temperature, due to the constant light irradiation the temperature of the solution in the
PEC cell would increase. It has been reported by J.J Velazquez et al that increasing the reaction
temperature results in higher hydrogen production [9]. The reason hydrogen production is
dependent on temperature can be explained by Arrhenius equation [2]. As the Arrhenius

equation is [2]:
k =k exp (%) (Equation 6.1)

Where:

k = reaction rate

k%= pre-exponential factor
E. = activation energy

R = universal gas constant

T — absolute temperature

Therefore, it is important to monitor the temperature and control the temperature during the
experiment to help determine the actual hydrogen production at room temperature. The other
experiment which should be considered for the future would be controlling the temperature of
the reaction and altering the temperature to determine the best temperature for maximum

hydrogen production.

6.2.4.2 Solar to Hydrogen Energy Conversion Efficiency

Another limitation with the set-up of the hydrogen study conducted in this thesis was the
inability to calculate the solar to hydrogen conversion efficiency. This is due to the

conventional equation (Eq 6.1) utilised for solar to hydrogen conversion efficiency being
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unsuitable in this study as the PEC system utilises an applied potential to help improve
hydrogen generation [10]. The equation utilised to calculate the solar to hydrogen conversion

efficiency is [10]:

NstH = AGPXXT: 2 (Equation 6.2)
Where [10]:

AG = Gibbs free energy (237 kJ mol!)
ru2 = Hydrogen production rate (mols/s)
P = Light intensity (mW/cm?)

S = Area of the illuminated photoanode (cm?)

As this PEC system utilises an applied potential then it is necessary to find an equation which
allows the electrical energy to be subtracted from the redox potential of water splitting [10].
This would mean to calculate the energy efficiency of the PEC system then the applied bias

photon-to-current efficiency (ABPE) could be used instead (please see equation 6.3) [10].

ABPE — ]photo (Vredox—Vbias)
P

(Equation 6.3)

Where [10]:

Johoto = Generated photocurrent density (mA/cm?)

Vredox = Redox potential for water splitting (1.23 V vs NHE)

Viias = Potential difference between the working and counter electrode (V vs NHE)

P = Light intensity (mW/cm?)

However, this requires knowing the potential difference between the working and the counter
electrode [10]. Since the only potential known is the potential between the working and
reference electrode, this equation cannot be utilised either. Therefore, it is suggested that to
calculate the solar to hydrogen conversion efficiency of this system it would be necessary to
repeat the experiments without utilising an applied potential and then utilising an applied
potential but with a 2-electrode set-up to identify the potential difference between the working

and counter electrode.
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6.3 Conclusion
It can therefore be concluded that the PEC system based on the mesoporous 2WO3/BiVO4

photoanode developed in this study was extremely effective in producing hydrogen gas. As a
result of utilising a low potential of 1.2 V (vs Ag/AgCl) and a supporting electrolyte
concentration of 0.5 M was able to produce 34.40 pmol/cm?hr of hydrogen. This quantity is
highly competitive compared to the literature. The PEC system was also very effective in
simultaneously degrading ibuprofen and producing hydrogen, as the hydrogen generation was
not affected by ibuprofen degradation in the anodic compartment. The Nafion (proton
exchange) membrane played a key role in achieving higher selectivity of H* reduction at the
cathode as it obstructs the other by-products from pollutant degradation from reacting with the
photoelectrons on the cathode. Therefore, it is suggested that if the PEC system is utilised to
produce hydrogen and simultaneously degrade a pollutant then the process needs to be run in
a two compartment PEC cell with a proton exchange membrane to prevent any undesired

reactions interfering with hydrogen production.

It was assumed that the pollutant degradation rate would not affect hydrogen production.
However, this is not the case as hydrogen production during the surfactant degradation was
much reduced compared to ibuprofen degradation. The pollutants can act as sacrificial agents
which means it scavages the photogenerated holes so that more electrons can travel to the
cathode. This helps to explain why the surfactant degradation resulted in a lower hydrogen
production compared to ibuprofen degradation, as the surfactant concentration in the anodic
compartment is much less than the ibuprofen. This means there are less holes being scavenged
thus some electrons are being recombined. Therefore, the hydrogen production during pollutant
degradation is affected by the types of pollutant and its concentration. However more research

is required in this field of work.

It was recognised that hydrogen production is highly dependent on the supporting electrolyte
concentration. Increasing the supporting electrolyte concentration from 0.5 M to 1 M resulted
in an increase of approximately 59.09 pmol/cm?hr of hydrogen produced. This is due to the
excellent photocharge carrier separation at the photoanode/electrolyte interfaces due to the
reduction in solution resistivity. Therefore, more electrons are transferred to the counter

electrode for hydrogen production.
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Overall, this chapter demonstrates how successful the PEC process is in green hydrogen
generation. Thus, it has significant potential as an alternative to steam reforming due to its
sustainability. The other considerable benefit relates to its ability to produce hydrogen whilst
degrading pollutants. However, more research is required to determine the optimum working
conditions for achieving high hydrogen production and pollutant degradation, whilst also doing
the experiments with conditions that meet the requirements which allows the solar to hydrogen
energy conversion efficiency to be calculated and to quantify the hydrogen produced for

different temperatures by controlling the temperature of the PEC process.
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Chapter 7 : Conclusion and Future Outlook

As the global population rises every day, the demand for clean water has gradually increased.
The World Health Organisation (WHO) identified that at least 2 billion people who do not have
clean drinking water which results in 829,000 deaths per year [1]. These deaths could have
been prevented if better water sanitation had been available. However current water treatment
processes are complex to use, require a large amount of space and are expensive. This results

in many developing countries being unable to provide clean water.

Water UK has estimated that the average person uses nearly 142 litres per day and UK
companies consume 64 million litres of water [2]. This demonstrates the vast amount of water
consumed in the UK alone. One of the solutions for managing the water demand issue is to
promote recycled water, instead of utilising fresh water for many applications. Therefore, it is
vital that water cleaning technologies completely eradicate pollutants from water so that it can
be used for drinking, agricultural, domestic and industrial use. Unfortunately, many reports
have established that current water technologies are unable to completely eliminate pollutants

from water.

The consequence of an ever-growing population is that the need for pharmaceutical drugs has
increased in healthcare sectors as have the use of surfactants in disinfectant applications in the
domestic sector. Due to recent research, the potential threats of pharmaceutical and surfactant
waste in water are being recognised. This shows how important it is for water technology to
remove these pollutants. However, current water technologies are not appropriately designed
to remove some of these pollutants in lower concentrations (ug/mL). On the other hand,
although a few of the current water technologies can achieve very high removals; they would
require a high amount of energy and produce a significant amount of waste. As a result it is
critical to explore different technologies that can remove low concentration organic pollutants
from water. Therefore, this thesis set out to find an alternative technology that could completely

eliminate these types of pollutants.

PEC is a promising route for pollutant degradation due to water oxidation and reduction
reactions occurring by light driven catalytic reaction. The excitation of photoelectrons in the

semiconductor (photoanode) creates holes which can either degrade pollutants directly or
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produce reactive species which can degrade the pollutants. The photoelectrons from the
conduction band of the semiconductor are transferred to the counter electrode and react with
the hydrogen ions to produce hydrogen gas. PEC technology has demonstrated that it can
completely degrade pollutants, without emitting CO> to the environment. For lab-scale
demonstration, the instrumentation utilised for PEC is powered by grid electricity however it

can be operated by renewable energy such as solar or wind.

This thesis had several aims to help evaluate if PEC could potentially replace the current
secondary or tertiary water treatment process. These were:
e Design an effective heterostructure metal oxide photoanode
e Determine if PEC can completely remove a pharmaceutical compound from water
without impacting on the environment.
e Verify if PEC can completely remove an anionic and cationic surfactant compound
from water.

¢ Quantification of hydrogen gas production during PEC pollutant degradation processes.

7.1 Photoanode Development
Primarily, heterostructred WO3/BiVO4 photoanode was preferred for the PEC system in this

thesis. The performance of the heterostructure WOs3/BiVOs photoanode was significantly
higher than pristine WO3 photoanode (2.75 mA/cm? compared to 0.8 mA/cm?, respectively).
This is due to the higher proton absorbance and the effective photogenerated charge carrier
separation. The UV-Vis demonstrated that adding a layer of BiVOs4 to the WO3 photoanode
resulted in the wavelength absorption range increasing from 450 nm to 490 nm, thus higher
photon absorption. This is due to BiVO4 having a narrower bandgap, thus more photons are
absorbed resulting in higher electron excitation. The heterojunction enables separation of the
photogenerated charge carriers which as evidenced by the IMPS data which demonstrated that
the electron transit time was much lower in WO3/BiVO4 photoanode compared to pristine WO3
photoanode. This is due to the electrons not being captured into charge recombination reactions
meaning they travel to the FTO substrate faster. Other techniques such as XRD and XPS
confirmed that the method utilised for synthesising WO3 and BiVO4 produced monoclinic WO3
and BiVO; crystalline structure. This was essential as it has been established that monoclinic

WO3 and BiVO4have the highest photocatalytic activity compared to other crystallinity forms.
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The thickness effect of WO3 and BiVO4 in the WO3/BiVOs4 heterostructured photoanode
controlled the charge transfer and played a significant part in photocurrent generation. It was
identified that 2 layers of WO3 and 1 layer of BiVOs is the optimised thickness for achieving
the best performance. Therefore, 2WO3/1BiVOs configuration was chosen as the
benchmarking photoanode to test the pollutant degradation experiments. The operating
parameters such as applied potential, light irradiation, electrolyte concentration and pollutant
concentration also influenced the PEC performance. Based on the experimental conditions
tested in Chapter 3, it was recognised the best operating parameters were utilising 1 M of
sodium chloride (NaCl) with an applied potential of 1.2 V (vs Ag/AgCl) for 2WO3/1BiVO4

photoanode.

7.2 Ibuprofen Degradation

The developed PEC system showed excellent ibuprofen degradation as it achieved an average
degradation of 96.70%. This was achieved with 2WO3/1BiVO4 photoanode (1 ¢cm?), Pt wire as
the counter electrode, Ag/AgCl as the reference electrode, 1 M NaCl as the supporting
electrolyte, an applied potential of 1.2 V (vs Ag/AgCl) with 1 Sun of solar light irritation for 2
hours (after 30 minutes in the dark). It is often assumed that PEC will be environmentally
friendly as it does not produce any solid waste or CO, and the energy for applied potential and
light irradiation could be provided by renewable energy. However, it was found that ibuprofen
degraded via PEC produced several by-products. One of the by-products was 4-
isobutylacetophenone and it is highly hazardous for aquatic life. This would indicate that 4-
isobutylacetophenone should be degraded before the treated solution is discharged into water.
This is easily achievable by prolonging the PEC treatment duration to at least a few hours
(typically 4 - 6 hrs) to degrade 4-Isobutylacetophenone completely and then PEC can be
adopted as a safe treatment route for wastewater treatment industries. Furthermore, after the
PEC process the electrolyte pH is reduced from 6 to 2.75. However, this can be resolved simply
with an additional post-treatment to help neutralise the pH level for safe discharge into water

sources.

In literature, many reports assume that hydroxyl radicals (¢OH) are responsible for ibuprofen
degradation. However, it was discovered that the 2WO3/1BiVO4 photoanode could not produce
sufficient «OH for quantification. This would imply that the ibuprofen degradation occurred
mainly via h* on the photoanode surface and possibly active chlorine which was assumed to

be produced and by the small amount of ¢«OH.
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7.2.2 Future Work

The LC-MS method was successful in identifying the m/z values of the by-products
acknowledged in the LC-UV chromatogram. It enabled the optimisation of the
fragmentation which breaks down these compounds into product ions and produces a
peak with a corresponding m/z value which can be used to determine the chemical
structure. However, the only fragmentation pattern that matched with literature was 4-
isobutylacetophenone. The other by-products’ fragmentation pattern did not match the
by-products in the literature. Therefore, an LC-MS system with accurate mass function
should be utilised to identify the other products.

The 4-isobutylacetophenone is a potential toxic by-product identified after ibuprofen
degradation. This by-product can be degraded in several ways (a) increasing the
photoanode surface area to promote the number of active sites, thus resulting in higher
pollutant degradation, (b) increase the light intensity or reaction duration period that
would enhance the photocharge carrier, thus accelerating more reactive species
generation, which is expected to degrade 4-Isobutylacetophenone completely.

The quantification of free radical generation from 2WOs3/1BiVO4 photoanode was
evaluated by only one technique. Therefore, it is suggested that other quantification
experiments are required to quantify the very small amount of ¢OH which was implied
by the generation of 4-isobutylacetophenone from ibuprofen degradation.

It would be essential to look for an active chlorine quantification technique to ensure

that active chlorine is being produced.

7.3 Surfactant Degradation

The PEC cell with 2WO3/1BiVO4 photoanode (1 c¢cm?), Pt wire as the counter electrode,

Ag/AgCl as the reference electrode, 1 M NaCl as the supporting electrolyte, completely

removed (50 pg/mL) BAC-CI12 (cationic surfactant) within 2 hours of simulated solar light

irradiation under 1.2 V vs Ag/AgCl applied potential. However, when the concentration of

BAC-C12 was higher (100 pg/mL) the degradation rate was significantly decreased to 52.91%.

This is due to the increased competition for the active sites and reactive species. Therefore, the

PEC system is successful in removing cationic surfactants at low concentration. In relation to

S2NS (50 pg/mL) complete degradation was achieved after 1 hour of solar light irradiation
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when utilising the same PEC system. This established that the PEC system achieved higher
degradation rates for anionic surfactants than cationic surfactants. This was due to the
positively charged photoanodes (results from h* enriched surface) attracting the negatively
charged anionic surfactants more than the cationic surfactants. It was established that the
species responsible for S2NS was most probably the positively charged holes. While for BAC-
C12 it could be the active chlorine or hydroxyl radicals. Whilst active chlorine is very good for
degrading pollutants it causes a reduction in pH due to the production of protons. Therefore,
after treatment the pH of the solution decreased significant < 3 for each pollutant. This
demonstrates that while PEC is very successful at completely removing a cationic and anionic
surfactant, a post treatment time would be required to ensure that the pH can be neutralised

preventing any harm to aquatic life when released.

7.3.2 Future Work

e The COVID lockdown and unexpected significant accidental fire at lab premises
disrupted this research for almost seven months. This resulted in being unable to carry
out different types of photoanode fabrication, wide material characterisation, gas
quantification, and analytical work. The instrument unavailability and the crisis of
supporting chemicals availability in the market (supply chain issue) affected the
experimental work. For instance, degradation of S2NS, identified a few by-products
formed during the PEC process. Unfortunately, there was insufficient time to identify
these by-products due to the circumstances and issues mentioned above. Hence, future
work should be focused on identifying these by-products. In relation to the degradation
of BAC-C12 (50 pg/mL), no by-products were formed according to the LC-UV.
However, ideally this could be further ensured with LC-MS to identify if any by-
products are formed or not. It helps to confirm if the PEC process is environmentally
friendly and eliminate any by-products that could be more harmful to aquatic life.

e COD is a parameter widely utilised in the water industry to quantify the organic
compounds in the solution. The vials utilised for analysing the quality of electrolytes
before and after the PEC process, were too low of a range to measure the COD as the
surfactant treated solutions had a COD value of > 300 mg/L. Therefore, COD
measurements should be repeated however utilising vials that allow the higher COD

range to be quantified.
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e Similar to ibuprofen degradation it would be essential to look at appropriate «OH and
active chlorine quantification techniques to determine how the amount produced during

surfactant degradation.

7.4 Hydrogen production
The PEC system with 2WO3/1BiVO4 photoanode (1 cm?), Pt wire as the counter electrode,

Ag/AgCl as the reference electrode, 0.5 M NaCl as the supporting electrolyte, an applied
potential of 1.2 V with a 1 Sun of solar light irritation for 2 hours (after 30 minutes in the dark)
produced 68.79 umol/cm? of hydrogen gas. Thus, demonstrating that this system was
extremely successful in producing clean hydrogen gas, as compared to other studies which only

achieved slightly higher hydrogen production with much higher photoanode surface areas.

The PEC system also demonstrated that it could produce high amounts of hydrogen gas whilst
degrading pollutants. It was established that the degradation of ibuprofen did not affect the
production of hydrogen. The Nafion membrane separating the two compartments was very
effective in preventing the ibuprofen degradation from moving into the cathodic compartment
while effectively transferring the hydrogen ions into the cathodic cell to react with the
electrons. It was also established that increasing the concentration of NaCl increased hydrogren
production by approximately 55.41 umol. It implies that increasing the supporting electrolyte
could increase hydrogen production as it enhances ion transfer by reducing the resistance in
the solution. It was assumed that pollutant degradation did not affect the hydrogen production,
as ibuprofen degradation did not alter the amount of hydrogen gas produced. However,
changing the pollutant type i.e to surfactants resulted in less hydrogen production compared to
ibuprofen degradation. Therefore, the assumption was wrong, and the quantity of hydrogen gas
generation did depend on the type of pollutant degradation reaction in the anodic compartment.
However, of significance this thesis successfully demonstrated the feasibility of recovering

hydrogen gas during PEC wastewater treatment.

7.4.2 Future Work
e It was recognised that pollutants act as electron sacrificial agents, which help to

promote the charge separation at photoanode/electrolyte interfaces. However, the effect
of surfactants concentration on hydrogen generation couldn’t be investigated. Further

studies on different surfactant concentrations will shed more light on the
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interrelationship between photoanode catalytic activity and surfactant molecules
degradation.

e It would also be recommended te that the hydrogen experiments be repeated utilising a
two-electrode set up to identify the actual potential difference between the working and
counter electrode in order to determine the ABPE. In addition, conducting it without
an applied bias to determine the STH of the developed 2WO3/BiVO4 photoanode.

e [t is also important that for future hydrogen experiments it is necessary to control and
monitor the temperature of the experiment to establish the hydrogen generation for that
set temperature. It will also be recommended to do the hydrogen experiments at
different temperatures to determine the best temperature for hydrogen production via

PEC.
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Appendix 1.1

Figure S1 shows the photography images of WOs3 paste synthesis at different stages (grinding,

mixing, evaporation).

E = -

Figure S1 - Photography images of the WOj3 paste synthesis (a) pre-synthesised WO3 powder grinding
with mortar, (b) WOs paste mixing and (c) Vacuum evaporation of WO; paste.
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Once the homogenous WOs3 paste was achieved, it spread as thin film on the conducting
substrate by doctor blade technique. Finally, it was annealed at 450 °C for 3 hours under an

air atmosphere. Please refer Figure S2.

’ "
My, ¥ LA

e J SPE.
Figure S2 -The photography images of (a) scotch tape fixed on the edges of FTO conducting
substrate, (b) WOj3 paste spread on the FTO, (c) doctor blade derived WO; coating and (d) WOs films
annealed on the hot plate.
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Figure S3 shows the photography images of the application of BiVO4 on top of WOs3 by

utilising a spin coater.

Figure S3 — A photography irhagé shoWing the BiVOy application on top of WOs via spin coating.

Once the BiVO4 was spin coated onto the WO3 layer then it was annealed at 500 °C for 1

hour under an air atmosphere.

Figure $4 - A photography image showing the Bi V4 ﬁlni ‘Béi};g annealed via the hot plate.
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Appendix 2.1

The chronograms produced during the method development for the detection of the ibuprofen
are displayed below.
VIWD1 A, Wawlength=260 nm (IBF_KD_30012020 260NM_G 2020-01-30 10-16-150020301.D)
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Figure S5 - The chronogram produced for the ibuprofen standard using (a) 1st method and (b) 2nd
method.
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Appendix 2.2

The chronograms produced for the blank samples after each set of the multiple injections of
the same high concentration standard of ibuprofen are shown below. They demonstrate that

there was no carry over of ibuprofen into the next injection.

VWD1 A, Wavelength=265 rn (1IBF_CC_KD_251120 2020-11-25 14-53-03W001-1301.D)
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Figure S6 - The blank chromatogram after ibuprofen reproducibility test on (a) day 1 and (b) day 2.
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Appendix 2.3

The tables below are displaying the peak areas obtained from the LC-UV analysis of the
reproducibility standard for ibuprofen (200 ug/mL) for day 1 and 2. Included in the tables are
the calculated mean peak areas, the standard deviation, and the CV%.

Table S1 - The calculated parameters from the LC-UV data obtained from the reproducibility test for
ibuprofen for day 1.

Mean Standard
Sample Name Peak Area Deviation | CV%
Peak Area
Peak Area
Reprod 1 200ug | 267.71414
Reprod 2 200ug | 268.15631
Reprod 3 200ug | 267.77435
Reprod 4 200ug | 268.68027
Reprod 5 200ug | 268.59882
Reprod 6 200ug | 268.68866
Reprod 7 200ug | 268.82819
Reprod 8 200ug | 269.1169%4
Reprod 9 200ug | 268.75394
Reprod 10 200ug | 268.85266 | 268.516428 | 0.47312218 | 0.1761986

Table S2 - The calculated parameters from the LC-UV data obtained from the reproducibility test for

ibuprofen for day 2.
Standard
Mean . L.
Sample Name Peak Area Deviation | CV%
Peak Area
Peak Area
Reprod 11 200ug | 269.08429
Reprod 12 200ug | 269.24536
Reprod 13 200ug | 269.39948
Reprod 14 200ug | 269.5954
Reprod 15 200ug | 262.68356
Reprod 16 200ug | 269.84879
Reprod 17 200ug | 269.67584
Reprod 18 200ug | 269.12332 | 268.582005 | 2.39861447 | 0.89306596

The coefficient of variation (CV %) was utilised to help calculate the spread of the variables.

While the F-test was utilised to determine the difference between the two sets of data.
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Coefficient of Variation (%):

CV (%) = 047312218 100 = 0.176% (to 3 d
(%) = Seg516azg < 100 =0.176% (to 3 d.p)
F-test:
2.398614472
F—test= ————————= 3.891 (to 3d.p)

0.473122182
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Appendix 2.4

In continuation with injection repeatability tests, the retention time repeatability was
assessed. The table S3 and S4 contained the retention time (RT) for the solvent front, the
retention time of ibuprofen, adjusted RT, mean RT, mean adjusted RT, standard deviation

RT, standard deviation adjusted RT, CV% RT and CV% adjusted RT.
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Table S3 - A table displaying the results from the reproducibility test for ibuprofen for day 1.

sl L Sample | Adjusted | Mean Me.a n Stalfda.rd ]S)t:\:;g?il(;(lil %(.:V
Sample Name Front Adjusted | Deviation . %CV RT | Adjusted
RT RT RT RT RT RT Adjusted RT
RT
Reprod 1 200ug | 1.6 14.355 | 12.755
Reprod 2 200ug | 1.612 14.367 | 12.755
Reprod 3 200ug | 1.608 14.37 12.762
Reprod 4 200ug | 1.613 14.362 | 12.749
Reprod 5 200ug | 1.604 14.37 12.766
Reprod 6 200ug | 1.595 14.368 | 12.773
Reprod 7 200ug | 1.598 14.375 | 12.777
Reprod 8 200ug | 1.596 14.376 | 12.78
Reprod 9 200ug | 1.6 14.37 12.77
Reprod 10 200ug | 1.599 14.294 | 12.695 14.3607 | 12.7582 | 0.02420767 | 0.02440765 | 0.16856885 | 0.1913095
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Table S 4 - A table displaying the results from the re

producibility test for ibuprofen for day 2.

Dol Sample | Adjusted Me.a n Stalfda.rd ]S)t:\:;g?il(;(lil %CV %(.:V
Sample Name Front RT RT Mean RT | Adjusted | Deviation Adjusted | RT Adjusted
RT RT RT RT
RT
Reprod 11 200ug | 1.595 14369 | 12.774
Reprod 12 200ug | 1.594 14.372 | 12.778
Reprod 13 200ug | 1.597 14.361 | 12.764
Reprod 14 200ug | 1.598 14.361 | 12.763
Reprod 15 200ug | 1.597 14.357 | 12.76
Reprod 16 200ug | 1.598 14.366 | 12.768
Reprod 17 200ug | 1.597 14.373 | 12.776
Reprod 18 200ug | 1.598 14.374 | 12.776 14.366625 | 12.769875 | 0.00639056 | 0.00697828 | 0.044482 | 0.05464644
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Similarly to the assessment of injection repeatability then the CV% and F-test values were

calculated.

Coefficient of Variation (%):

CV (%) = 0.02420767 100 = 0.16856885

(%) = —3607 X 100=0.

CV(%)of adjusted RT = 002440765 x 100 = 0.1913095
0)of adjuste = 77582 = 0.

F-test:

F — test value = 0.00639056% _ 0.06960292
est vatle = 9.024207672

F — test val djusted RT = 0'006978282—0081741991
est value of adjuste = Oo24407652 =
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Appendix 2.5

The peak areas and retention times obtained for the calibration standards from the HPLC-UV

are displayed below.

Table S 5 - A table displaying the peak areas and actual concentrations obtained for the calibration

standards.

Theoretical Actual
Standard Concentration Concentration
Name (ng/mL) RT Peak Area | (ng/mL)
CC 1 10ug |10 14.383 12.93861 10.94014395
CC 2 10ug |10 14.382 12.9715 10.96524461
CC 3 10ug |10 14.37 12.98393 10.97473081
CC_1 30ug |30 14.371 40.65097 | 32.08938264
CC 2 30ug |30 14.374 40.7473 32.1628988
CC 3 30ug |30 14.363 40.92071 32.29524009
CC_1 50ug |50 14.367 64.79462 | 50.51508932
CC 2 50ug |50 14.359 64.20158 | 50.06249905
CC 3 50ug |50 14.371 64.40314 | 50.21632357
CC_1 70ug |70 14.38 88.63298 | 68.70780786
CC 2 70ug |70 14.381 89.04926 | 69.02550022
CC 3 70ug |70 14.371 89.28939 | 69.20876021
CC_1 _100ug | 100 14.37 131.05826 | 101.0855041
CC_2 100ug | 100 14.371 130.49724 | 100.6573505
CC 3 100ug | 100 14.368 131.25491 | 101.2355814
CC 1 130ug | 130 14.364 156.58589 | 120.5674226
CC 2 130ug | 130 14.359 156.68605 | 120.6438617
CC 3 130ug | 130 14.372 157.6382 121.3705139
CC 1 160ug | 160 14.367 210.35226 | 161.6002972
CC 2 160ug | 160 14.364 210.80669 | 161.9471045
CC 3 160ug | 160 14.371 211.45508 | 162.4419362
CC 1 200ug | 200 14.373 265.06848 | 203.3580687
CC 2 200ug | 200 14.361 265.20624 | 203.463203
CC 3 200ug | 200 14.364 266.51962 | 204.4655351

Using the calibration standards with the regression tool then the quality control (QC) standards’

actual concentrations were calculated along with their accuracy and precision.
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Table S 6 - A table displaying the data collected and calculated for the OQC standards (including the accuracy and precision).

Theoretical Calculated Mean
Standard Concentration | RT Concentration Concentration
Name (ng/mL) (minutes) | Peak Area (ng/mL) Accuracy (ng/mL) St Dev % Accuracy | %Precision
QC Low 1 20 14.369 27.43311 22.0019099 10.0095495
QC Low 2 20 14.371 29.32953 23.44920054 17.2460027
QC Low 3 20 14.375 26.46588 21.26374909 6.31874545
QC Low 4 20 14.374 27.62367 22.14733956 10.7366978
QC Low 5 20 14.37 25.92992 20.85472056 4.27360279 | 21.9433839 0.99493697 | 9.71691965 | 4.53410912
QC Mid 1 80 14.372 105.11835 81.28894584 1.61118231
QC Mid 2 80 14.381 104.68623 80.95916487 1.19895609
QC Mid 3 80 14.345 103.87717 80.34171464 0.4271433
QC Mid 4 80 14.375 105.33163 81.45171472 1.8146434
QC Mid 5 80 14.375 105.40284 81.50606005 1.88257506 | 81.10952 0.47923548 | 1.38690003 | 0.59084986
QC High 1 180 14.374 238.15131 182.8156951 1.56427505
QC High 2 | 180 14.375 240.67422 184.741104 2.63394668
QC High 3 180 14.377 238.05292 182.7406068 1.52255933
QC High 4 | 180 14.364 239.16428 183.5887633 1.99375738
QC High 5 180 14.366 241.56134 185.4181273 3.01007072 | 183.860859 1.18546241 | 2.14492183 | 0.64476062
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Appendix 2.6

To assess the best filter for filtering the ibuprofen samples then it is necessary to calculate the

difference between the concentration of the non-filtered standard and the filtered standard of

each type of filter. To do this the table below was utilised which displayed the peak area and

the real ibuprofen concentration for each non-filtered and filtered samples.

Table S 7 - The peak areas obtained from the LC-UV analysis and the calculated concentrations of

the samples.

Calculated
Concentration

Sample Name Peak Area (ng/mL)

CC 1 10ug 0.5NaCl 13.18066 11.03779478
CC 1 30ug 0.5NaCl 38.62626 28.29094812
CC 1 50ug 0.5NaCl 67.32655 47.75091386
CC 1 70ug 0.5NaCl 95.85243 67.09262252
CC 1 100ug 0.5NaCl 139.83345 96.91354568
IBF 10ug PVDF 12.70589 10.71588138
IBF 30ug PVDF 39.2567 28.71841212
IBF 50ug PVDF 65.14901 46.27445304
IBF 70ug PVDF 95.21174 66.6582086
IBF 100ug PVDF 135.46565 93.95199935
IBF 10ug Hydrophilic PTFE 12.01404 10.24677889
IBF 30ug Hydrophilic PTFE 35.89063 26.43607954
IBF 50ug Hydrophilic PTFE 62.42825 44.42966693
IBF 70ug Hydrophilic PTFE 89.95284 63.09246018
IBF _100ug_Hydrophilic PTFE 133.11107 02.3554982
CC 1 10ug RC 12.89781 9.3888414
CC 1 30ug RC 48.103 33.43995643
CC_1 50ug RC 74.9318 51.76857659
CC_1 70ug RC 104.90856 72.24778727
CC 1 100ug RC 149.00359 102.3721706
CC 1 10ug Hydrophobic PTFE 14.52186 10.49834296
CC 1 30ug Hydrophobic PTFE 45.03838 31.34630126
CC 1 50ug Hydrophobic PTFE 76.33397 52.72649649
CC 1 70ug Hydrophobic PTFE 107.52239 74.03347643
CC 1 100ug Hydrophobic PTFE 146.44902 100.6269661
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To assess the loss of ibuprofen caused by the filter then it was necessary to obtain the peak

areas for the non-filtered and filtered standards and calculate the ibuprofen concentrations in

these standards. Once this was calculated then the percentage yield and loss % for the filters

were calculated and displayed in the tables below.

Table S 8 - Table displaying the peak area and calculated concentrations obtained for the non-filtered

and filtered ibuprofen standards.

Calculated Concentration

Sample Name Peak Area (ng/mL)

0.5M NaCl Non Filtered IBF 1| 145.60211 107.5480447
0.5M NaCl Non Filtered IBF 2 | 145.14532 107.2130777
0.5M NaCl Non Filtered IBF 3 | 145.17413 107.2342042
0.5M NaCl Filtered IBF 1 140.00871 103.4463687
0.5M NaCl Filtered IBF 2 139.69817 103.2186478
0.5M NaCl Filtered IBF 3 140.54034 103.8362164
IM NaCl Non Filtered IBF 1 | 142.65088 105.3838889
IM NaCl Non Filtered IBF 2 143.02007 105.6546183
IM NaCl Non Filtered IBF 3 142.50787 105.2790187
IM NaCl Filtered IBF 1 135.55165 100.1779782
IM NaCl Filtered IBE 2 135.20471 99.92356485
IM NaCl Filtered IBF 3 134.81253 99.63597676

Recovery (%) = W X 100 = 96.18619199
107.5480447

Table S 9 - A table displaying the calculated percentage yields and loss (%).

Average Recovery

Sample Name Recovery (%) (%)

0.5M NaCl IBF 1 96.18619199

0.5M NaCl IBF 2 96.27430723

0.5M NaCl IBF 3 96.83124631 96.4305818

IM NaCl IBF 1 95.06005068

IM NaCl IBF 2 94.57567165

IM NaCl IBF 3 94.63991777 94.7585467
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Appendix 2.7

The chromatograms below were utilised to help determine the degradation % of ibuprofen
during the PEC process in the dark and light. They showed that during the dark conditions the
ibuprofen degradation did not produce any by-products which would suggest that the ibuprofen

is not being degraded by are being absorbed onto the photoanode surface.
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Figure S7 - Chromatogram obtained the dark ibuprofen degradation experiihent at (a) 0 minutes, (b)
30 minutes, and (c) at 120 minutes.
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VIWD1 A Wavelength=265 nm (IBF _EXP_06V_OSNACL_KD 2020-12-02 14-34-14\034-5101 D)
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Figure S8 - Chromatogram obtained from the ibuprofen degradation under light irradiation (a) at
30minutesand (b) at 120minutes.
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Appendix 2.8

The data obtained from the LC-UV for all the samples collected from the ibuprofen degradation
experiments were converted to concentrations. Once these concentrations were calculated then
the Cc/Ci value (current concentration divided by initial concentration) and ibuprofen
degradation percentages were calculated. Using the Grubb’s test then any outliners could be

determined and eliminated from the average ibuprofen degradation values.
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Table S10 - A table displaying the degradation (%) calculated for the degradation of ibuprofen when utilising 1 M NaCl.

Time Calculated Concentrations Degradation (%)

(minutes) | Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Average St Dev Error

0 49.48845939 | 96.16832177 | 91.9573027 | 1 1 1 0 0 0

10 63.83623158 | 88.60198746 | 84.0469722 | 1.28992158 | 0.92132197 | 0.91397822 | 8.23499041 | 0.51928111 | 0.3671872

20 64.90534197 | 86.6222737 | 80.1270961 | 1.3115248 | 0.90073604 | 0.87135109 | 11.3956432 | 2.07782988 | 1.4692476

30 71.18826264 | 83.25397617 | 77.8868278 | 1.43848209 | 0.86571102 | 0.84698904 | 14.3649968 | 1.32384391 | 0.93609901

40 75.99357551 | 80.751633 74.7659153 | 1.53558176 | 0.83969057 | 0.81305033 | 17.3629549 | 1.88374947 | 1.33201203

50 77.34250913 | 79.09675905 | 73.2618564 | 1.5628393 | 0.82248247 | 0.79669427 | 19.0411628 | 1.82350111 | 1.28941

60 75.29437498 | 78.36268671 | 71.6143542 | 1.5214532 | 0.81484927 | 0.77877833 | 20.3186203 | 2.55060087 | 1.80354717

90 73.4287999 | 73.81867851 | 67.804804 | 1.48375603 | 0.7675987 | 0.73735094 | 24.7525179 | 2.13883912 | 1.51238764

120 69.94072994 | 70.95359633 | 64.5896995 | 1.41327353 | 0.73780633 | 0.70238793 | 27.9902871 | 2.50445895 | 1.77091991
Table S11 - A table displaying the Grubb’s Test values calculated utilising in Table S10.

Time (minutes) Grubb’s Test

Run 1 Run 2 Run 3

0 0 0 0

10 -1.1545321 0.56018457 0.5943475

20 -1.1526407 0.51661686 0.63602387

30 -1.1542529 0.54928497 0.60496795

40 -1.15409 0.54453154 0.6095585

50 -1.1541933 0.54746056 0.60673278

60 -1.1536291 0.53374573 0.61988338

90 -1.1539604 0.54118204 0.61277839

120 -1.1535717 0.53257885 0.62099284
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Table S12 - A table displaying the degradation (%) calculated for the degradation of ibuprofen when utilising 0.6V applied potential.

Time Calculated Concentrations Degradation (%)
(minutes) Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Average St Dev Error
0 98.0959548 | 97.7898256 | 92.676905 | 0 0 0 0 0 0
30 86.7464982 | 85.3959328 | 80.1705048 | 11.5697499 | 12.6740106 | 13.4946244 | 12.5794616 | 0.96591412 | 0.55767078
60 77.0711457 | 73.8352938 | 61.3137624 | 21.4329013 | 24.4959347 | 33.841379 | 26.5900716 | 6.46387169 | 3.73191806
90 67.8952562 | 64.284361 | 48.3125953 | 30.786895 | 34.2627307 | 47.8698655 | 37.6398304 | 9.02832053 | 5.21250329
120 60.3162845 | 49.6214811 | 33.3313299 | 38.5129747 | 49.2570103 | 64.0349126 | 50.6016325 | 12.8139898 | 7.39816047
150 53.348605 | 41.1057662 | 26.6270487 | 45.6158971 | 57.9651912 | 71.2689491 | 58.2833458 | 12.829485 | 7.40710664

Table S13 - A table displaying the Grubb’s Test values calculated utilising the data in Table S12.
Time (minutes) Grubb’s Test

Run 1 Run 2 Run 3

0 0 0 0
30 -0.721954 -0.4703126 -0.2833093
60 -0.752842 -0.5908703 -0.0966878
90 -0.9915822 -0.6780724 0.54924979
120 -1.2244763 -0.4026579 0.72771365
150 -1.1848878 -0.3895704 0.4672163

Table S14 - A table displaying the degradation (%) calculated for the degradation of ibuprofen when utilising 0.9V applied potential.
Time Calculated Concentrations Degradation (%)
(minutes) Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Average St Dev Error
0 100.351189 | 83.5854532 | 91.9433503 | O 0 0 0 0 0
30 84.0252682 | 79.9576138 | 72.886806 | 16.2687865 | 4.34027608 | 20.7263975 | 13.7784867 | 8.47215667 | 4.89140193
60 61.1965084 | 54.7208944 | 62.0667551 | 39.0176548 | 34.5329931 | 32.4945687 | 35.3484055 | 3.33711493 | 1.9266842
90 46.5276947 | 41.7256982 | 53.3375562 | 53.6351335 | 50.0801915 | 41.9886745 | 48.5679998 | 5.96867189 | 3.44601432
120 38.2488098 | 26.5621933 | 43.5118969 | 61.8850456 | 68.2215119 | 52.6753194 | 60.9272923 | 7.81722418 | 4.51327648
150 31.1173504 | 19.0137206 | 36.1860514 | 68.9915478 | 77.2523569 | 60.6431011 | 68.9623353 | 8.30466641 | 4.79470139
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Table S15 - A table displaying the Grubb’s Test values calculated utilising the data in Table S14.

Time (minutes) Grubb’s Test
Run 1 Run 2 Run 3

0 0 0 0

30 -0.3103394 -1.0117392 -0.0482306
60 -0.1730846 -0.5558913 -0.7298894
90 1.06087396 0.33213121 -1.3265834
120 0.17803672 1.16920469 -1.2625747
150 0.17600481 1.31996608 -0.9800925

Table S16 - A table displaying the degradation (%) calculated for the degradation of ibuprofen when utilising 1.2V applied potential.

Time Calculated Concentrations Degradation (%)

(minute | Run 1 Run 2 Run 3 Run 4 Run 1 Run 2 Run 3 Run 4 Average | St Dev Error

s)

0 98.20493 | 102.8006 | 94.99832 | 91.31901
89 32 7 69 0 0 0 0 0 0 0

30 83.67054 | 82.14355 | 76.89065 | 75.53584 | 14.80006 | 20.09430 | 19.06104 | 17.28355 | 17.80974 1.159023
56 84 4 42 35 57 41 53 21 2.318047 | 5

60 51.41997 | 60.15637 | 61.38014 | 64.19246 | 47.64012 | 41.48248 | 35.38818 | 29.70526 | 38.55401 | 7.734258 | 3.867129
98 99 31 36 85 03 53 21 4 72 36

90 29.16106 | 39.24561 | 48.04637 | 53.09599 | 70.30590 | 61.82356 | 49.42397 | 41.85658 | 55.85250 | 12.67235 | 6.336179
7 29 84 24 59 83 42 78 91 97 85

120 15.53529 | 25.53277 | 34.94144 | 37.04204 | 84.18073 | 75.16282 | 63.21888 | 59.43665 | 70.49977 | 11.31837 | 5.659186
92 55 55 73 53 24 34 56 42 27 33

150 17.79851 | 22.61303 | 29.18009 82.68637 | 76.19638 | 68.04598 | 81.73218 | 13.57179 | 6.785896
0 21 85 21 100 87 24 53 66 33 67

Page 226




Katherine Davies

Table S17 - A table displaying the Grubb’s Test values calculated utilising the data in Table S16.

Time (minutes) Grubb’s Test
Run 1 Run 2 Run 3 Run 4

0 0 0 0 0

30 -1.2983683 0.98555532 0.53980871 -0.2269958
60 1.17478802 0.37863567 -0.4093254 -1.1440983
90 1.14054503 0.47118764 -0.5072879 -1.1044448
120 1.20873924 0.41198928 -0.6432807 -0.9774478
150 1.34601323 0.070307 -0.4078904 -1.0084298

Table S18 - A table displaying the degradation (%) calculated for the degradation of ibuprofen when utilising 1.5V applied potential.

Time Calculated Concentrations Degradation (%)

(minutes) Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Average St Dev Error

0 95.7878423 | 95.0298865 | 93.6203218 | 0 0 0 0 0 0

30 79.8443599 | 79.248068 | 75.1336297 | 16.6445783 | 16.607216 | 19.7464522 | 17.6660821 | 1.80175013 | 1.04024092

60 62.0169075 | 59.8812142 | 63.4273896 | 35.2559719 | 36.9869665 | 32.2504042 | 34.8311142 | 2.39669223 | 1.3837309

90 47.5357657 | 34.4853684 | 50.1318056 | 50.3739049 | 63.7110285 | 46.4520046 | 53.5123127 | 9.04741288 | 5.22352626

120 35.2285996 | 16.9209324 | 37.4102059 | 63.2222641 | 82.1940939 | 60.040507 | 68.4856217 | 11.9780028 | 6.91550317

150 26.6785628 | 0 28.2809256 | 72.1482787 | 100 69.7918944 | 80.6467244 | 16.8017884 | 9.70051707
Table S19 - A table displaying the Grubb’s Test values calculated utilising the data in Table S18.

Time (minutes) Grubb’s Test

Run 1 Run 2 Run 3

0 0 0 0

30 -0.5669509 -0.5876876 1.15463847

60 0.17726836 0.89951153 -1.0767799

90 -0.3468846 1.12725218 -0.7803676

120 -0.4394186 1.14447061 -0.705052

150 -0.505806 1.15185807 -0.6460521
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Table S20 - A table displaying the degradation (%) calculated for the degradation of ibuprofen when utilising 1 M NaCl supporting electrolyte.

Time Calculated Concentrations Degradation (%)

(minutes) Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Average St Dev Error

0 92.7813459 | 92.7941387 | 91.9326078 | 0 0 0 0 0 0

30 74.5133085 | 73.5375817 | 75.6418694 | 19.6893429 | 20.7519109 | 17.7203049 | 19.3871863 | 1.53822387 | 0.88809397

60 55.0673173 | 55.1171898 | 53.1195796 | 40.6482879 | 40.6027249 | 42.2190006 | 41.1566711 | 0.9202863 | 0.53132754

90 31.3223356 | 31.9748668 | 27.5130532 | 66.2406971 | 65.5421481 | 70.0725848 | 67.2851433 | 2.43913204 | 1.40823354

120 18.444297 | 18.3173282 | 13.2224955 | 80.1206839 | 80.260253 | 85.6171865 | 81.9993745 | 3.13389418 | 1.80935465

150 9.19893258 | 0 0 90.0853642 | 100 100 96.6951214 | 5.72421767 | 3.30487861
Table S21 - A table displaying the Grubb’s Test values calculated utilising the data in Table S20.

Time (minutes) Grubb’s Test

Run 1 Run 2 Run 3

0 0 0 0

30 0.19643218 0.88720808 -1.0836403

60 -0.5524186 -0.6019281 1.15434668

90 -0.4282041 -0.7145965 1.14280056

120 -0.5994748 -0.5549394 1.15441422

150 -1.1547005 0.57735027 0.57735027
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Appendix 2.9

During the hydroxyl radical quantification, it was assumed that no umbelliferone was present
as the PL spectrum below demonstrates the curve expected when umbelliferone is present in
the solution. This was very different from the PL spectra obtained during the hydroxyl radical

quantification experiment (Figure 4.15).
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Figure S9 - The PL spectrum for a umbelliferone standard with a concentration of 0.2 uM.

Page 229



Katherine Davies

For the quantification of H>O> then quanitofix stripes were utilised and can be seen in the image

below of how it works.

Figure S10 - Photograph of Quanitofix stripes, the stripes after immersed in the electrolyte referred

with colour code which infers the range of hydrogen peroxide quantity in mg/L.

While the table below displays all the H>O; values obtained during the BAC-C12 and S2NS

degradation experiments.

Table S22 - A table displays all the amounts of H>O: produced during the degradation of ibuprofen.

Time H>O: produced during ibuprofen
Degradation (mg/L)
Runl |Run2 | Run3 | Average

0 0 0 0 0

30 0 0 0 0

60 3 1 1 1.67

90 3 1 1 1.67

120 3 1 3 2.33

150 3 1 3 2.33

The table below shows all the pH values obtained for the ibuprofen solutions before and after

treatment.
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Table S 23 - A table displaying all the amount of H>O: produced during the degradation of ibuprofen.

Time pH during ibuprofen Degradation
(mg/L)
Runl |Run2 | Run3 | Average
Before 4.05 4.05 4.06 4.05
After 2.61 2.62 2.71 2.65
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Appendix 2.10

The figures below are spectra taken from the LC-MS work conducted for the identification of

the ibuprofen degradation by-products.

IBF standard 10ug_mL MS2 ES-
. 28.07 204
100 3.63e7
2319 2438 25.76 26.68
28.10
23.01
22.11 28.25
28.38 29.48
. 19.07 19.89 21,69 2953
=
20.17
17 9718.69
17.8 29.67
17.6: 29.79
16.67 9.89
30.20
30.64
Y T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1 Time
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00

Figure S11 - Full mass scan of an ibuprofen standard utilising the electrospray in negative mode.

IBF standard 10ug_mL_pos

MS2 ES+

17.85 206
100+
6.69e7
14.43 17.80.
14.28 [14.47
23.08 29.48
2106 26.33 29.58
z 29.33/[129-
14.57 17.95 21.51 24.55 28.15
17.70 i 9.65
2052 2373 2082
18.00
= loos ms | 2% 20.90
1028 12.23 1263 1332 | 14.80 4579 : 2213 26.96 - 3270
s IR £ 101 31343279 33643309
.45 X . .
o1 292 352 5.99 8.49 4.20
Y T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1 Time
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00
Figure S12 - Full mass scan of an ibuprofen standard utilising the electrospray in positive mode.
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Figure S13 - Full mass scan of the sample taken at the end of the ibuprofen degradation experiments
using the optimised LC-MS method.
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Appendix 2.11

The figures below are the spectra obtained during the fragmentation step of the LC-MS analysis

of the samples collected at the end of the ibuprofen degradation experiments.
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Figure S14 - The product scan of compound 239 in the sample.
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Figure S15 - The product ions obtained from the fragmentation of compound 239.
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Figure S16 - The product scan of compound 223 in the sample.
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Figure S17 - The product ions obtained from the fragmentation of compound 223.
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Figure S18 - The product scan of compound 221 in the sample.
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Figure S19 - The product ions obtained from the fragmentation of compound 221.
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Figure S20 - The product scan of compound 177 in the sample.
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Figure S21 - The product ions obtained from the fragmentation of compound 177.
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Appendix 3.1

The chromatograms below were obtained for the blank standards analysed by the LC-UV after
the multiple injections of the high concentration standard of BAC-C12 and S2NS.

VWD1 A, Wavelength=260 nm (QAC_BAC_C12_CC_27042021 2021-04-27 15-59-11001-1301.)
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Figure S22 - The chromatogram of the blank sample after the reproducibility tests of BAC-C12 of day
1.
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Figure S23 - The chromatogram of the blank sample after the reproducibility tests of BAC-C12 of day

2.
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VWD1 A, Wavelength=273 nm (SUF_S2NS_KF_CALIBRATION_CURVE_04082021V2 2021-08-04 19-11-04\001-0101.D)
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Figure §24 - The chromatogram of the blank sample after the reproducibility tests of S2NS of day 1.
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Figure S25 - The chromatogram of the blank sample after the reproducibility tests of S2NS of day 2.
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Appendix 3.3

The tables below are displaying the peak areas obtained from the LC-UV analysis of the
reproducibility standard for BAC-C12 (200 pg/mL) and S2NS (100 pg/mL) for day 1 and 2.

Included in the tables are the calculated mean peak areas, the standard deviation, and the CV%.

Table S24 - A table displaying the results from the reproducibility test for BAC-C12 for day 1.

Mean Peak Standard
Sample Name Peak Area Area Deviation | CV%
Peak Area

Reprod 1 200ug | 217.65294

Reprod 2 200ug | 218.13051

Reprod 3 200ug | 217.82297

Reprod 4 200ug | 217.81638

Reprod 5 200ug | 217.20992

Reprod 6 200ug | 218.46243

Reprod 7 200ug | 218.36565

Reprod 8 200ug | 218.93985

Reprod 9 200ug | 218.58202

Reprod 10 200ug | 218.09613 | 218.10788 0.50434034 | 0.23123435

Table S25 - A table displayin

the results from the reproducibility test for BAC-C12 for day 2.

Mean Peak Standard
Sample Name Peak Area Deviation | CV%
Area
Peak Area
Reprod 11 200ug | 219.65466
Reprod 12 200ug | 219.27426
Reprod 13 200ug | 218.76264
Reprod 14 200ug | 218.68179
Reprod 15 200ug | 218.62801
Reprod 16 200ug | 218.64725
Reprod 17 200ug | 217.69292
Reprod 18 200ug | 218.90443 | 218.780745 0.56785492 | 0.25955434

Similar to the ibuprofen injection repeatability, the coefficient of variation (CV %) was utilised
to help calculate the spread of the variables. While the F-test was utilised to determine the

difference between the two sets of data.
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Coefficient of Variation (%):

CV (%) = 0.50434034 100 = 0.23% (to2d
(%) = —ig1078g < 100 =0.23% (to 2d.p)
F-test:
0.567854922
F —test = = 1.27 (to 2d.p)

0.504340342

Table S26 - A table displaying the results from the reproducibility test for S2NS for day 1.
Standard
Mean . L.
Sample Name Peak Area Deviation | CV%
Peak Area
Peak Area
Reprod 100ug 1 2378.47363
Reprod 100ug 2 2373.63892
Reprod 100ug 3 2366.6521
Reprod 100ug 4 2374.94971
Reprod_100ug_5 236744823 | 350 92688 | 526138738 | 0.22191268
Reprod 100ug 6 2362.70435
Reprod 100ug 7 2365.68921
Reprod 100ug 8 2371.70581
Reprod 100ug 9 2377.44531
Reprod 100ug 10 2370.56152

Table S27 - A table displaying the results from the reproducibility test for S2NS for day 2.

Sample Name

Peak Area

Mean
Peak Area

Standard
Deviation
Peak Area

CV%

Reprod 100ug 11

2554.06519

Reprod 100ug 12

2419.14233

Reprod 100ug 13

2388.57056

Reprod 100ug 14

2394.01733

Reprod 100ug 15

2379.30566

Reprod 100ug 16

2381.66162

Reprod 100ug 17

2384.38354

Reprod 100ug 18

2391.32959

2411.55948

58.8989032

2.44235748
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Coefficient of Variation (%):

CV (%) = 526138738 x 100 = 0.22% (to2d
°) = 2370.92688 = 022% (to 2d.p)
F-test:
58.89890322
F—test= ———————= 12532 (to 2d.p)

5.261387382

Page 240



Katherine Davies

Appendix 3.4

The retention time repeatability was also assessed and the data was recorded in the tables below. Each table contained the retention time (RT) for
the solvent front, the retention time of BAC-C12 or S2NS, adjusted RT, mean RT, mean adjusted RT, standard deviation RT, standard deviation
adjusted RT, CV% RT and CV% adjusted RT.

Table S28 - A table displaying the results from the reproducibility test for BAC-C12 for day 1.

Solvent . Mean Standard Stalfda.rd o

Sample Name Front lS;ilrmple ﬁdT]usted %’I;an Adjusted | Deviation KZ;’:;?:; %CV RT :d(;l‘lfs ted RT
RT RT RT RT

Reprod 1 200ug | 1.579 13.119 | 11.54

Reprod 2 200ug | 1.586 13.111 | 11.525

Reprod 3 200ug | 1.582 13.101 | 11.519

Reprod 4 200ug | 1.582 13.103 | 11.521

Reprod 5 200ug | 1.582 13.101 | 11.519

Reprod 6 200ug | 1.585 13.097 | 11.512

Reprod 7 200ug | 1.586 13.084 | 11.498

Reprod 8 200ug | 1.585 13.084 | 11.499

Reprod 9 200ug | 1.583 13.098 | 11.515

Reprod 10 200ug | 1.584 13.098 | 11.514 13.0996 | 11.5162 | 0.0106479 | 0.01217283 | 0.08128416 | 0.10570179
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Table S29 - A table dis

laying the results from the reproducibility test for BAC-C12 for day 2.

Standard °

Sample Name sl I EAREE adizstel Mean RT ygjﬁlnsted ]S)t:\:;g?il(;(lil DeYiation %CV RT fd(;l:;ted
Front RT | RT RT Adjusted
RT RT RT

RT
Reprod 11 200ug | 1.595 13.06 11.465
Reprod 12 200ug | 1.596 13.052 11.456
Reprod 13 200ug | 1.586 13.066 11.48
Reprod 14 200ug | 1.585 13.072 11.487
Reprod 15 200ug | 1.588 13.076 11.488
Reprod 16 200ug | 1.587 13.076 11.489
Reprod 17 200ug | 1.583 13.086 11.503
Reprod 18 200ug | 1.584 13.085 11.501 13.071625 | 11.483625 | 0.01180723 | 0.0163002 | 0.09032719 | 0.14194296

Coefficient of Variation (%):
CV (%) = M X 100 = 0.08% (to 2d.p)
13.0996
Adjusted RT CV (%) = M X 100 = 0.11% (to 2d.p)
11.5162

F-test:
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. _ 0080723 _
~test = G 0106a792 - 081 (to2d.p)
0.01630022

Adjusted RT F — test = = 0.81(to2d.p)

0.0121728322

Table S30 - A table displaying the results from the reproducibility test for S2NS for day 1.

Standard
. Mean Standard . %CV
Sample Name sl I EAREE adizstel Mean RT | Adjusted | Deviation DeYlatlon %CV RT | Adjusted
Front RT | RT RT Adjusted
RT RT RT

RT
Reprod 100ug 1 |0 2.541 2.541
Reprod 100ug 2 | 0 2.548 2.548
Reprod 100ug 3 |0 2.534 2.534
Reprod 100ug 4 |0 2.562 2.562
Reprod 100ug 5 1 0 2.577 2.577 2,546 2.546 0.01379211 | 0.01379211 | 0.5417167 | 0.5417167
Reprod 100ug 6 |0 2.538 2.538
Reprod 100ug 7 |0 2.536 2.536
Reprod 100ug 8 |0 2.549 2.549
Reprod 100ug 9 |0 2.536 2.536
Reprod 100ug 10| 0 2.539 2.539
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Table S31 - A table displaying the results from the reproducibility test for S2NS for day 2.

Standard
. Mean Standard . L. %CV
Sample Name sl I EAREE adizstel Mean RT | Adjusted | Deviation DeYlatlon %CV RT | Adjusted
Front RT | RT RT Adjusted
RT RT RT

RT
Reprod 100ug 11 | 0 2.517 2.517
Reprod 100ug 12 | 0 2.573 2.573
Reprod 100ug 13 | 0 2.553 2.553
Reprod_100ug 14 | 0 2.557 2.557 2533625 | 2533625 | 0.05128057 | 0.05128057 | 2.02399983 | 2.02399983
Reprod 100ug 15 | 0 2.554 2.554
Reprod 100ug 16 | 0 2.564 2.564
Reprod 100ug 17 | 0 2.537 2.537
Reprod 100ug 18 | 0 2414 2414

Coefficient of Variation (%):

CV (%) = 001379211 100 = 0.54% 2d
(%) = 2546 X = 0.54% (to 2d.p)
F-test:
o tost 0.051280572 13.82 (t0 2 d.p)
€St = 0013792112~ oeelto<adp
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Appendix 3.5

The peak areas and retention times obtained for the calibration standards for BAC-C12 and S2NS are displayed below with the calculated

concentrations.
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Table S32 - A table displaying the peak areas and actual concentrations obtained for the BAC-C12 calibration standards.

Theoretical Concentration Calculated Concentration

Standard Name (ng/mL) RT Peak Area (ng/mL)

CC 1 10ug 10 13.754 11.70619 10.53389846
CC 2 10ug 10 13.738 11.2481 10.11010736
CC 3 10ug 10 13.72 11.60795 10.44301406
CC 1 30ug 30 13.583 33.17486 30.39512966
CC 2 30ug 30 13.582 32.96526 30.20122319
CC_3_30ug 30 13.573 33.61972 30.80668135
CC_1 50ug 50 13.494 56.22143 51.71611764
CC 2 50ug 50 13.49 56.25807 51.75001427
CC 3 50ug 50 13.463 56.52287 51.99498772
CC_1 70ug 70 13.419 75.13461 69.21319784
CC 2 70ug 70 13.413 75.30601 69.37176449
CC 3 70ug 70 13.384 75.31934 69.38409642
CC_1 _100ug 100 13.324 106.77576 98.4852578
CC_2 100ug 100 13.324 106.54575 98.2724695
CC_3 100ug 100 13.314 106.99535 98.68840628
CC 1 130ug 130 13.242 137.92792 127.3049403
CC 2 130ug 130 13.242 137.71107 127.1043266
CC 3 130ug 130 13.223 137.96506 127.3392994
CC 1 160ug 160 13.178 173.13635 159.8771848
CC 2 160ug 160 13.142 173.11691 159.8592003
CC 3 160ug 160 13.153 174.4402 161.0834107
CC 1 200ug 200 13.116 218.53975 201.8810641
CC 2 200ug 200 13.115 217.9735 201.3572113
CC 3 200ug 200 13.062 219.56224 202.8269965
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Table S33 - A table displaying the data collected and calculated for the BAC-C12 QC standards (including the accuracy and precision)

Theoretical Calculated
Standard Concentration Peak Concentration Mean Accuracy
Name (ng/mL) RT Area (ng/mL) Accuracy Concentration | St Dev % Precision %
QC Low 1 20 13.651 22.2771 20.3133253 1.56662648
QC Low 2 20 13.642 23.82866 | 21.74871426 8.74357128
QC Low 3 20 13.654 22.7855 20.78365951 3.91829753
QC Low 4 20 13.628 22.8889 20.87931757 4.39658783
QC Low 5 20 13.637 22.6436 20.65238409 3.26192043 | 20.8754801 0.5330979 | 4.37740071 | 2.55370367
QC Mid 1 80 13.356 86.1977 79.44795333 -0.6900583
QC Mid 2 80 13.37 88.04369 | 81.15572723 1.44465904
QC Mid 3 80 13.378 87.27119 | 80.44106716 0.55133395
QC Mid 4 80 13.387 86.1606 79.41363115 -0.7329611
QC Mid 5 80 13.383 86.0648 79.32500405 -0.8437449 | 79.9566766 0.81010255 | -0.0541543 | 1.01317687
QC High 1 180 13.12 196.85699 | 181.8217726 1.0120959
QC High 2 | 180 13.136 185.95311 | 171.7343065 -4.592052
QC High 3 | 180 13.123 197.37794 | 182.3037172 1.27984287
QC High 4 | 180 13.12 197.82578 | 182.7180257 1.51001429
QC High 5 | 180 13.114 197.19125 | 182.1310053 1.18389185 | 180.141765 4.71105131 | 0.07875859 | 2.61519104
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Table S34 - A table displaying the peak areas and actual concentrations obtained for the S2NS calibration standards.

Theoretical Calculated
Concentration Concentration

Standard Name (ng/mL) RT Peak Area | (ng/mL)

CC 1 lug 1 2.814 39.22562 1.669058194
CC 2 lug 1 2.773 38.77045 1.649827999
CC 3 lug 1 2.808 39.08579 1.663150603
CC 1 2ug 2 2.791 47.97499 2.038704894
CC 2 2ug 2 2.777 46.38802 1.971657984
CC 3 2ug 2 2.774 46.74127 1.986582224
CC 1 5ug 5 2.784 117.53805 | 4.977631424
CC 2 5ug 5 2.734 116.92992 | 4951938918
CC 3 5ug 5 2.81 117.35737 | 4.969997987
CC 1 10ug 10 2.771 240.0502 10.15357118
CC 2 10ug 10 2.804 237.57355 | 10.04893673
CC 3 10ug 10 2.78 240.44299 | 10.17016592
CC 1 20ug 20 2.687 472.13666 | 19.95884793
CC 2 20ug 20 2.713 467.60733 | 19.76749108
CC 3 20ug 20 2.733 481.22787 |20.34293681
CC 1 40ug 40 2.679 930.75647 | 39.33479152
CC 2 40ug 40 2.656 918.74347 | 38.82726174
CC 3 40ug 40 2.694 941.45502 | 39.78678792
CC 1 60ug 60 2.632 1400.24048 | 59.16972995
CC 2 60ug 60 2.646 1386.20764 | 58.57686521
CC 3 60ug 60 2.649 1412.63892 | 59.69354395
CC 1 100ug 100 2.505 2383.46777 | 100.7094892
CC 2 100ug 100 2.411 2353.39648 | 99.43902598
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CC 3 100ug | 100 | 2573 | 241737476 | 102.1420046 |

Table S35 - A table displaying the data collected and calculated for the S2NS QC standards (including the accuracy and precision).

Theoretical Calculated
Standard Concentration Concentration Mean Precision
Name (ng/mL) RT Peak Area | (ug/mL) Accuracy | Concentration | St Dev Accuracy % %
QC Low 1 | 1.5 2,782 | 45.08815 1.916740584 27.7827056
QC Low 2 | 1.5 2.731 | 42.17295 1.793578109 19.5718739
QC Low 3 | 1.5 2.792 | 42.02041 1.787133541 19.1422361
QC Low 4 | 1.5 2.787 | 51.27543 2.178143135 45.2095423
QC Low 5 | 1.5 2.815 | 38.3292 1.631185902 8.74572679 | 1.86135625 0.20402367 | 24.0904169 10.9610221
QC Mid 1 |15 2.731 |366.70914 | 15.50470609 3.3647073
QC Mid 2 | 15 2.757 | 367.78326 | 15.55008592 3.66723949
QC Mid 3 |15 2.77 364.73294 | 15.42121485 2.80809898
QC Mid 4 | 15 2.747 | 364.55585 | 15.41373308 2.75822055
QC Mid 5 | 15 2.725 | 366.7392 15.50597608 3.37317387 | 15.4791432 0.05924633 | 3.19428804 0.38274944
QC High 180 2.558 | 1909.46338 | 80.68357208 0.8544651
QC High 2|80 2.569 | 1947.9021 | 82.30754569 2.88443212
QC High 3|80 2.612 | 1904.16321 | 80.45964849 0.57456061
QC High 4|80 2.567 | 1902.37732 | 80.38419753 0.48024691
QC High 5] 80 2.589 | 1915.65198 | 80.9450304 1.181288 80.9559988 0.78650111 | 1.19499855 0.97151677
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Appendix 3.6

For the quantification of H2O2 then quanitofix stripes were utilised and can be seen in the image

below of how it works.

E
6
o7 31202

Figure S26 - Photograph of Quanitofix stripes, the stripes after immersed in the electrolyte referred
with colour code which infers the range of hydrogen peroxide quantity in mg/L.

While the table below displays all the H2O> values obtained during the BAC-C12 and S2NS
degradation experiments.

Table S 36 - A table displaying all the amount of H>O: produced during the degradation of BAC-CI12
and S2NS.

Time H»0; produced during BAC-C12 H»0; produced during S2NS
Degradation (mg/L) Degradation (mg/L)
Runl |Run2 |Run3 |Average | Runl |Run2 | Run3 | Average

0 0 0 0 0 0 0 0 0

30 0 0 0 0 0 0 0 0

60 3 3 1 2.33 0 0 0 0

90 10 3 3 5.33 0 0 0 0

120 10 3 3 5.33 3 3 3 3

150 10 3 3 5.33 10 10 3 7.67

The table below shows all the pH values obtained for the BAC-C12 and S2NS solutions before

and after treatment.
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Table S37 - A table displaying all the amount of H>O> produced during the degradation of BAC-CI12

and S2NS.
Time pH produced during BAC-C12 pH produced during S2NS
Degradation (mg/L) Degradation (mg/L)
Runl |Run2 | Run3 | Average | Runl |Run2 | Run3 | Average
Before 5.92 5.69 5.78 5.80 6.04 6.01 5.88 5.98
After 248 2.62 2.69 2.60 2.64 2.56 2.58 2.59
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