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ABSTRACTS

Emerging micropollutants such as bisphenol-A and 2-nitrophenol present a great threat in
drinking water due to their adverse effects. Most conventional technologies in water and
wastewater treatment are not designed to eliminate these xenobiotics; instead pollutants are
merely transferred from one phase to another. Advanced oxidation technologies (AOTS)
however, have been identified as suitable routes for the degradation of these potentia
damaging substances based on free radical mechanisms and use of less expensive chemicals.
Moreover, due to the structural complexity of wastewater and the existence of pollutants as
mixtures, no single advanced oxidation technology can convincingly remove al forms of
contaminants and then most often than not, a combination of treatment processes is required
for an effective purification process. Besides, the problem of adequate degradation of
emerging contaminants in the environment, when AOT(s) are used individually, they present
inherent problems. For instance, powder TiO. photocatalysts obstruct light penetration, thus
prevent effective interaction of UV light with the target pollutants, and particulates present
problems of post-filtration and recovery of catalyst particles after treatment. Additionaly,
TiO2 has a high band gap energy, high electron-hole recombination rate, and is prone to
aggregation of the suspended particles. Similarly, the dielectric barrier discharge (DBD)
system produces ultraviolet light and hydrogen peroxide within the plasma zone which is not
fully maximised for the mineralization of persistent organic pollutants. Rapid oxidation and
aggregation of nano zero valent iron particles in photo-Fentons process reduce the particles
mobility and affect its performance. In the same vein, the jet loop reactor (JLR) system is
characterised by low impingement yield, which is responsible for low mineralization rate. In
light of this background, this research investigated the degradation of bisphenol-A and 2-
nitrophenol in aqueous solution using the following combined advanced oxidation methods:
DBD/supported TiO2 or Ag doped TiO. photocatalysts, DBD/photo-Fenton induced process
and JLR/UV/H20,. The target was to assess the performance of each single system and then
identify the best combined AOTSs capable of significantly mineralizing the target compounds.
Firstly, two materials were developed namely supported TiO2 and stabilized nano zero valent
Fe. The TiO2 photocatalyst supported on a stainless steel mesh was synthesised using sol-gel
solution of 8 % PAN/DMF/TiCls. The influence of calcination temperature and holding time
on the formation of nanocrystals was investigated. Afterwards, various amounts of metallic
silver were deposited on the (optimum) supported TiO. photocatalyst using thermal
evaporation. The catalysts were characterized by several analytical methods, HRSEM,
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HRTEM, EDS, SAED, FTIR, TGA-DSC, UV-viddiffuse reflectance spectroscopy, XRD,
BET, and XPS. The photocatalytic activity of the prepared catalysts was determined using
methylene blue as a model pollutant under ultra-violet light irradiation. Secondly, the TiO>
photocatalyst and 2.4 % Ag doped TiO2 nanocomposites obtained as optimums (in section 1)
were combined with the DBD to decompose BPA or 2-NP in aqueous solution. Moreover, the
photo-Fenton process was applied for degradation of the model pollutants, and different
dosages of stabilized nZV1 (in the range of 0.02 -1.00 g) were added to the DBD system to
induce the photo-Fenton process and improve BPA or 2-NP degradation efficiency. Finally, a
jet loop reactor (JLR) presenting advanced mixing by the impinging effectCivas explored to

decompose BPA or 2-NP in agueous solution as a function of inlet applied pressure, solution
pH, and initial concentration of BPA or 2-NP. Subsequently, different concentrations of
hydrogen peroxide (H20.) were added to the JLR to enhance the mineralization process.
Furthermore, a combination of JLR with in-line UV light and H20. were further utilised to
decompose BPA or 2-NP in agueous solution. The residua concentration of the model
compounds and intermediates were analysed using high performance liquid chromatography
(HPLC) and liquid chromatography mass spectrometry (LCMS). The concentration of the
ozone, hydrogen peroxide and hydroxyl radicals generated by the DBD in the presence or
absence of a catayst was monitored using Ultraviolet-visible spectroscopy and
Photol uminescence spectroscopy.

The results revealed that the optimal thermal conditions to obtain well supported uniformly
grown, highly active crystalline TiO. catalysts with high specific surface areawas 350 °C at a
3 h holding time in N2 atmosphere with aflow rate of 20 mL/min. Pyrolysis temperature and
holding time played an important role on the crystalline nature and photocatal ytic activity of
the catalyst. Moreover, 2.4 % Ag doped TiO2 nanocomposites exhibited higher photocatal ytic
activity for methylene blue degradation than the undoped supported TiO> nanocrystals. The
results indicated that combining DBD with 2.4 % Ag doped TiO2 nanocomposites achieved
89 % and 81 % removal efficiency for BPA or 2-NP compared to 67.22 % or 56.8 % obtain
when using the DBD system alone. The 2.4 % Ag doped TiO2> nanocomposites demonstrated
excellent activity and offered photochemical stability after four repeated applications.

In the case of the photo-Fenton induced process, nano zero vaent iron particles (nZV1)
stabilized with polyethylene glycol were synthesised using a modified borohydride reduction
method. The HRSEM, BET, XRD, and XPS analysis confirmed the formation of filamentous,

high surface areairon nanoparticles in the zero valent state. Unlike combined DBD/Ag doped
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TiO2 nanocomposites, 100 % or complete removal of BPA or 2-NP in agueous solution was
achieved with DBD/nZV1 system within 30 minutes compared to 67.9 % (BPA) or 56.8 %
(2-NP) with DBD alone after 80 minutes. The removal efficiency was attributable to the
production of an increased concentration of OH radicals as well as existence of a synergetic
effect in the combined DBD/nZV | system.

Five new transformation products namely: 4-nitrophenol (CeHsNOzs), 4-nitrosophenolate
(CeHaNO2),  4-(prop-l-en-2-yl)  cyclohexa-3,5-diene-1,2-dione,  (CoHsO2),  4-(2-
hydroxylpropan-2-yl)cyclohexane-3,5-diene-1,2-dione (CoH1003), and 1,2-dimethyl-4-(2-
nitropropan-2-yl)benzene (CoH10NOa4) were identified during the degradation of BPA. While,
three aromatic intermediate compounds such as 2-nitro-1,3,5-benzenetriolate (CeH2NOs), 2-
nitro-1,4-benzoquinone (CsH3NOa), and 2,5-dihydroxyl-1,4-benzoquinone (CsH4Oa)
respectively were identified during the degradation of 2-NP for the first timein the DBD with
JT14 or JT17 using LC-MS. These intermediate compounds have never been reported in the
literature, thereby expanding the number of BPA or 2-NP intermediates in the data base in the
DBD/JT14 or DBD/nZV1 system. BPA degradation proceeded via ozonation, hydroxylation,
dimerization, and decarboxylation and nitration step, while 2-NP proceeded via
hydroxylation, nitration and denitration respectively.

Furthermore, maximum removal efficiency of BPA or 2-NP in aqueous solution using JLR
alone under the optimum solution pH (3), inlet pressure (4 bar), flow rate (0.0007 m®/s) was
14.0 % and 13.2 % respectively after 80 minutes. A remova efficiency of 34.9 % was
recorded for BPA while 33.2 % was achieved for 2-NP using combined JLR/UV under the
same conditions as JLR aone. For the combined JLR/H2O> under optimum conditions of
inlet pressure (4 bar), solution pH (3) and peroxide dosage (0.34 g/L), a 51.3 % and 50.1 %
remova efficiency was achieved for BPA and 2-NP respectively under same conditions
relative to JLR alone. Combination of JLR/UV/H20, achieved 77.7 % (BPA) or 76.6 % (2-
NP) removal efficiency under the same conditions. The combined JLR/UV/H20- process was
found to be most effective combination under the optimized operating parameters due to
existence of a synergetic index value of 6.42 or 6.84. Thisimplies that JLR should be coupled
with UV and H2O: to achieve greater mineraization efficiency instead of using the system
individually. The obtained experimental data of these combined treatment processes fitted the
pseudo-first order kinetic models. The combination of the JLR/UV/H20. was found to be
energy efficient and could effectively degrade BPA or 2-NP in agueous solution to a greater
extent than the JLR, JLR/UV or JLR/H20- system. However, the total organic carbon (TOC)
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reduction value by all combined DBD and JLR system recorded was not completely achieved
due to the formation of recalcitrant intermediate compounds under the applied conditions.

In conclusion, this study is reporting for the first time a combination of supported 2.4 % Ag
doped TiO2 nanocomposites with dielectric barrier discharge system for BPA/2-NP
degradation in agueous solution; a combination jet loop reactor based on impingement with
in-line UV lamp and H20O: for successfully decomposing BPA or 2-NP in agueous solution;
aswell as acombination of dielectric barrier discharge system and stabilised nano zero valent
iron particles, which induced a photo-Fenton process for highly effective removal of BPA or
2-NP in aqueous solution. This study conclusively supports the hypothesis that combined
advanced oxidation technologies offer a sustainable and highly efficient means of achieving
partial or complete removal of BPA or 2-NP in agueous solutions. Considering all the
combinations of AOTs investigated in this study, the novel DBD/photo-Fenton-induced
process under optimised operating parameters was found to be the most efficient in the
elimination of BPA or 2-NP in agueous solutions. The combination of DBD with photo-
Fenton like process offers a promising advanced wastewater purification technology in the
immediate future. Based on these findings, it is recommended that DBD should be re-
designed to prevent loss of ozone and JLR system reconfigured to increase impingement and
cavitational yield in order to have an effective combination treatment strategy for wastewater

purification especialy in large scale wastewater management.
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CHAPTER ONE

1 INTRODUCTION
This chapter presents a brief background on the global importance of clean water as well as

the associated problems limiting availability of potable water. This chapter aso contains
information of emerging micropollutants in water. The background, problem statement,
motivations, aims and objectives, research approach, research hypothesis including the scope,

delimitations and thesis outline are aso presented in this chapter.

1.1  Background of the study

Water sustains all life and needs to be preserved from pollution in order to maintain public
health and pristine ecologies. The lack of sufficient, sustainable sources of clean drinking
water has been linked to factors such as global climate change, industrialization,
overpopulation and agricultural practices. It is worthy to note that despite the intervention by
various governmental and non-governmental organizations globally, in 2013 United Nations
Environment Programme (UNEP) and World Heath Organization (WHO) reported that
approximately 1.1 billion people do not have access to reliable drinking water. Another 2.6
billion people, mostly in Africaand Asia, lacked access to functional hygienic facilities while
over 2.2 million children below the age of five die of waterborne epidemics annually. It is
anticipated that more than two-thirds of the world population will be without access to clean
drinking water by 2025 (Belgiorno et al., 2007; Fawell and Ong, 2012). In South Africa
alone, close to 5.7 million people do not have access to safe drinking water while 17118
million people lack access to adequate sanitary services (DWA, 2012). While there is
growing concern about the persistent water crisis, the available potable water is often not
completely suitable due to the presence of low quantities of persistent and emerging
contaminants that are potentially harmful to humans and other living organisms (Boithias et
a., 2014; Petrie et d., 2015; Steffen et a., 2011).

In the last couple of years, increased industrial and high-tech activities have contributed to
improving gross domestic products and the standard of living. In spite of the increasing
awareness and stringent environmenta regulatory frameworks, environmental pollution has
now become endemic thus demands urgent intervention. Furthermore, the direct discharge of
untreated industrial and domestic wastewater which contains unpleasant odour, high pH,

strong colour, high chemical oxygen demand (COD), biochemical oxygen demand (BOD),
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total organic carbon (TOC), and other soluble substances into rivers continues to deplete the
little available freshwater and impacts negatively on the water quality (Hussaini et a.,
2013).These anthropogenic activities have forced many citizens to seek and use water from
unconventional sources which have triggered health challenges among humans and other
Species.

While some previously used, harmful chemicals are being phased out of products, new
chemicals are being manufactured and incorporated into products to meet human needs.
These groups of chemicals are of great public heath concern and are collectively called
chemicals of emerging concern (CEC) (Richardson and Ternes, 2011; Kolle et al., 2013).
According to the US Geologica Survey, (2014), CEC are new chemicals without regul atory
status which modulate the hormonal growth in the endocrine system and affect the
physiological activities of endogenous hormones. In spite of the Stockholm Convention
known as the Persistent Organic Pollutants Treaty of 2001 and the Berlaymont Declaration of
2013 to protect humans and aquatic species from risks associated with exposure to these
chemicals, the number of exogenous chemicals particularly phenolic compounds and their
metabolites are on the increase in environmental waters. Their perceived toxicity and
environmental persistence have dominated public discussions especially among the expertsin
the field of water and wastewater management (Jiang et al., 2013; Trapido et a., 2014;
Manickum and John, 2014). These chemicals which include bisphenol-A (BPA), 2-
nitrophenol (2-NP), akylphenols, nonylphenol, phthalates, ethinylestradiol, 17 [3 Estradiol
(E2) are introduced into the environment via different point and non-point sources such as
industrial emission, direct disposal of untreated effluents containing drugs, human and animal
medical care products amongst others ( Magureanu et a., 2010).

With advances in analytical instrumentation and detection techniques, a sizeable number of
CEC have been successfully identified and quantified at low concentrations in different water
sources including drinking water by different scientists (Magureanu et a., 2010; Trapido et
al., 2014). Furthermore, exposure to these chemicals via drinking water, or consumption of
food irrigated with reclaimed water containing these substances have been reported to disrupt
hormonal body functions and subsequently lead to cancerous tumours, early puberty, heart
disease, obesity, birth defects, and other unpredicted abnormalities especially in aquatic
species (Kolle et al., 2013; Tijani et a., 2013). While the health effect of BPA and 2-NP on
human beings is still a subject of debate and needs further investigation, low sperm count,

reduced fertility and reproductive malfunctions is on the increase in humans these days.
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There are suspicions that most newly identified micropollutants, particularly BPA or 2-NP,
may play acrucial role and perhaps be responsible for these manifestations.

Therefore, industrial wastewater containing endocrine-disrupting compounds must be treated
prior to discharge into the environment. It is necessary from both the legal and ecological
point of view to develop cost effective and long-term, sustainable purification techniques to
be applied as a polishing step to tackle the ever increasing burden of emerging organic

pollutantsin water in order to prevent short and long-term health effects or impacts.

1.2 Rationaleand Motivation

To date, studies still uphold advanced oxidation technologies (AOTs) as the most
environmental friendly and promising techniques intensively studied for the decomposition of
recalcitrant organic pollutants in water (Fabiola et a., 2010; Luiz et a., 2009). The
degradation occurs in the presence of powerful oxidants especially hydroxyl radicals at
ambient temperature and pressure (Chong et al., 2012; Oller et a., 2011). These free reactive
species are short-lived, could exist alone or in a mixture, athough very little information
exists on the contribution made by the individual active species regarding the decomposition
of the target pollutants. Among the chemically reactive species produced by AOTSs, hydroxyl
radicals remain the most powerful, reactive and non-selective species with the highest
oxidation potential capable of oxidizing organic pollutants via hydrogen abstraction as well
as electron transfer into harmless end products such as CO2 and H2O (Klavarioti et al., 2009).
These free reactive species, particularly hydroxyl radicals, could be produced viamost AOTs
techniques such as the Fenton and photo-Fenton process, electrochemical oxidation, corona
discharge, heterogeneous photocatalysis, photolysighydrogen peroxide, ozonation and
cavitation, photolysis of hydrogen peroxide and ozone, wet oxidation, sonolysis among
others.

The different advanced oxidation technologies mentioned above have been employed either
individually or in combination to degrade the target pollutants (Bothias et a., 2014).
However, due to the structural and chemical complexity of wastewater vis-a-viz the existence
of pollutants as mixtures, no single technology manages to remove al the pollutants and most
often a combination of treatment processes are required to effectively purify the water. To
buttress this point, several studies have shown that combined treatment techniques are
beneficial and more economical, offering greater efficiency than a single technology (Oller et
al., 2011). Combined techniques allow the exploitation of each methodIs strength to provide
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synergy, as well as supplementing each process in the overal interest of obtaining a
sustainable treatment system. These synergistic effects could also enhance the generation of
powerful oxidants, decrease mass transfer resistances and thus increase free radicals yield,
shorten reaction time and lower the operational and maintenance cost. Based on the literature
survey, the present research is conducted to identify the best combined advanced oxidation
process capable of converting bisphenol-A and 2-nitrophenol into more readily biodegradable
compounds or completely eliminate the two compounds in water. The following combined
approaches such as dielectric barrier discharge/heterogeneous photocatalysis, dielectric
barrier discharge/photo-Fenton process, and jet impingement/ UV/hydrogen peroxide system
will be explored, in this study the survey of literature as far as could be ascertained indicates
that little or no research has been conducted on the integration of combined advanced
oxidation technologies for the removal of bisphenol-A and 2-nitrophenol from water.

1.3  Problem Statement

The production and use of chemicaly manufactured products have increased significantly
due to the rapid population growth, industrialization drive and of course extensive
agricultural activities. These activities are responsible for the presence and accumulation of
different recalcitrant organic compounds in the environment. One class of compounds
currently identified and detected in the global water cycle is endocrine disrupting compounds
(EDCs). Among the EDCs, phenolic compounds such as bisphenol-A and nitrophenols have
become a subject of considerable environmental concern and a public health issue. In fact,
United States and European Environmental Protection Agencies categorized bisphenol-A and
2-nitrophenol as potential priority pollutants with different physicochemical and endocrine
disrupting properties (Richardson and Ternes, 2011). The removal of phenolic compounds
from contaminated matrices has been chalenging and problematic due to their different
lipophilic behaviour. These groups of chemical substances are highly mobile, toxic, non-
biodegradable and persistent throughout conventional wastewater treatment, thus escape and
are detected in water sources at ng /L to ug /L levels. Additionally, chlorination technology
widely used for disinfection purposes often accumulates disinfection by-products that are
mutagenic and carcinogenic to public health. Problems such as further treatment, leading to
extra costs and problems with solids disposal, and generation of large volumes of toxic
dudge, and faillure to decompose recalcitrant organic pollutants have been identified as
drawbacks of conventional water/wastewater treatment technologies. Alternative treatment
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based on advanced oxidation technologies have been developed and applied to degrade
organic pollutants by many researchers (Tijani et a., 2014). Although advanced oxidation
technologies appear promising there still exist limitations which impede ther full
implementation at commercial scale. These limits include incomplete destruction of
recalcitrant pollutants, utilization of expensive but undesirable reagents, separation and
recycling of dludge after treatment among others. For instance, direct application of
ultraviolet light is limited by light scattering effects especially when dealing with highly
turbid water (Chong et al., 2010). The high cost of the UV lamp, instalation, and
maintenance and electricity consumption ~2 + - =82 §¥~8§-+2 =21 g=
2 £ £ ®Ff 8C-£ 2L 2=-§B8 - ¥ FRE-=32-|EL°°8EE=2 &4 = ® Equally;
heterogeneous photocatalysis which is most widely investigated, has some obstacles such as
poor light penetration due to particul ates, the need for post-filtration and recovery of catayst
particles from suspension after treatment, high electron-hole recombination rate, and
aggregation of the suspended particles (Wankhade et a., 2013). In addition, application of
powered TiO. for wastewater treatment increases solution turbidity and prevents the
interaction of UV light with the target pollutants, thus reducing the photocatal ytic potential of
the material. These shortcomings limit its industrial scale application for wastewater
treatment (Friedmann et al., 2010). The activity of the most common TiO. photocatalyst is
mainly in the UV region. On the other hand, the dielectric barrier discharge (DBD) system
produces ultra violet light and hydrogen peroxide within the plasma zone which is not fully
maximised for the mineralization of persistent organic pollutants (Gao et a., 2013;
Magureanu et al., 2011). The problem with DBD is high energy consumption, difficulty in
scaling-up, thus affecting industrial utilization, despite being successful at laboratory scale.
The problem of nano zero valent iron particles involves rapid oxidation and aggregation
during synthesis which reduces the particles surface area and affects its performance
(Shahwan et al., 2011). In the same vein, the jet loop reactor system is characterised by low
cavitational yield occasioned by poor pressure recovery downstream of the constriction,
which isresponsible for low mineralization rate (Bokhale et al., 2014; Petil et al., 2014a)

Overall, it could be seen that the listed single advanced oxidation technologies are associated
with some drawbacks and thus cannot operate individually and achieve the desired results.
Thus, in order to overcome these drawbacks, development of combined advanced oxidation
processes seems to be an attractive option. It is believed that application of combined

advanced oxidation technologies will reduce the cost of treatment and increase the
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mineraization efficiency of the pollutant. The present study is aimed at developing and
comparing combined advanced oxidation processes for the efficient removal and degradation

of bisphenol-A and 2-nitrophenol from water.

1.4  Aimsand objectives of the study

Several conventional techniques have been applied but failed to decompose recalcitrant
organic pollutants present in water. However various advanced oxidation processes have been
identified as aternative solutions to achieve partial or complete mineralization of these
emerging pollutants. In order to reduce the high operation and maintenance cost as well as
energy consumption, a combinatory approach of different advanced oxidation processes was
conceived. Therefore, the overall aim of this study is to evaluate and identify the best
combined advanced oxidation technologies to achieve complete mineraization or partia
degradation of bisphenol-A and 2-nitrophenol in water and to compare the efficiency of these

combined system. Thisaim will be achieved through the outlined objectives:

To prepare supported Ag doped TiO2 nanocrystals via sol-gel and thermal
evaporation method and study its photocatal ytic activity using methylene blue
asamodel pollutant

To synthesis and characterize stabilised nano zero valent iron particles to
induce photo-Fenton process.

To assess and evaluate the performance of combined DBD/supported TiO> or
Ag doped photocatalysts and DBD/photo-Fenton induced process in the
degradation of BPA or 2-NP in aqueous solution.

To optimise the jet loop reactor system and establish the best optimum
conditions for impingement.

To establish the synergetic effect among the various combined advanced
oxidation processes such as jet loop/UV, jet loop/H202, UV/H20z, jet
loop/UV/H202 system

To identify any possible intermediate products formed during degradation,
predict the mechanism of the degradation pathway and propose possible
degradation pathways based on the generated free reactive species so as to
have better understanding of the mechanism of removal of bisphenol-A and 2-

nitrophenol
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To quantify the free reactive species produced by the optimized combined
advanced oxidation technologies

To establish or propose a suitable kinetic model for the degradation pathways
of bisphenol-A and 2-nitrophenoal.

Resear ch questions

This study aim at providing answers to the following questions,

1.
2.

1.6

Isit possible to synthesis TiO- photocatal ysts supported on a stainless steel mesh?

Does the deposition of plasmonic Ag reduce the band gap energy of TiO. and
improve its photocatal ytic ability?

Is the dielectric barrier discharge (DBD) system on its own capable of decomposing
bisphenol-A and 2-nitrophenol? To what extent could UV and other reactive species
generated by DBD enhance degradation?

Is the removal efficiency of the two compounds improved in the DBD system by
incorporation of supported TiO. photocatalyst or Ag doped TiO2 nanocomposites or
nano zero valent iron (nZV1)
Are the OH radicals increased in the combined advanced oxidation system under
optimised conditions?
Can the jet loop reactor alone remove and degrade the target pollutants due to
impingement effect and effective mixing?
Does the jet loop system combined with in-line UV lamp, and hydrogen peroxide
enhance the degradation rate?
Is there formation of any intermediate degradation products of bisphenol-A and 2-
nitrophenol in either the single or combined AOT?

Which of the free reactive species are responsible for decomposition of the target

compounds?

Resear ch approach

Extensive literature review on the research topic was carried out to find potential AOTs

routes to degrade bisphenol-A and 2-nitrophenol. The research approach employed to achieve

the set aims and objectives of the study was organized in three sections as follows:



Section 1: Catalytic development, characterization and photocatalytic activity
TiO2 photocatalyst supported on a stainless steel mesh was developed via sol-gel method
followed by dip coated and calcination at different temperatures (300 °C, 350 °C and 400 °C
using heating time of 1- 4 hr). Afterwards, various amounts of metallic silver were deposited
on the (optimum) supported TiO photocatalyst using thermal evaporation. Subsequently, the
Poly ethylene glycol stabilized nano zero valent iron (PEG-nZV1) was synthesised using
modified borohydride reduction method. The synthesised catalysts such as TiO,, Ag doped
TiO2 nanocomposites and nZVI1 were characterized by several analytical methods such as
High Resolution Scanning Electron Microscopy (HRSEM), High Resolution Transmission
Electron Microscopy (HRTEM), Fourier Transform Infrared Spectroscopy (FTIR), Energy
Dispersive Spectroscopy (EDS), Selected Areas Electron Diffraction (SAED), Ultraviolet and
Brunauer Emmett-Teller (BET) Surface Area analysis, X-ray photoelectron spectroscopy
(XPS), Thermogravimetric anaysig/Differential Scanning Calorimetry (TGA/DSC), and X-
ray diffraction (XRD). The photocatalytic activity of the supported Ag doped TiO»
nanocomposites was conducted using ultra-violet light and methylene blue (MB) as a
modelled pollutants and compared to baseline optimum supported TiO2 nanocrystals without

plasmonic metal.

Section 2: Degradation of bisphenol-A and 2-nitrophenol by DBD: influence

of supported photocatalysts or stabilized nano zero valent iron particles
An optimised DBD system was used to decompose bisphenol-A and 2-nitrophenaol in water.
Thereafter, supported TiO2 nanocrystals, Ag doped TiO. nanocomposites or different dosage
of nZVI were incorporated into the DBD reactor to improve degradation of the target
pollutants. The influence of operating parameters such as solution pH, initial concentration of
the target compounds, and radical scavengers on the degradation of BPA or 2-NP in water
was investigated. The free reactive species (O3, H20,, OHY) produced by DBD in the
presence or absence of catalysts were quantified using standard anaytical methods. The
oxidation products of bisphenol-A and 2-nitrophenol formed via DBD, DBD/supported
photocatalysts and DBD/photo-Fenton induced process were identified and the mechanism of
degradation equally proposed. The reaction kinetics of adding the various synthesised
catalysts was studied in detailed. The residual concentration of the Bisphenol-A and 2-
nitrophenol were determined using High Performance-Liquid Chromatography (HPLC). The



intermediate products were analysed using Liquid Chromatography-Mass Spectrometry
(LCMS).

Section 3. Degradation of Bisphenol-A and 2-nitrophenol by Jet loop reactor:

influence of UV light and Hydrogen peroxide
A combined Jet loop reactor (JLR) system was designed and used to degrade bisphenol-A
and 2-nitrophenol in water. Different combined advanced oxidation processes such as
JLR/UV, UV/H202, JLR/H202 and JLR/UV/H20O, were compared to degrade the target
pollutants. The effect of the following operating parameters such as solution pH, inlet applied
pressure, initial concentration of target compounds, concentration of radical scavengers was
investigated. The synergistic index value of the BPA or 2-NP degradation via Jet loop reactor
alone and other advanced oxidation technologies was determined. The residua concentration
of the bisphenol-A and 2-nitrophenol were determined using High Performance-Liquid
Chromatography (HPLC).

1.7  Research Hypothesis

These hypotheses are formulated based on extensive literature review.
Therma evaporated supported Ag doped TiO. photocatalyst will decolourised
methylene blue solution.
Dielectric Barrier Discharge (DBD) system will degrade bisphenol-A and 2-
nitrophenol through free reactive species produced by the system
The incorporation of supported TiO2 or Ag doped TiO> photocatalyst or stabilized
nano zero valent iron particles into DBD system will improve the overall degradation
rate of the above mentioned pollutants.
The jet loop reactor can degrade the target pollutants effectively due to impingement
and effective mixing. The integration of the jet loop system with in-line UV lamp and
hydrogen peroxide, can enhance the degradation rate of the target pollutants due to an
increase in the concentration of hydroxyl radicals under the applied impingement

conditions.



1.8  Scopeand delimitation of the study

The current study focuses on the degradation of two phenolic compounds namely bisphenol -
A and 2-nitrophenol, which have been widely detected in different environmental media
Their remova from water bodies has been problematic based on the application of single
advanced oxidation technologies, which is often associated with low remova rates. This
study therefore applied the following combined advanced oxidation technologies such as
DBD/photocatalysts, DBD/nZV| and Jet loop system/UV/H20- to oxidise bisphenol-A and 2-
nitrophenol in water. Simulated wastewater contai ning the modelled pollutants were used.

Delimitation

This research did not cover other combinations of advanced oxidation processes such as Jet
loop reactor system with heterogeneous photocatalysis, Jet loop reactor system with
ozonation process due to time constraint. The study only considered three types of persistent
organic pollutants namely: methylene blue, bisphenol-A and 2-nitrophenol. Their selection
was based on their level of persistency, stability and because they are not easily removed by
conventional treatments, and are prevalent in the environment.

1.9 Thesisoutline

Thisthesis comprises seven chapters which are outlined bel ow:

Chapter 1: Introduction

This chapter outlines the introduction and gives a brief overview of the topic, motivation and
objectives of the study, problem statement, research approach, hypothesis, scope and
delimitations of the study together with thesis frame work.

Chapter 2: Literaturereview

This chapter deals with a review of the literature relevant to the study. An overview of
emerging micropollutants and types, endocrine disrupting compounds, sources, effects, and
environmental fate is provided. Critical appraisal of selected endocrine-disrupting chemicals
is covered including critical evaluation of different water treatment techniques such as
heterogeneous photocatalysis, photo-Fenton process, nano zero valent iron, dielectric barrier
system and jet impingement process, and the gaps in literature will also be highlighted in this

chapter. The methods of synthesising heterogeneous photocatalyst and nano zero valent iron
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as well as applications of TiO. nanoparticles and nZVI are also appraised. The factors
influencing the photocatalytic activity and impingement process as well as detection and
quantification of free reactive species are also highlighted in this literature review. Finally, a
critical overview is provided highlighting the gaps in the body of knowledge.

Chapter 3: Materials and Experimental procedures

This chapter will provide the detailed experimental procedures that were adopted to generate
data needed to achieve the outlined aims and objectives of the study. This chapter will also
include the materials and protocols that were used as well as a brief description of the

analytical characterization tools that were employed in this study.

Chapter 4: Synthesis and characterisation of the catalysts

This chapter will present the results and discussion of the characterization of supported TiO>
nanocrystals, Ag doped TiO> nanocomposites developed on stainless steel mesh aswell asthe
non-stabilized and stabilised-nZV1. The characterization techniques that were used such as
XRD, HRSEM, SAED, HRTEM, BET, XPS, TGA/DSC, FTIR, UV-viddiffuse reflectance
and EDS will aso be presented. Furthermore, the chapter will also present results of the
photocatalytic activity of Ag doped TiO» nanocomposites that were conducted under
ultraviolet light as baseline before integration into DBD system.

Chapter 5. Degradation of bisphenol-A and 2-nitrophenol by dielectric barrier
discharge: Influence of stabilized nano zero valent iron particles and heterogeneous
photocatalysis

This chapter will provide the detailed discussion of the results that were obtained from the
elimination and decomposition of bisphenol-A and 2-nitrophenol using the dielectric barrier
discharge system. The discussion will also include the results that were obtained after
incorporation of the supported heterogeneous photocatalyst or nano zero vaent iron into the
DBD system. The results of the quantification of free reactive species are given and
intermediate degradation by-products were identified. The degradation pathways are
proposed, presented and discussed in this chapter.
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Chapter 6: Degradation of bisphenol-A and 2-nitrophenol by jet loop reactor and other
advanced oxidation technologies

In this chapter, the optimization of the jet loop reactor system is presented as well as the
trends that were observed for degradation of the target pollutants using the jet loop system.
The comparison of the degradation of the target compounds by various combined approaches
that were used in this study are presented. The results of the synergistic index value of the
various combined treatment options are presented and discussed.

Chapter 7: Conclusion and Recommendations

In this chapter the overall findings of the study and recommendations for further studies

based on the outcome of the research are provided.
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CHAPTER TWO

2 LITERATURE REVIEW
21 INTRODUCTION

This chapter deals with a review of the literature relevant to the study. An overview of
emerging micropollutants and types, endocrine disrupting compounds, sources, effects, and
environmental fate is provided. Critical appraisal of selected endocrine-disrupting chemicals
is covered including review of different removal techniques such as heterogeneous
photocatalysis, photo-Fenton process, nano zero valent iron, dielectric barrier system and
impingement or cavitations. The methods of synthesising heterogeneous photocatalyst and
nano zero valent iron as well as applications of TiO. nanoparticles and nZVI are aso
appraised. The factors influencing the photocatalytic activity and jet impingement process as
well as detection and quantification of free reactive species are also highlighted in this
literature review. Finally, a critical overview is provided highlighting the gaps in the body of
knowledge.

2.2 Emerging micropollutants

Emerging micropollutants or chemicals of emerging concern have no clear definition and no
comprehensive list. Due to misconception among researchers the terms have been used
interchangeably. Field et a., (2006) referred to emerging contaminants as a group of new
chemicals found in the environment. The US EPA (United States Environmental Protection
Agency, (2007) categorised emerging contaminants as new chemicals without regulatory
status of which the impacts on the environment and human health are poorly understood or
remain unknown. Houtman, (2010) opined that emerging contaminants do not only mean the
newly developed and detected compounds in the environment but rather divided them into
three different classes. The first class consists of chemical compounds recently released into
the environment. The second class involves compounds that have been in the environment for
alonger time but have recently been detected due to advances in anaytical techniques. The
third class refers to compounds whose associated adverse health effects is just now
manifesting. Kummerer, (2011) defined emerging contaminants as a more or less loosely
defined sub-group of micro-pollutants present in the environment at low concentration with
strongly variable chemical structures, properties, application ranges and effects. The United
States Geologica Survey (USGS, 2014) defines emerging micropollutants as any synthetic or
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natural occurring chemical or microbial constituent that previously had not been detected or
historically known or considered to be a contaminant, but interferes with hormona body

functions responsible for the maintenance of homeostasis, body growth and devel opment.

2.2.1 Types of emerging pollutants

Different types of chemical containing products are currently manufactured to meet human
basic needs in life ranging from cleansing agents, pharmaceuticals (prescribed and over the
counter drugs), cosmetics, fragrances, and personal care products to mention but a few which
are widely used globally. Basically, emerging contaminants are categorised into
pharmaceuticals, persona care products, industria chemicals, agricultural chemicals,
disinfection by-products. Most of these chemical compounds such as bisphenol-A, 2-
nitrophenol amongst others, possess endocrine activities that have generated public health
concern. Today, thousands of emerging micropollutants have been identified and detected in
virtually all environmental samples such as water, soil and even in human food. Due to the
recalcitrant nature of these compounds, some bioaccumulate in living cells viathe lipid layer
and may be toxic to the organisms depending on the concentration and duration of exposure.

It is predicted that these compounds may reach humans viafood chain biomagnification.

2.2.2 Endocrine disrupting compounds (EDCs)

Endocrine systems control a large number of physiological activities in the body such as
reproductive processes, embryonic development, sex differentiation, and metabolic
development (Flint et al., 2012). However, there is available evidence that certain groups of
compounds block or disrupt endocrine glands from functioning properly. These compounds
are collectively known as endocrine-disrupting compounds (EDC). They are otherwise
known as endocrine disrupting chemicals, or endocrine disruptors or environmental
hormones or endocrine modulators. Diamanti-Kandarakis et al., (2009) referred to EDC as
compounds that interfere with the synthesis, secretion, transport, binding, action, or
elimination of natural hormones in the body that are responsible for development, behaviour,
fertility, and maintenance of homeostasis (normal cell metabolism). EDC can be natura or
man-made. Currently a full list of EDCs does not exist and it is anticipated that more
chemicals may be recognized as endocrine disrupters in the nearest future (Richardson,
2012).
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2.2.3 Sources of endocrine disrupting compounds

Endocrine disrupting compounds enter the receiving waters via different point and non-point
sources such as agricultural, household discharge, industria, sewage and municipal
wastewater as shown in Figure 2.1. Most researchers have demonstrated that wastewater
treatment plants are not designed to effectively degrade emerging contaminants due to their
complex molecular structure and low concentration in the agueous matrix (Baker and
Kasprzyk-Hordern, 2013; Fawell and Ong, 2012). Subsequently, while many of these
chemicals pass through the WWTP based on their hydrophobic nature, the remainder get
absorbed onto the particulate matter and settle with bottom sediments and are accumulated
continuously through electrostatic interaction (Michaldwicz et al., 2014). Besides WWTP
discharges, other identifiable sources include animal husbandry operations, recreationa
activities, transportation or wash-off from roadways, and atmospheric deposition (Rogers et
al., 2013). Most of these contaminants are mobile, highly stable, and recalcitrant and partly
decompose or persist throughout conventional wastewater treatment, thus escape,
bioaccumulate and metabolise in living tissues causing considerable adverse effects on
aguatic species or humans (Bell et al., 2011). Despite the fact that there is little
epidemiological data regarding the impact of exposure to emerging contaminants on human
health, there are increasing incidences of feminization, immune deficiency, neurological
effects, bacterial resistance and cases of intersex alteration among aligators, frogs and fish
upon exposure to endocrine disrupting chemicals (EDC) (Flint et a., 2012; Geens et d.,
2011). With advances in qualitative and quantitative analytical and standardized detection
techniques, endocrine disrupting compounds such as bisphenol-A and 2-nitrophenol have
been identified in water, soil and even human food. This has attracted public attention due to
their potential negative impacts on natural ecosystems and humans (Fawell and Ong, 2012).
These chemicals compounds have been established to cause disruption of endocrine systems,
yet they are still unregulated and discharged carelessly into the immediate environment
especialy in the developing countries where there is no stringent regulatory and legal frame
work (Petrie et a., 2015). However, this problem has been known for more than a decade, yet
little progress has been made to stem the tide of such pollutants from entering the global
waterways. The main distribution pathways via WWTP to drinking water is depicted in
Figure 2.1. In this study, two compounds namely bisphneol-A and 2-nitrophenol were
selected based on a literature survey, industrial use, consumption habits, production output,
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persistency level, poor biodegradability toxicity, bioaccumulation factor, frequent detection

and prevalence in wastewater.
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Figure 2.1: Potential sources and pathways of some emerging micropollutantsto
receptors and aquatic environment (Stuart et al., 2012).

2.2.4 Mechanism of endocrine disruption compounds within the body system
The mechanism of endocrine-disrupting compounds on the hormonal body system is a
complex phenomenon and difficult to predict since compounds exist as mixtures. However,
review of various studies (Olujimi et al., 2010, 2012) revealed that disruption can take place
viamultiple routes listed below:
The contaminants can bind to the nuclear and hormonal receptor cells or sometimes
block or mimic the chemical messengers in the body and cause considerable adverse
ecologica health effects. EDCs sometimes alter the response activity of genes. For
instance, BPA can bind to oestrogen receptor [Ibased on its lower affinity than
estradiol (Rogerset al., 2013)
The concentrations or level of the chemical messengers/hormones in the body may be
affected via alteration of their metabolic or synthetic pathways (Olujimi et a., 2010)
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Interference with the hormonal-controlled physiological signals responsible for body
homeostasis and development is often evident (Flint et al., 2012).
Lastly, by modification or modulation of certain chemical messenger receptors within

the cells responsible for the immune system (Michalowicz et a., 2014).

2.25 Critical appraisal of selected endocrine-disrupting chemicals
i. Bisphenol-A

Bisphenol-A (BPA) or 2, 2-Bis (4-hydroxyphenyl) propane belongs to the class of phenolic
chemical compounds containing two hydroxyphenyl groups. BPA is a white solid, poorly
soluble in water but is readily soluble in organic solvents. BPA has a molecular weight and
molecular formula of 228.1 g/mol and C1sH1602 respectively. BPA has a melting and boiling
point of 156 °C and 220 °C with water-octanol coefficient value of 3.32. The water-octanol
coefficient value expressed in logarithm suggests that BPA isreadily solublein fat and poorly

soluble in water. The molecular structure is represented in Figure 2.2.

T-'S
/©/CH3
HO OH
Figure 2.2: Structure of bisphenol-A

Historically, BPA was first synthesised by a Russian chemist (Alexander. P. Dianin) in 1891
via a condensation reaction of one molecule of acetone and two molecules of phenol in the
presence of hydrogen chloride as a catalyst. Ever since then, BPA has been utilized as an
intermediate in the production of polycarbonate plastics, polyesters, plasticizers, pesticides,
thermal printing paper and epoxy resins (Geens et al., 2011; Rogers et a., 2013). Other
products containing BPA include baby bottles, drinking water bottles, medical equipment,
microwave dishes, food can linings and dental sealants (Tsai et al., 2009). An increase in the
globa consumption of plastic products has caused the production of BPA to rise by 6-8%
annualy (Fernandez, 2010; Huang et al., 2012). In the 80s, the production output was around
1 million; in 2003, over 3.2 million metric tons were produced globally (Tsai, 2006), USA
alone produced approximately one-third of that figure (National Institute of Health, 2008)
while EU produced 1.2 million tonnes, China also produced and used 670,000 tons of BPA
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(Xu et al., 2007). In 2008 more than 3.2 million metric tonnes were utilised globally (Wang et
a., 2012). In 2010, globa consumption according to World Health Organization was over
5.2 million metric tonnes (Tsai, 2006). According to the US Environmental Protection
Agency, (2010) over 1266 metric tons of BPA were discharged into the environment via
manufacturing, incineration activities and wastewater treatment plants in 2008 aone. The
global Industry Analysts has projected global production rate to rise to 6 million tons by the
end of 2015. Currently, The USA, Taiwan, South Korea, China and Japan remained the
highest producers of BPA in the world. With this geometrical increase and widespread use of
plastics, BPA has been recognised as a problem globally, and its removal from wastewater
has become a fundamental component of applied research.

BPA is a well-known antioxidant and ubiquitous synthetic xenooestrogen in the environment
for modulating the activity of endocrine glands in humans and aquatic wildlife (Chang et al.,
2011; Rocha et a., 2013). Apart from its known estrogenic activities on cells, bisphenol-A
also is suspected to ater the immune responses in humans by acting as agonists or
antagonists to nuclear-hormone receptors without significant toxicity (Michaldwicz et al.,
2014; Rogers et al., 2013). BPA as an endocrine-disruptors possesses oxidative, mutagenic
and hypomethylation properties and thus exerts different harmful effects on animals and even
humans (Ziv-Gal et al., 2013). As a result of the multidirectiona effect of BPA on different
receptors, the importation of infant food cans containing BPA such as baby feeding bottles
have been strictly restricted in countries including China, North America, and Europe.
Similarly, the South African Ministry of Health has also proposed draft regulations that will
restrain the manufacture, sale, import and export of polycarbonate baby bottles containing
BPA. Due to the absence of strong covaent bonds between chemical plastic components and
BPA, fragmentation and leaching of BPA from the plastic products occur (Chen et al., 2010;
Tsai, 2006). Exposure to BPA by humans and aquatic species could vary. According to
United State Environmental Protection Agency, bisphenol-A is a known endocrine disruptor.
A number of studies have identified drinking water, manufacturing effluents, dust inhalation,
agricultura run-off, food, drinking, and beverage containers as possible exposure routes to
this chemica (Bonefeld-Jorgensen et al., 2007; Sellin et al., 2009). At the moment, the main
exposure route to BPA is via inhalation or oral ingestion (Geens et al., 2012). However
recently, transdermal exposure has become a source of concern (Geens et d., 2012). Thermal
paper coated with BPA is used for till dlips which are daily touched and handled by millions
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of people. BPA isregularly detected in municipa and industrial wastewater and its presence
has been widely documented (Sanchez-Avilaet al., 2009).

ii. Effect of BPA exposure
There is not enough available information from the literature regarding associated adverse
environmental and health effects of BPA on human beings. Very recently, epidemiological
studies conducted by Vandenberg et a., (2007) linked abnormalities namely polycystic
ovarian syndrome, obesity, endometrial hyperplasia, heart diseases, repeated miscarriages,
prostate and breast cancer, attention-deficit hyperactivity disorder, and infertility to human
exposure to BPA (Teppaa et a., 2012; Wang et a., 2012). Moreover, there have been
documented health effects from exposure of aquatic species to BPA. It has been established
that long term exposure to BPA could lead to transgenerational health effects on humans and
wildlife (Dmitruk et al., 2008). BPA possesses estrogenic activity and alters metabolic
kinetics and promotes DNA damage including chromosomal abnormalities. BPA is suspected
to dter the immune responses in humans by acting as agonists or antagonists to nuclear-
hormone receptors without significant toxicity (Rogers et al., 2013). BPA also prevents the
endocrine hormones such as sex hormones, thyroxin, insulins and leptins from functioning
properly and could result in immunotoxic, heptatoxic, carcinogenic and sometimes mutagenic
effect (Michalowicz et a., 2014; Wang et a., 2015). Tay et a., (2012) opined that long term
exposure to BPA can cause developmental toxicity, carcinogenicity, neurotoxicity, and
estrogenic effect in humans and aquatic species. However, there is lack of reliable data and
inconsistency on the neurotoxicity and tetratogenic effects of BPA on animals or humans
(Michaldwicz et a., 2014). It has also being established that exposure to BPA by aguatic
species have led to ahigh predominance of early puberty, heart disease, obesity, low fertility,
low sperm count, breast, ovarian and testicular cancer (Geens et a., 2012). Li et a., (2010a)
reported that exposure to BPA by factory workers specializing in the production and
packaging of epoxy resins in China was responsible for decrease in sexual desires, erectile
and problems of egaculation. Exposure to BPA during pregnancy has been found to
overshadow some critical genes in the womb, thus retarding growth (Geens et a., 2011). In
the same vein, the decline in fish populations is attributed to exposure to BPA (Deborde et
a., 2008). Exposure to low doses of BPA can cause changes in body weight, cancers,
abnormally early puberty, and disorders such as obesity, miscarriage predominantly among
fish (Fan et a., 2013; Vandenberg et a., 2007). Considering the exposure rate to BPA, a
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precautionary approach involving elimination and decomposition of BPA from contaminated
water is considered necessary in order to safeguard potable water supplies as well as reduce
potential threats.

iii. Fateof bisphenol-A in the environment

After the discharge and escape of persistent environmental pollutants from wastewater
treatment plants, the need for a better understanding of their fate and impacts on the
environment cannot be ignored. BPA enters the environment during manufacturing activities,
transportation, processing, handling among others. In fact few places in the world are free of
BPA (Rogers et a., 2013). The pathways of entrance into the environment could be air, water
or sediment. However the most recognised source of entrance into the environment is via
discharge of plastic products and household wastewater. Thus, the physico-chemical
degradation of plastics causes leaching and volatilization of BPA which prompts the release
of a substantial amount into the soil and lesser amounts into water and air respectively. BPA
does not hydrolyse in water because of its chemica structure and as such more than 50 %
BPA gets adsorbed or binds onto sludge/sediment, however it undergoes rapid photo-
degradation in wastewater treatment plants and receiving waters. BPA is readily decomposed
by bacteria under both aerobic and anaerobic conditions. BPA is therefore regarded as a
pseudo-persistent pollutant with a short half-life between 2.5 to 4 days, though other
conjugates or residua by-products are associated with longer haf-lives of up to a month
(Oehlmann et al., 2009). The concentrations of BPA differ appreciably in wastewater
treatment plants depending on their location, plastic use patterns and sampling period. The
fate and behaviour of the individua xenobiotic does not only depend on its hydrophobic-
hydrophilic properties but also on environmental conditions such as water solubility, pH,
adsorption coefficient, redox condition, temperature and bioaccumulation potential (Rahman
et a., 2009). The quantity of residual pharmaceuticals and endocrine-disruptors in aquatic
environments are frequently influenced by factors such as the amount of wastewater
produced, the consumption patterns, geographical locations, lifestyle, appropriate treatment
techniques, regulations and so on (Rogers et al., 2013).
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i. 2-nitrophenol
2-nitrophenol (NP) is categorised as one of the three nitrated phenols with molecular weight
and molecular formula 139.10 g/mol and CeHsNO:> respectively. It is a yellow crystaline
solid, readily soluble in water and moderately acidic upon dissociation in water. 2-
nitrophenol is not naturally occurring in the environment. However it remains an integral
components of industrial efldents, which has been identified in different urban and
agricultural waste. It is mostly utilized in various industries as a reagent to manufacture
organophosphate pesticides, herbicides, and explosives and as intermediate during the
synthesis of dye (Ammar et a., 2007). The structure of 2-nitrophenol is shown in Figure 2.3.

OH
_NO,

Figure 2.3: Structure of 2-nitrophenol

Due to the absence of stringent environmental regulatory frameworks, most phenolic
compounds especially 2-nitrophenol (2-NP) have become environmental pollutants
commonly detected in water sources, soil and industrial effluents (Ahmed et al., 2015; Amin
et a., 2007). United State Environmental Protection Agency (USEPA, 2007) categorised 2-
NP as a toxic and recalcitrant organic pollutant with considerable endocrine disrupting
properties. The compound is a highly stable, non-biodegradable chemical compound which
bio-accumulates over a long period of time in the environment. 2-nitrophenol is difficult to
degrade in soil or water by conventional biological wastewater treatment processes and other
treatment options (Oller et a., 2011; Pradhan and Gogate, 2010; Ribeiro et a., 2008). Also,
2-NP affects both the hormonal reproductive functions of male and female organisms
(Ahmed et al., 2015). With their high level of persistency in the environment and the
associated health risks due to exposure, USEPA recommended the tolerable level of this
compound in natural water to be below 4.8 [d/L. So far, there are no identifiable natural
sources of 2-NP in the environment. The presence of 2-NP in water aso introduces an
unpleasant odour and taste to available drinking water with a resultant adverse health impact
on downstream users. The rate of toxicity of 2-NP in water is measured based on its
dissociation mechanism in agueous media at a specific solution pH. The dissociation
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mechanism is linked to its toxicity level, thus a decrease in solution pH causes an increase in

toxicity and promotes dissociation of the compound.

ii. Environmental effect of 2-nitrophenol

The short-term effect of exposure to 2-NP can cause skin irritation while continuous exposure
can lead to severe skin disorders (Boehncke et al., 2000). Inhalation of 2-NP can lead to
headaches, dizziness etc. Additionally, 2-NP has carcinogenic and mutagenicity effects on
the target organisms. While there is limited or lack of reliable data regarding the genotoxicity
effect of 2-nitrophenol on humans, exposure to 2-NP can influence catabolic metabolites in
the body. For instance, the exposure of female rats and male rats to 2-NP can causes
estrogenic and anti-androgen effects (Ahmed et al., 2015).

iii. Fate of 2-nitrophenol in the environment
The fate and behaviour of recalcitrant pollutants are quite diverse and complex depending on
certain environmental factors, which complexity partly responsible for limited knowledge of
their environmental fate. 2-nitrophenol may enter the environment via wastewater treatment
plants. Other sources include industrial fugitive emission, vehicular exhaust emissions, and
atmospheric photochemical reactions. In the environment, 2-NP evaporates from the topsoil
within 10 days while less than 10 % decomposes slowly under aerobic conditions within 30
days inferring that 2-NP undergoes slow biodegradation (Ribeiro et al., 2008). In the
terrestrial environment, the trio of photolysis, evaporation and biodegradation occurs while
adsorption onto the particulate matter is not well defined. Because the pollutant does not
adsorb onto soil, there is the possibility of leaching which may contaminate groundwater,
although no monitoring studies have confirmed the presence of 2-NP in groundwater.
Similarly, in the aguatic system, as a result of the low vaue of sorption constant
characteristics (Koc) the pollutant did not adsorb onto particulate matter, instead certain
fragments escaped during evaporation, photolysis and aerobic degradation (Boehncke et al.,
2000). The fate of 2-NP in the aguatic environment depends on the intensity of sunlight,
solution pH, nature of particulate matter, aerobic conditions, amongst others. While the
atmospheric half-life of 2-NP remains relatively unknown, the half-life under photolytic and
aerobic conditions varies depending on the nature of water. For instance, in a fresh water
systems, the half-life ranged between 1-8 days, in sea water it was between 13-21 days,

whereas in top soil, the half-life of 2-NP under aerobic conditions is close to 12 days. This

(0} 0)



means that 2-NP undergoes slow photolysis under aerobic conditions. Findly, it is an
indisputable fact that these compounds (BPA and 2-NP) are toxic in the environment and that
it is only a matter of time before the levels build up to a point where human toxicity will be
evident. Therefore, the precautionary principle may be a better route and it is suggested that
South Africafollow the lead of other advanced countries and regulate the products containing
these persistent organic compounds especialy bisphenol-A and 2-nitrophenol until further
notice as there is not enough capacity for continuously monitoring new compounds before
their release into the market place and from there into the receiving environment.

2.2.6. Detection and quantification of BPA and 2-NP in environmental media

BPA and 2-NP are present in the environment at low concentrations (ng/L to [d/L) and thus
their detection requires advanced analytical techniques. The following analytical equipment
namely liquid chromatography tandem mass spectrometry (LC-MS), liquid chromatography
tandem mass spectrometry coupled with mass spectrometry (LC-MSMS), high-performance-
liquid chromatography (HPLC), high-performance-liquid chromatography coupled with mass
spectrometry (HPLC-MYS), liquid chromatography coupled with electrochemical detection
(LC-ED), capillary electrophoresis (CE), and gas chromatography coupled with mass
spectrometry (GC-MS) have been widely used to quantify the concentration of the two
compounds and other emerging micropollutantsin various environmental samples (Nieet a.,
2012; Verlicchi et a., 2012). Most of these methods usually require solid-phase extraction
and derivatization of samples in the case of GC-MS prior to analysis. Furthermore, sensors
are currently being considered as a potential substitute to those aforementioned instruments
due to their ease of operation and the eéimination of the pre-treatment steps, lower
consumption time, higher sensitivity, and fast responses (Iwuoha, 2012). For instance, Wu et
al., (2012) demonstrated that nanographene-based tyrosinase biosensor offered a more rapid
response for the detection of BPA in tap water than conventional HPLC method. In the same
vein, Zhu et a., (2015) developed Aptamer/Graphene oxide biosensor and found that the
sensor can detect as BPA as low as 0.05 ng/mL over the concentration range of 0.1[10
ng/mL. According to the authors, the BPA recovery rate after spiking in real water samples
was in the range of 96.0% - 104.5%. They concluded that the synthesised sensor was
sensitive and can compete favourably with conventional HPLC, GC-MS, and immune-based
sensing systems in the determination of actual concentration of BPA in real water systems.

Apart from routine chemical analysis, BPA and 2-NP can be detected in environmental
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samples via biological screening tools such as Enzyme-linked immunosorbent assay
(ELISA), yeast estrogen screen (YES) bioassay (Manickum and John, 2014). Neng and
Nogueira, (2014) applied the solid-phase extraction method followed by HPLC coupled with
diode array detector to extract and quantify the levels of five phenolic compounds in surface
water. The compounds included 3-nitrophenol, 4-nitrophenol, bisphenol-A, 4-n-octylphenol
and 4-n-nonylphenol. The method showed good precision and accuracy with percentage
recoveries of more than 88% when 25 mL of 10 ug/L water sample was spiked. The
detection limit of all the pollutants and the correlation coefficient were 0.25 ug/L and 0.9904
respectively. Hou et a., (2013) employed dispersive liquid-liquid microextraction followed
by HPLC to detect and quantify 4-nitrophenol, 2-naphthol and bisphenol-A in real water
samples. Different detection limit were found for the three pollutants. For instance, 4-
nitrophenol was 1.50 ng/mL while 2-naphthol and bisphenol-A were 0.10 and 1.02 ng/mL
respectively. The relative recoveries of the pollutants varied with respect to water sample.
The recoveries rate of the pollutants in tap water ranged between 85-105%, river water (98.3
[1110.0%), and spring water (98.6-109.0%).

2.3  Advanced oxidation technologies

Conventional wastewater treatment technologies comprising physico-chemical treatment and
biological treatment have long been used to remove different contaminants that constitute a
threat to public health and the environment. Nevertheless, the effectiveness or otherwise of
these  conventional  treatment technigues such as  biological  treatment,
coagulation/flocculation process, chlorination technology, ultrafiltration, reverse osmosis,
activated carbon adsorption depend on the physicochemical properties of the compounds. For
instance, recalcitrant organic pollutants are resistant to biological treatments.
Coagulation/flocculation or activated carbon adsorption only change the pollutantsCIphases
without necessarily removing or degrading them completely (Fabiola et al., 2010; Gao et al.,
2013; Oller et al., 2011). Precipitation methods also produce sludge/[0cs upon the addition of

polymer coagulators or inorganic coagulants. Other methods such as reverse osmosis,
nanomembrane, sedimentation and [liration are costly, and generate toxic by -products which
need safe storage (Chong et al., 2010; Friedmann et al., 2010). Shortcomings of the filtration
techniques include filter fouling that requires more energy, time and extra costs to clean, as
well as the disposal of concentrates (Chong et a., 2010). These methods are not

environmentally acceptable due to generation of large volumes of waste products/siudge,
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which are toxic to humans and their environment. As a consequence of the shortcomings and
challenges of conventional treatment technologies, aternative treatment methods are desired

that will complement the existing ones.

Advanced oxidation technologies (AOTs) have been recognised as suitable pre or post
treatment techniques for the degradation of toxic, recalcitrant organic pollutants in
wastewater into innocuous or less toxic compounds (Gao et al, 2013; Magureanu et a.,
2013). In advanced oxidation, the decontamination of persistent pollutants occurs in the
presence of highly reactive molecular and radical species such as ozone, hydrogen peroxide,
and hydroxyl radicals at ambient temperature and pressure (Oller et al., 2011). Among these
species, hydroxyl radicals have higher oxidation potential than other known oxidizing agents
such as potassium permanganate (Table 2.1).

Table 2.1: Comparison of various powerful oxidantsin acidic media

Oxidising agent Oxidation potential (V)
Fluorine (F2) 3.03
Hydroxyl radical (HO") 2.80
Atomic oxygen (O1) or singlet oxygen (O2*) 242
Ozone (0s) 2.07
Hydrogen peroxide (H205) 1.78
Potassium permanganate (KMnQOa4) 1.67
Hypobromous acid (HBrO) 1.59
Chlorine dioxide (ClO2) 1.50
Hypochlorous acid (HCIO) 1.49
Chlorine (Cl>) 1.36
Oxygen (Oy) 1.23
Bromine (Br>) 1.09

Source: Sharmaet a., (2011)

The hydroxyl radical reacts non-selectively and fragments organic pollutants into harmless
end products, CO and H20. Despite being a short-lived species, the hydroxyl radical attacks
organic pollutants through hydrogen abstraction, electron transfer, and formation of a double

bond with the organic compounds as shown in the equations 2.01-2.03 bel ow:
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R+HO- ® ROH (2.01)

R+HO- ® R- +H,0 (2.02)

R +HO-® R ,+OH" (2.03)
Advanced oxidation technologies are categorised into homogeneous and heterogeneous
processes. The schematic representation of various types of advanced oxidation technologies,
such as cavitations (ultrasound energy (US) irradiation, hydrodynamic cavitation (HC)),
ultra-violet irradiation (UV), ozonation (Oz), hydrogen peroxide (H202) is shown in Figure
2.4.
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Figure 2.4: Various AOTs based on wastewater treatment technologies (Sources:
Sharmaet al., 2011)
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Each of the aforementioned AOTs has been utilised to decompose organic pollutants in
aqueous solution. However, the review of literature have shown that a single advanced
oxidation technology is not capable of completely eliminating the pollutants, due to
generation of intermediate by-products that are sometimes more toxic than the parent
compounds (Oller et a., 2011). In order to improve the decomposition rate of persistent
organic pollutants (POPs) present in wastewater, process combination rather than a single-
technology system is required. This could alow synergy of the individual process strengths
and may achieve the required degradation within a shorter reaction time and at a cheaper cost.
This literature review will focus on photo-Fenton process, heterogeneous photocatalysis,
dielectric barrier discharge and jet impinging process as well as mechanism of formation of
OH radicals.

2.3.1 Photo-Fenton process

The photo-Fenton process has recently emerged as one of the more promising and feasible
AQTs capable of mineralizing quite a wide range of organic and inorganic pollutants. The
photo-Fenton process is unique and attractive due to the non-toxicity and relative abundance
of iron. Apart from these advantages, the system is not expensive and is environmentally
friendly (Machulek et al., 2013). The system encompasses using oxidizing agents such as
hydrogen peroxide, with iron (Fe** or Fe**) as a catalyst (Trapido et al., 2014). It has been
reported that the introduction of UV light to the dark Fenton reagent accelerated the
formation of hydroxyl radicals and enhanced the degradation of the organic pollutants into
harmless end-products (Elmolla and Chaudhuri, 2010; Trovo et al., 2008). The improved
performance obtained when subjecting the pollutants to combined Fe**/H.0./UV treatment
may be due to the formation of more hydroxyl radicals as well as Fe** reduction to Fe** as
shown below. The hydroxyl radicals with oxidation potential of 2.8 V were thus capable of
reacting with ailmost all types of recalcitrant synthetic and natural organic pollutants resulting
in their complete degradation into carbon dioxide and water (Magureanu et al., 2010). The
reaction mechanism of the photo-Fenton process is described in the equations below

Fel, + H,O¥Z4® Fel, +OH - +H" (2.04)
UH"+ UH" = H,0, (2.05)
Fe¥* +H20, O Fe[DOH?"+H* (2.06)
Fe-OOH?" O Fe 2" +"OOH (2.07)
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Fe*+900H O Fe 28 +0; +H* (2.08)

HO" + organics O intermediates + H20 (2.09)
H20O> + organics O intermediates + H>O (2.10)
Intermediates+ "OH O  CO,+ H:0 (2.12)

Studies have shown that degradation of organic pollutants are readily accomplished using the
photo-Fenton process (Trapido et al., 2014). Despite successful outcomes concerning the use
of photo-Fenton to remove organics, highly turbid wastewaters containing high COD
concentration cannot be treated by photo-Fenton due to poor UV light penetration (Tamimi et

al., 2010). Waste disposal is another serious issue due to inorganic sludge formation.

2.3.2 Nano Zero Valent iron particles

Nano Zero Vaent Iron (nZV1) has recently emerged as a new water treatment nanomaterial.
Although, this technology is relatively new, it has prospects of becoming a highly efficient
and low-cost treatment technology compared to existing conventional remediation processes
(Crane et a., 2011). The application of nano zero vaent iron particles is otherwise known as
[ih situ passive method Cland currently in use in some developed countries (Olson and
Higgens, 2009). Zero-valent iron (ZV1) is elemental iron containing excess electrons with an
overall zero charge. At zero charge, the iron nanoparticles act as an electron donor and thus
become very reactive. The inner core consists of Fe® zero charge while the outer shell
contains the +2 and +3 oxidized Fe ions represented in equation 2.12 and shown
diagrammatically in Figure 2.5

Fe" [Fe " +2e (2.12)
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Figure 2.5: Core shell model of nano zero-valent iron showing various chemical
mechanisms (Adapted from: Poursaberi et al., 2012) (RH= organic compound, RCl =
FeCl3.6H20, Me=Fe, n=+3 or m= +2)

However, rapid oxidation and aggregation of nZVI during synthesis due to electrostatic and
magnetic forces of attraction and van der Waals forces between the particles reduces the
surface area, limits long-term storage and affects its performance in terms of degradation of
pollutants (Shahwan et al., 2011). Besides, non-stabilized nZVI1 often undergoes rapid
reaction with air or water resulting in the loss of mobility and reactivity (Huang et al., 2015).
In order to prevent rapid aggregation, improve the particlesCimobility and its performance,
different strategies have been exploited and reported in the literature. For instance, polymers,
polyelectrolytes or as well as surfactants have been applied either a stabilizer or capping
agents during or after synthesis to help prevent agglomeration through impartment of
electrostatic repulsive force (Huang et a., 2015). Severa authors have developed different
strategies to modify and stabilise nano zero valent iron particles so as to enhance its
performance. Some of these stabilization remedies include addition of polymers either before
or after the synthesis of nZVI, as polymer stabilised nZVI have been reported to perform
better than ordinary nZV I without a stabilizer or capping agents (Ayob et al., 2012).

i. Synthesisof nano zero valent iron (nZVI)
The quality of nano iron particles depends on the synthetic methods used. nZV1 is commonly
synthesised via electrochemical synthesis, micro emulsion based methods, sonication-assisted
methods, sol-gel methods, laser pyrolysis techniques and microorganism or bacteria

synthesis (Poursaberi et al., 2012). However, the most widely used method of producing
ov



nZV1 is by the reduction of aqueous ferric solution using a conventional reductant such as
sodium borohydride or sodium hypophosphite, though this production technique is
considered expensive (Pattanayak and Nayak, 2013a; 2013b).

ii. Applicationsof nano zerovalent iron (nZVI)
The application of zero valent nano iron firstly appeared as a substantial standard technology
for underground water treatment due to unique two-fold adsorption and reduction properties
(Jabeen et al., 2011). Previoudly, granular iron was often engaged as permeable reactive
barrier (PRB) materias in the treatment of underground contaminated water, but recently,
nZV1 was discovered as a potential candidate for the degradation of pollutants in water
(Singh et al., 2011). Studies have shown that nanoscale metallic iron can effectively degrade
a series of environmental contaminants such as halogenated compounds because of their
higher surface areato volume ratio, small size and greater density of reactive sites compared
to the granular counterpart (Boparal et a., 2013). The efficiency of nZVI particles to reduce
the pollutants lies in its ability to oxidise to +2 and +3 valences (Figure 2.5). Stieber et a.,
(2011) explored zero vaent nano iron to remediate pharmaceuticals present in water. Their
findings showed clearly that zero valent iron nanoparticles reduced the concentration of
pollutants to a satisfactory level. Because of the rapid aggregation and settling of nZVI, the
nanometal loses surface area leading to poor mobility, loss of magnetism and dispersibility.
In order to overcome these challenges, nZV1 can be functionalized with chelating agents to

improve the degree of stability in water systems (Singh et al., 2011).

2.3.3 Heterogeneous photocatalysis

The photocatalytic process is defined as the absorption of a photon of light by a catalysts to
generate free reactive species (Klauson et al., 2010; Palominos et al., 2008). Heterogeneous
photocatalysts are semiconductor oxides such as TiO2, ZnO, SnO», GaP, CdS and ZnS which
have been widely utilized for the decomposition of persistent emerging organic contaminants
and produce more biologically degradable and less toxic compounds (Ahmed et a., 2011).
Among the semiconductor metal oxides, nano-crystalline TiO. has received the greatest
interest in both fundamental research and practical applications due to its low cost, electron
band structure, photochemical stability, environmenta friendliness, easy availability, strong
oxidizing power among others (Dolat et al., 2012).
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Titanium (IV) oxide, often referred to as titania, titanium white, titanic anhydride, or titanic
acid anhydride occurs naturally as an oxide of titanium. It existsin four different polymorphs
namely rutile, anatase, brookite and titanium (IV) oxide B. These crysta structures differ
appreciably from one another through the bond angle distortion of the octahedral chains. And
among the polymorphs, anatase is mostly preferred due to its high photocatalytic activity,
photochemical stability and high surface area. Nevertheless rutile is the most
thermodynamically stable phase. Anatase is sometimes mixed with rutile in order to decrease
high photogenerated electron-hole recombination rate (Darymple et a., 2007). The
application of TiO> as photocatal yst was started by Fujishima and Honda in 1972 (Fukushima
et al., 2000; Kondo et al., 2008). These authors used a photo-electrochemical cell made up of
a rutile titania anode and inert cathode to split water into hydrogen and oxygen. This
achievement served as a turning point in the history of heterogeneous photocatalysis. Ever
since then scientists all over the world have conducted research trying to understand the
fundamental mechanism of heterogeneous TiO2 photocatalysis. Far reaching research has
been conducted on the application of titania or doped titania nanocomposites to destroy
organic compounds (Malato et a., 2009). The photocatalytic degradation activity of the
catalysts towards a particular pollutant depends largely on parameters such as solution pH,
initial organic pollutants type and concentration, catalyst loading, dissolved oxygen, light
wavelength and intensity, quantity of reactive oxygen species, temperature, absence of
interfering ions and ionic profile of the polluted water (Friedmann et al., 2010). These
parameters either raise or reduce the reaction rate depending on the pollutantsCstructural

complexity and hydrophobic tendencies.

i. Limitationsof heter ogeneous photocatalysts
Shortcomings still exist in the use of TiO. photocatalyst which researchers are currently
trying to address. One of theseis the slow photocatalytic kinetics of TiOz in the visible region
caused by high band gap energy, and the short-lived nature of electron-hole carriers linked to
lower photon quantum efficiency. Most importantly, there is difficulty in light penetration of
a solution containing suspended titania nanoparticles, and filtration of the suspended TiO>
nanoparticles out of solution after the water treatment process, which is time consuming and
creates additional costs. Other technical challenges include the agglomeration of
nanoparticles, designing of a photocatalytic reactor, and difficulties in the reactor
optimization (Ahmed et al., 2011; Chong et a., 2010).
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2.3.3.1 Doping of TiO2 nanoparticles
Studies have shown clearly that doping the crystal plane of the TiO. photocatalyst with

either metal or non-metals will enhance the photocatalytic degradation rate of organic
pollutants (Hintsho et al., 2014). Doping creates a defect level within the band gap causing
reduction in the electron excitation of TiO2 and possibly extends the absorption threshold to
the visible region (Kuriechen and Murugesan, 2013). Severa approaches for improving the
photocatalytic activity of TiO2 have been reported. One approach is doping of TiO> dielectric
matrix with metal impurities such as Ag, Cu, Pd, Au, Pt, W or with non-metals such as C, N,
and S. The dopants actually extend the optical absorption threshold to the visible region.
Besides, the dopants acts as electron trappers and prevent high electron-hole recombination
rates. Furthermore, doping of TiO> photocatalyst with plasmonic elements such as silver
actually create a Schottky barrier and suppress the photogenerated electron-hole pairs and
thus enhance the photocatalytic efficiency. A Schottky barrier represents a junction where
reactive metal such as Ag come in contact with a semiconductor materia like TiO2. The
junction can be rectifying or non-rectifying however the rectifying types between a metal and
semiconductor is commonly referred to as the Schottky barrier. This parameter depends on
the Schottky barrier height g of the junction which differs with respect to the nature of
metal and semiconductor materials and the interfacia surface. A Schottky barrier height
represents the differences between the interfacial conduction band edge and the Fermi level
(Er) of TiO2 (Subrahmanyam et a., 2012). In this study, silver was selected as a dopant on
titania due to its di band gap which is in the UV region. Silver acts by facilitating the
electron capture and improves surface electron excitation via the creation of a local electric
field. Apart from improving the photocatalytic activity, Ag often plays a crucia role during
the charge transfer process throughout the catalyst/liquid interface interaction (Zhu and Zou,
2009; Hintsho et al., 2014).

2.3.3.2 Mechanism of heterogeneous photocatalysis

The basic mechanism of heterogeneous photocatalysis involves in-situ generation of powerful
oxidants such as the hydroxyl radical under ambient conditions. In the heterogeneous
photocatalysis process, the absorption of a photon of light either from sunlight or an
illuminated light source by the semiconductor metal oxide such as titanium dioxide (TiO»)
causes the migration of alone pair of electrons from the valence band to an empty conduction
band, thus producing electron (€)-hole (h+) pairs within the bulk (Chong et al., 2010;
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Wankhade et a., 2013). These eventually break-up into photoel ectrons and photoholes in the
conduction and valence band respectively. It should be noted that the photocatal ytic reaction
only becomes activated when the catalyst is able absorb sufficient photon energy that is equal
or greater than its band gap energy. In a situation whereby the photons supplied have a lower
energy than the catalyst band gap energy, energy degeneracy in the form of heat is usually
evident. In the liquid solution, depending on the redox potential or energy level of the species
(titanium and oxygen), the valence band becomes excited and oxidised while the conduction
band of titanium dioxide accepts the transferred electron and is reduced. At this point, the
semiconductor TiO2 has become photo-excited. Under highly energetic energy source, the
positive hole (h+) of the catalyst oxidises either the pollutant directly or oxidizes water
molecules into hydrogen gas and hydroxyl radicals as shown diagrammatically in Figure 2.6
below and equations 2.13 - 2.23.

Energy Level

P H-0 Oxidation

Figure 2.6: M echanism of electron-hole pair formation in a TiO2 particlein the presence
of pollutantsin water (Sources. Chong et al., 2010)

The negative-electron holes combine with oxygen molecules and produce superoxide
radicals. During the electron transfer and electron acceptor process, the hydroperoxyl radical
is produced which extends the life of photoholes (Wankhade et al., 2013). Furthermore,
electron-hole recombination often occurs except when there is the availability of O2 in the
bulk to scavenge the electrons and produces the superoxide (O2[-). Further reaction with
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protons (H*) produce hydroperoxyl radicas (HO.[}) and complete protonation gives
hydrogen peroxide (H202) (Chong et al., 2010). These reactive species react with organic
pollutants via direct electron acceptors to give intermediates and further oxidation produces
CO2 and H2O. The step by step oxidation-reduction process leading to formation and
decomposition of organic pollutants by the free reactive species is shown in equations 13-23
(Chong et al., 2010; Wandkade et al., 2013). The photocatalytic activity depends largely on
the ability to prevent or reduce the e ectron-hole recombination rate on the catalyst surface.
The literature survey has shown that more than 90 % of photogenerated electron-hole pairs
recombined instantly after excitation, thus recombination is responsible for the low quantum
yield of most semiconductor photocatal ytic reactions (Friedmann et al., 2010). This reaction
occurs within a femtosecond (10°%°) and the cycle continues as long as there is availability of
energetic photons. In short, the decomposition of organic pollutants via the photocatalytic
mechanism can be facilitated by both the holes and the hydroxyl radicals. The degradation
pathways may not necessarily be the same but the same products in equal proportion are
envisaged, thus making it extremely difficult to clearly discriminate between the two. The
photo-induced redox process of TiO is shown below (Darymple et a., 2007).

Photoexcitation: TiO2+hv O ed+h' (2.13)
Charge carrier trapping of e-: e€cg 0 €'1r (2.14)
Charge carrier trapping h*: ~ h*yg h*tr (2.15)
Electron-hole recombination: e-tr + h*ve (h*1r) O €cp + heat (2.16)
Photoexcited € scavenging: (O.) ads+e [O o[} (2.17)
Oxidation of hydroxyls: HO +H O HO "“ (2.18)
Photodegradation by HO": R-H + HO”OR  + H.0O (2.19)
Direct photoholes: R+h"[R *[B(s) O final degradation products (2.20)
Protonation of superoxide: O.[010+H" 0 HOO (2.21)
Co-scavenging of e-: HOO™+e-[J HO,- (2.22)
Formation of peroxide: HOO™+H*0 H202 (2.23)

From the above equations, the el] denotes the conduction band while h* represent valence
band electrons respectively. e-tr and h+tr depicts surface trapping valence band electrons
and conduction band-holes respectively. While S represents the intermediate species. In fact,

the mechanism of electron-hole pair formation on TiO. surface involves five key steps
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namely: photo-excitation, diffusion, trapping, recombination, oxidation (Figure 2.8) which
eventually generate powerful oxidants responsible for the degradation of target pollutants into
carbon dioxide, water, and inorganic ions. The mechanism of generation of free reactive
species such as OH, H>0> depends on the nature of the pollutants and the photocatalysts
(Friedmann et al., 2010). Lastly, the mineralization of recalcitrant organics can be achieved
via the combined efforts of the semiconductor metal oxides, intense ultraviolet light and
hydroxyl radicals.

2.3.3.3 Methods of synthesising TiO2 nanoparticles

Nano TiO2 can be synthesised via different techniques such as the sol-gel method, the solvo-
therma method, hydrothermal treatment, chemical vapour deposition, chemical precipitation
methods sonochemica method, microwave method, electrodeposition amongst others (Chong
et a., 2010). The synthesised TiO, material can be in the form of powder, crystals, or thin-
films. Extensive review on most of these techniques, as well as the basic principle of
heterogeneous photocatalysis particularly semiconductor TiO2 have been widely reported in
literature (Ahmed et a., 2011; Chong et al., 2010; Friedmann et a., 2012; Gaya and
Abdullah, 2008; Nainani et a., 2012). Some of the commonly adopted procedure for the
synthesis of unsupported and supported TiO2 nanoparticles are briefly explained below:

i. Precipitation method
This is a reaction between two homogeneous liquid phases which prompts the physico-
chemical transformation process and formation of a precipitate under the influence of
temperature, solution pH, reactant concentration, solvent evaporation (Gupta and Tripathi,
2012).This synthetic approach predominately resulted in the formation of unsupported TiO-
nanoparticles. In atypical precipitation process, two elementary steps such as nucleation and
agglomeration occur concurrently within the liquid medium leading to formation of a solid
phase. The rate of nucleation and agglomeration of particles in the homogeneous liquid phase
medium can be regulated via slow drop wise addition of the anions and cations. This step
promotes the precipitation of a monodisperse particle. Not only that, careful adjustment or
optimization of the solution pH, reactant concentration, solution temperature often produces
narrow size and uniformly dispersed nanoparticles. However, in the case of heterogeneous
liquid phase, co-precipitation of oxides which are amorphous in nature often occur due to

poor mixing within the liqguid medium or slow precipitation rate. Further application of
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hydrothermal treatment promotes the transformation of the amorphous precipitates to highly
crystalline materials. In spite of this, severa researchers have used the precipitation method
to synthesis unsupported TiO2 nanoparticles (Chong et a., 2010; Kostedt et al., 2008).

ii. Hydrothermal method
The hydrothermal technique involves the synthesis of unsupported TiO> using (titanium(lV)
bis (ammoniumlactato) dihydroxide (TALH)) in an autoclave with or without Teflon liners
under controlled conditions of temperature and pressure, where water acts as a catalyst and as
a constituent of solid phases (Byranvand et al., 2013). The temperature can increase above
the boiling point of water until it reaches the vapour saturation pressure. The internal pressure
of the autoclave depends on the temperature and the quantity of the solution. Studies have
shown that the size and shape of the synthesised TiO> via the hydrothermal method is
dependent on temperature, time, pressure, solvent type, medium pH (Gupta and Tripathi,
2012). The technique is suitable for the synthesis of TiO2 nanotubes, nanorods, nanowires

and nanofibers.

iii. Solvo-thermal method

The solvo-thermal technique is closely related to the hydrothermal treatment method except
that the former uses a non-agqueous solvent. Unlike in the case of hydrothermal treatment, the
temperature is much higher due to the flexibility of different organic solvents. There is
greater ease to control particle size, shape and crystallinity of TiO2 nanoparticles than what is
obtainable in the hydrothermal process. The technique is most versatile for the synthesis of
nanorods, nanowires, nanotubes and nanocrystals of uniform but narrow size distribution and
dispersity (Byranvand et a., 2013). Severa researchers have utilised the technique to
synthesize unsupported nanostructures TiO> of different particle sizes and shapes (Ahmed et
al., 2011; Behnajady et a., 2011).

iv. Chemical vapour deposition method
The chemical vapour deposition (CVD) method involves the condensation of material in the
vapour state usually in a vacuum to form a solid-phase on a support material. The technique
is usually used to form a thin layer on a substrate so as to improve its mechanical, electrical,
thermal, optical properties corrosion resistance, etc. In a typical CVD process, the gases in
the coating chamber are heated by thermal energy which induces the deposition (Hintsho et
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al., 2014, Byranvand et al., 2013). To achieve uniform deposition, process parameters such as
flow rate, gas composition, deposition chamber geometry, deposition temperature and
pressure need to be properly optimised. Typical examples of CVD are: electrostatic spray
hydrolysis, diffusion flame pyrolysis, thermal plasma pyrolysis, ultrasonic spray pyrolysis,

laser-induced pyrolysis amongst others.

v. Sol gel method
A sol-gel method involves the formation of a colloidal suspension or sol through inorganic
polymerization reactions of titanium precursors in the presence of a solvent (Gupta and
Tripathi, 2012). The titanium precursors can be inorganic metal salts (TiCl4) or metal organic
compounds {(Ti(OCH(CHas)2)4}. In a typica sol-gel process, four basic stages are involves
specificaly; hydrolysis, polycondensation, drying and calcination/annealing. The hydrolysis
step basically involved the dissolution of titanium precursor in water or acohol to form the
colloidal solution or sol as shown in equation 2.24
Ti(OR)s + 4HO O Ti(OH)s +4 ROH (2.29)
where R represent the alkyl group.
Instead of using alcohol and water, TiO> nanoparticles can be prepared via acid-catalysed
hydrolysis of atitanium precursor followed by condensation leading to the formation of agel.
Under the conditions of low water content and excess titanium precursor, the Ti-O-Ti bond is
favoured. Under high hydrolysis rate and medium water content, Ti(OH)s is favoured
(Behngjady et al., 2011). With excess water content, polymeric Ti-O-Ti chains are favoured.
Thus, TiO2 nanocrystals or thin-films can be obtained via dip or spin coating of the gel on a
substrate (equation 2.25)
Ti(OH)s O TiO2 +2H20 (2.25)
The obtained TiO> is dried temporarily in the oven and further subjected to calcination at
higher temperature to remove the organic components. The sol-gel method can lead to
formation of particulates TiO2 nanoparticles or supported TiO2 nanocrystals. The particle size
of the synthesised TiO> nanoparticles can be altered by controlling the solution pH,
temperature and solution composition. Depending on the synthetic routes employed, the
calcination temperature applied serves to control the formation of nanostructured TiOz. In
fact, the structural phase transformation, degree of crystallinity, particle size and shapes are
dependent on the calcination temperature (Chong et al., 2010). Calcination/annealing of TiO>
gel/powder within the temperature range of 600-800 °C leads to structural phase changes
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from anatase phase to condensed rutile phase. Furthermore, calcination/annealing at higher
temperatures promotes residual loss of water and volatile organic components, and may
improve the crystallite growth. Studies have shown that photocatal ytic activity of synthesised
TiO2 material at different calcination temperature varied and depended on severa factors
such as solution pH, nature of the surrogate model organic pollutants, interfering substances,
light intensity amongst others (Ahmed et al., 2011, Chong et al., 2010). Of al methods, the
sol-gel technique appeared most promising due to the production of nanoparticles with good
homogeneity and high surface area a relatively low cost (Monreal et al., 2009). The
advantages of the solCgel deposition method are numerous and are briefly outlined by
Bestetti et al., (2010) as follows:. (i) application of sol-gel technique on different substrate
materias; (ii) easily conducted with ordinary laboratory equipment; (iii) permits uniform
coating of high contact areas and complex shapes; (iv) the properties of the resulting [im can
be easily manipulated and controlled via changing some parameters; and (v) dopants can be
easily co-deposited. An interesting synthetic technique that could be used to control the size
and the surface contamination of TiO> nanoparticles obtained via calcination is by the
utilization of the polymeric precursor method. Mesoporous, thin-films, nanotubes, nanorods,
dendrimer TiO> forms have been synthesised via the sol-gel method. Aside from that, the
sol-gel technique has been used for the synthesis of doped nanomaterials of high surface area
(Bestetti et a., 2010). Sol-gel method can be used to synthesise both unsupported and
supported TiO2 nanoparticles depending on the titanium precursor, solvent and nature of the
binder. Farbod and Khademalrasool, (2011) synthesised TiO, nanoparticles using sol-gel
method and investigated the influence of calcination temperature on the formation of particle
size. They found that TiO> nanoparticles calcined at 550°C having particle size of 55 nm
achieved 80% removal of Congo red after 30 min.

2.3.3.4 Choice of TiOz support materials

The amount of TiO2 nanoparticles in the bulk of liquid within the photochemical reactor
determines the overall oxidation rate of organic pollutants. The increase in the TiO- loading
initially accelerates the photocatalytic mineralization reaction rate of the organic pollutants
and then decreases at high dosage values due to light scattering and screening effects
(Friedmann et a., 2010; Gaya and Abdullahi, 2008). Beyond the optimal value, any further
increase in the TiO2 dose only mask the light penetration without any significant

improvement in the mineralization rate, makes the solution highly turbid and leads to non-
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uniform distribution of light intensity. In such a situation, the particles obstruct light
penetration and limit the interaction with the pollutant, thus lowering the degradation
efficiency. Excessive addition of TiO> nanoparticles in the bulk solution also leads to particle
agglomeration which decreases the overall mineralization rate. Establishing the optimal dose
is crucial but depends strictly on the solution pH and the nature of the pollutants. The survey
of literature revealed that a catalyst dose in the range of 0.2 1.0 g/L is sufficient for
complete oxidation of organic pollutants. The obtained results are however different due to
differences in the reactor configuration, UV lamp intensity, wavelength, wattage, type of
organic compounds amongst others. This is also an issue as methods are not standardized
thus comparisons are difficult. Thus, the optimum catalyst dose should be determined for
each photochemical reactor during wastewater treatment.

In spite of severa unique characteristics of TiO2 nanoparticles, the photocatalytic activity of
TiO2 is limited due to high band gap energy, electron-hole recombination rate from valence
band to conduction band, and particles agglomeration. Besides the aforementioned, post-
separation and recovery from wastewater after utilization constitutes major impediments to
its full scale industrial applications. Based on the inherent shortcomings associated with the
powder TiO2 nanoparticles, immobilization of TiO2 nanoparticles on a suitable substrate such
as a glass, ceramic, polymers, activated carbon, wooden fibre cloth, carbon fibre, stainless
steel mesh amongst others has received great attention in the field of heterogeneous
photocatalysis. Severa researchers have synthesized different supported TiO> nanoparticles
which are reviewed as follows. Hanel et al., (2010) employed sol-gel method followed by a
dip-coating technique to prepare pure and boron-doped TiO. nanoparticles supported on a
glass beads. The authors found that the supported catalysts was stable and removed 33%
phenol after three consecutive cycle, which suggests that the catalysts was re-usable. Shen et
al., (2012) synthesized pure anatase TiO> nanoparticles supported on porous glass beads
using in-situ ion exchange process. The prepared supported photocatalysts was found to
exhibit excellent photocatalytic activity and successfully removed 65% methyl orange within
30 minutes. Habibi et a., (2012) prepared alumina supported TiO. nanoparticles using sol-
gel method and found that under optimal conditions of calcination temperature (550°C),
refluxing temperature (66°C) and calcination time (2 h), 61% degradation of acetaldehyde
after 250 min. Wang et a., (2015) synthesized Cr-doped TiO2 nanoparticles supported on a
natural zeolite and found that 10% mol Cr-immobilized TiO./zeolite annealed at 400 °C
removed 41.73% methyl orange compared to undoped TiO./zeolite which only removed
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17.9%. The authors attributed the improved removal efficiency to the doping effect of Cr,
which prevented electron-hole recombination rate. Omri et a., (2015) synthesized TiO-
nanoparticles supported on activated carbon made from Almond shell using combination of
hydrothermal and sol-gel method. The authors found that the supported TiO2 nanoparticles
showed excellent photocatalytic activity with 94% TOC reduction from solution containing
phosphoric acid after 300 min. Among the support materials upon which the TiO> catalyst
may be developed, stainless steel mesh possesses unique qualities when compared to other
supports which includes maintenance of structural integrity under the high heat treatment
(during calcination of TiOy). Other materials such as quartz glass deform and melt depending
on the glass transition temperature. Also, stainless steel mesh is not susceptible to attack
unlike others during the coating process. Nam et al., (2004) reported the diffusion of sodium
from soda-lime glass onto the TiO. IIm which reduced the photocatalytic efficiency. Apart
from the aforementioned, stainless steel mesh can be utilized in the electrochemical process
while quartz and ceramics cannot be used due to their dielectric properties. At last, it can be

easily used in complex shapes and has excellent mechanical properties (Chong et al. 2010).

2.3.3.5 Operating parameters influencing photocatal ytic process

The photocatalytic process involving oxidation of organic pollutants in agueous solution is
strongly dependent on a number of parameters which influence the solution kinetics. These
parameters include solution pH, initial organic pollutants type and concentration, pH of the
catalyst, catalyst loading, light wavelength and intensity, quantity of reactive oxygen species,
calcination temperature, radical scavengers and ionic profile of the polluted water. The next
section provide detailed information on the influence of the some of the aforementioned

parameters as related to the photocatal ytic activity of TiO2 nanoparticles.

i. Solution pH
The mineralization efficiency of organic pollutants in atypical heterogeneous photocatal ytic
water system is mostly governed by solution pH, which impacts on the catalyst surface
charge and the ionization/dissociation state of the pollutant (Chong et a., 2010). The effect of
solution pH can be explained on the basis of electrostatic interaction between the charged
TiO2 species in solution and the pollutant. This can be illustrated using the point of zero
charge (PZC) of TiO2 (Chong et al., 2009b, ¢). Thus any change in solution pH can affect the

surface charge of most semiconductor metal oxides due to the fact that they are amphotericin
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nature. Specifically, the point of zero charge of TiO2is6.0 - 6.5. When the pH of the solution
is equa to the point of zero charge of TiO2 (6.5), there is little interaction between the TiO>
nanoparticles and the contaminant, due to lack of electrostatic forces of attraction. In such a
situation, hydrated neutral species such as Titanol (TiOH) dominate. When the pH value is
less than 6.5 (under acidic conditions) the TiO. surface is highly protonated and TiO>
becomes a net positively charged species (TiOH2") and exerts an electrostatic force of
attraction upon the negatively charged organic contaminants in the solution. Such
electrostatic attraction between the duo improve the photocatal ytic reactions especialy when
the concentration of the anionic organic pollutant is low (Chong et a., 2010; Friedmann et
al., 2012). At pH greater than the point of zero charge (under alkaline conditions), TiO: is
deprotonated and becomes a negatively charged species (TiO") and thus exerts an el ectrostatic
repulsion upon the anionic organic compounds in solution. Thus, the interactions between
the surface charge of the TiO. nanoparticle and the electronic properties of the organic
compounds are pH dependent. Additionaly, at pH less than pZC (<6.5) radical scavengers
such as HCOs, ClI-, SO4* which are mostly present in water can react with the protonated
species (TiOH2") and reduce their efficiency. Conversely, at high pH, radica scavengers
exert little influence due to strong electrostatic repulsion between the scavengers and OH".
Thus, the photocatalytic efficiency is a measure of the adsorption of the organic pollutants
onto the surface of the catalyst and the solution pH influences the surface charge and ionic
state of pollutants which in turn alter the reaction mechanism.

ii. Initial concentration of the pollutant
The efficiency of the photocatalytic activity of TiO2 nanoparticles is dependent on the initial
concentration of the pollutant. Under the optimized conditions of solution pH, and TiO> dose,
the photocatal ytic degradation of organic pollutants increases with an increase in the initial
concentration of the pollutant, until a certain level where the reaction rate begins to decrease
(Pardeshi and Patil, 2008; Senthilnathan and Philip, 2010; Wei et al., 2009). However, as the
concentration of the initial concentration of the pollutant increases, the surface active sites of
TiO2 nanoparticles become saturated. The free, available hydroxyl radicals reduce and thus
affect catalysis performance, which in turn reduces the mineralization rate (Bahnemann et al.,
2007). Additionally, photocatal ytic degradation of higher concentrations of organic pollutants
generate a series of transformation products which remain and deactivate the catalyst surface

via slow diffusion, thus reduce the degradation rate. Therefore, the degradation reaction rate
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depends on both the concentration and nature of the organic contaminants used during the
TiO. photocatalytic experiment. The concentration of both the photocatalysts and organic
pollutants determine the reaction rate and must be optimised accordingly (Chong et al.,
2010).

iii. Light wavelength

The influence of ultraviolet light of different wavelengths on the reaction rate of the
heterogeneous photocatalytic process depends on the nature and state of the TiO:2
nanoparticles. For instance, a light of wavelength [ 380 nm is enough for the activ ation of
the anatase phase of the commercial Degussa P-25 TiO, with a band gap of 3.2 eV while a
light of wavelength close to 400 nm is required to activate the rutile TiO> nanoparticle of
band gap 3.02 eV. This shows that catalysts with a smaller band gap require a higher
wavelength for activation than catalysts with high band gap. Thus, the reaction rate islargely
dependent on the light wavelength and the band gap of the catalyst. Furthermore, ultraviolet
light is categorised into three classes based on its emitting wavelength and band gap, which
include UV-A, UV-B and UV-C (Chong et al., 2010). UV-A has a light wavelength ranging
between 320-400 nm with a corresponding band gap of 3.10- 3.94 eV. UV-B light
wavelength ranges from 290-320 nm with a band gap of 3.94-4.43 eV. While the third
category UV-C that is mostly used to kill bacteria or microorganisms, has a light wavelength
that ranges between 100-290 nm and a band gap of 4.43-12.4 €V. Among the three, UV-A
remains the most widely used due to the availability of photon energy to activate the catalyst
(Ochumaet a., 2007).

iv. Interfering substances/radical scavengers
The performance of a photochemical reactor and in particular of the heterogeneous
photocatalyst depends on the concentration of the inorganic species in the target water.
Depending on the solution pH and the target organic compounds, inorganic adical scavengers
influence the photocatalysis process via deactivation of the catayst active sites (Chong et al.,
2010). The competition between the inorganic species and organic pollutants for the active
sites on the catalyst also cause photocatalytic surface deactivation. The adsorption of
interfering substances onto the catalyst active sites hinders the formation of hydroxyl radicals
and decreases the photocatal ytic degradation efficiency. Furthermore, radical scavengers such

as nitrate, phosphate, sulphate, chloride, and carbonate destroy the hydroxyl radical by
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adsorbing the UV light and generating corresponding anionic radicals of lower oxidation
potentials. Studies have also shown that NOs', HCOz, ClOs, SO+, HPO4? slow down the
degradation rate via photocatalyst deactivation (Ahmed et a., 2011, Chong et al., 2010;
Friedmann et a., 2010). Thus, a proper understanding of their roles and behaviours will assist
in the design of an efficient photochemical reactor and help to ensure that their presence does

not render the process ineffective.

v. Application of TiO2 nanoparticles

In the late 1900IS, the chemical industry substituted toxic lead oxides with titanium dioxide
which was applied as a white pigment in paints, varnishes, papers and plastics. More than
80% of the world population consume products containing TiO2. Apart from this,
heterogeneous semiconductor TiO2 has quite a wide range of applications such as in
wastewater treatment, as part of dye-sensitized solar cells, as catalyst support, in gas sensors,
in air purification, for the destruction of cancer cells and energy generation amongst others
(Chanathaworn et a., 2012; Dolat et a., 2012). In this study, the synthesised supported TiO>
nanoparticles were applied as photocatal ysts to enhance the photocatal ytic degradation rate of
organic compounds. As a result of the uniqueness of TiO> vis-aviz brightness and high
refraction index value, TiO> has surpassed other materials and is currently used as a white
pigment in most consumer products. The current figures indicates that more than 4.6 million
tons of pigmentary TiO, containing products are used annually across the world (Chong et
al., 2010). Similarly, TiO2 acts as opacifier and imparts opacity to many consumer products
namely plastics, coatings, toothpaste, and medicines among other. Even the whiteness of
skimmed milk and its sensory acceptance score was ascribed to the presence of TiO». In the
ceramic industry, TiO2 is used to impart opacity and improve seed crystal formation.

Ever since the elucidation of the photocatal ytic properties of TiO2 by Fujishimaand Hondain
1967 and 1972 respectively, there have been growing numbers of studies focusing on the
application of TiO. for wastewater treatment. Severa studies have shown that TiO>
nanoparticles can be used to detoxify wastewater containing organic pollutants. Catalytic
performance and behaviour towards organic pollutants depend on several factors such as light
intensity, light wavelength, solution pH, photoreactor configuration, interfering substances
amongst others (Behngady et al., 2011). The photocatal ytic efficiency of the catalyst can be
improved via doping or immobilization of TiO> nanostructured materials with metals and

non-metals. Furthermore, the incorporation of TiO» into outdoor building material helps to
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reduce the concentration of atmospheric organic and inorganic pollutants such as CH4 and
NOx. More so, TiO. thin films or nanoparticles under energetic photons split water
molecules into hydrogen and oxygen. This technology has been widely recognised as a clean
and sustainable means of generating hydrogen fuel. The adsorption of high intensity
ultraviolet light by TiO. molecules promotes reduction and oxidation reactions forming
photo-generated electrons and holes. The oxidation of water molecules by the photo-holes
produces oxygen while reduction by photo-electrons liberated hydrogen, which complete the
splitting of water (Chong et al., 2010; Ochuma et al., 2007). The liberated hydrogen is stored
and can be used as a fuel. The rate of conversion of water molecules to hydrogen can be
improved via doping of TiO2 with carbon. The doping causes a high level of disorderliness
within the crystal structural layer of TiO2, which allows infrared adsorption and enhances
conversion rates (Friedmann et a., 2010). As a consequence of the characteristic features
such as chemical and photochemical stability, TiO> nanomaterials are often utilised in both
organic and inorganic bulk heterojunction photovoltaic cells to form antireflection/scattering
layers, as well as interlayers in organic solar cells (Ahmed et a., 2011). Sometimes, TiO>
nanoparticles are incorporated as an active component within dye-sensitized solar cells
(DSSC) to act as electron transport material. The performance of the DSSC depends on the
crystalline structure, morphology and size of the TiO. electrodes (Zhang et al., 2012).
Electrodes made from TiO. nanocrystals have also been used in dye-sensitized solar cells
(DSSC).

24  Didectric barrier discharge system

Historically, the use of electrical energy to treat drinking and polluted water commenced in
1987 after Clements and co-workers demonstrated that high-voltage electrical discharge in
water forming plasma could decolourise and decompose dye and phenol molecules (Jiang et
al., 2014). Ever since then, underwater electrical discharges have continued to be investigated
for medica, material functionalization, water treatment and disinfection processes
(Bruggeman and Locke, 2013).The dielectric barrier discharge (DBD) system is regarded as a
new approach in which a plasmais used for water and wastewater treatment specificaly to
inactivate microbes and degrade toxic or hazardous pollutants in agueous solution (Jiang et
a., 2014; Madik, 2010; Magureanu et al., 2010; Magureanu et al., 2011). Plasma is
categorised as the fourth state of matter which can induced both the physical and chemical
process. The physical process include the following strong UV light, local high temperature,
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intense shockwaves. While the chemical process are made up of reactive atomic and
molecular oxygen-based species such as OH",03, O,”, HO,™, O, HY, H3O* amongst other.
Dielectric barrier discharge can be categorised as four processes in one system that comprises
chemical, photochemical, ultrasonic irradiation and electrohydraulic cavitation process
(Magureanu et al., 2011). The intensity of the electrica field determines the degree of
ionization and formation of plasma. There are various forms of electrical discharge plasmas
produced either above or within water or in the gas phase contacting the liquid (Krause et d.,
2009; Marotta et a., 2012; Sato et al., 2008). For instance, corona discharge is applied above
awater system, pulsed corona discharge (in water), dielectric barrier discharge (within wetted
wall in water), and gliding arc discharge (within gas-liquid) (Jo and Mok, 2009; Malik,
2010). Each of these electrical wastewater treatments is associated with some challenges. The
direct electrical discharge in water is affected by the liquid conductivity and the discharge
electrode stability (Baroch et al., 2008). The electrical discharge in water promotes high-
temperature channels and induces electrohydraulic discharge as well as supercritical water
oxidation leading to the formation of short-lived molecular and radical species (Marottaet al.,
2012). The plasma has strong oxidising impacts on the pollutants and that is what makes the
technique more unique than conventional wastewater treatment technologies. The plasma
indirectly provides reactive species such as ozone, hydrogen peroxide and UV that are needed
for water treatment without necessarily contacting the liquid (Figure 2.7) (Bruggaman and
Locke, 2013). The efficiency or reactivity of the plasma generation systems vary with respect
to reactor configuration, energy yield and sometimes depend on the input energy, liquid
properties and excitation voltage (Malik et al., 2010). Apart from the above factors, energy
yield often depends on the electron density, pollutant molecular structure, nature and
concentration of pollutants, temperature, electrode material, and the extent of transformed
products, solution pH and sometimes conductivity (Jiang et al., 2014). The roles played by
many of these factors are not clearly defined as most of them are strongly interrelated with
respect to overall reactor performance. Currently, most studies are focusing on how to
improve the energy yield of a plasma reactor. Although, the energy yield of each reactor
varies over a wide range due to differences in the reactor configurations used by different
research groups globally. Their findings indicate a dramatic variation in the efficiency of
different types of plasma reactors and as such the differenceis close to 5 orders of magnitude
(Malik et a., 2010). In the same vein, limited data on the energy yield of plasma reactors

exist because of the differences in the reactor type used by various research groups globally.
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Another factor affecting the energy yield of different plasma reactors is the formation of
intermediates as a result of degrading various organic pollutants. The physical and chemical
effects produced by the plasma within the discharge convert the pollutants into various
intermediates and secondary reactions often occur where the intermediates react or probably
compete with the parent compound for the available reactive species. These intermediates

differ according to the reactor and thus affect the energy yield.
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Figure 2.7: Schematic diagram of a typical dielectric barrier discharge system (Mouele,
2014)

2.4.1 Mechanism of formation of free reactive speciesin DBD system

Electrical discharge in liquid leading to the formation of free reactive species in DBD
systems is not via a specific degradation mechanism but can be explained using bubble theory
and direct ionization of liquids (Bruggaman and Locke, 2013). The liquid within the
discharge channel of DBD reactor possesses a high particle density and electric field

intensity. This means the movement of electrons is restricted due to short pathways.
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Nevertheless the liquid still has higher ionization potential (Marinov et al., 2011). Within the
discharge plasma zone, dissociation, ionization, photoionization, excitation as well as
vibrational processes occur (Lukes et a., 2011). The discharge plasma can initiate both
physical and chemical reaction mechanisms which eventually generate active species freely
available within the bulk solution. The active species include the OH radical, Os, H20,, O,
and O} amongst others. The step by step formation of active species, which occurs
simultaneously within the discharge zone is shown in the subsequent equations.
Decomposition of water molecules by highly energetic electrons produces hydroxyl radicals
(equation 2.26-22). Dimerization of hydroxyl radicals in the bulk liquid generates hydrogen
peroxide (equation 2.30). Under intense ultraviolet light, hydrogen peroxide decomposes to

the hydroxyl radical again (equation 2.31).

Dissociation
H,U + e = OH" + H" (2.26)

| onization:
H,U +e — Ze + H,07 (2.27)

Dissociation:

H.UT 4+ H,0 - UH" + H,U" (2.28)
H-U+e——>UOH"+ H" te— (2.29)
OH® + UH* — H,0, (2.30)
H,0, +hv — 20H" (2.31)
OH" + H,0, — H,U + HO," (2.32)
HO,® + H,0, — 0, + H,U + OH" (2.33)

In addition to the formation of these aforementioned active species, other nitrogeneous
species such as as NOx are often aso produced in the reactor zone. The formation of NOx
species depends on the source (air or oxygen). The mechanism of formation of NO, NO. and

consumption of Oz is represented below

0,+e = 20U (2.34)
N, +U = NU+N (2.35)
N, +e 2 ZN+e (2.36)
N+0, = NO +0 (2.37)
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NU+U = NO (2.38)

NU+0, = NO, +0, (2.39)
INO,+ H,U = HNO,+ HNO, (2.40)
INO;+ H,U — 2HT +2NO;— +NU (2.41)
NO, +NU — 2N,0; + H,U -+ H + NO; — (2.42)

The concentration of these species varies and depends on the solution pH, €electrica
conductivity, applied discharge voltage, air flow rate, reactor configuration and the discharge
magnitude (Shi et al., 2009). Shi et a., (2009) pointed out that the dielectric barrier discharge
system in water is a combination of multi-advanced oxidation processes such as chemical
reactions, photolysis, ultrasonic irradiation, electrical processes, as well as supercritical water
oxidation. At the moment, very little information exists on the contribution made by the
individual active species towards the decomposition of the target pollutants (Shi et al., 2009).
Apart from that, the degradation mechanisms involving the breakdown of the primary
compound through various intermediates to complete mineralization is difficult to predict.
Joshi and Thagard, (2013) explained the fundamental mechanism of formation of reactive
species responsible for the degradation of organic pollutants during electrical discharge in
water. The question still remain which of the free reactive species was responsible for the
decomposition or whether they act in concert. In DBD systems, the electrical discharge in
liquid produces energetic electrons which dissociate the oxygen molecules via collisions into
oxygen atoms (equation 2.43). Continuous reaction between the oxygen atom and oxygen
molecules produce ozone (equation 2.44).
0, +e =U+0 +e (2.43)
U+ 05 — 0 (2.44)

Ozone is a powerful molecular species capable of mineralizing organic pollutants. In the
DBD system, air or pure oxygen can be introduced into the reactor to produce ozone. It has
been established that the presence of ozone within the plasma zone significantly increases the
decomposition rate due to the formation of hydroxyl radicals formed by the reaction of UV
light with ozone. In addition, the intensity of shock waves, UV light, the amount of bubbles,
and reactive species generated varies with different reactor types. Ozone then undergoes a
series of transformations within the solution compartment to different species. Ozone reacts
with water to produce hydroxyl radicals (equation 2.45). In the presence of intense photon
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energy within the reactor, ozone splits into oxygen and singlet oxygen respectively (equation
2.46). The singlet oxygen further reacts with water to liberate the hydroxyl radical (equation
2.47). Other reactions that occur within the solution compartment are represented in equation
2.48-2.49.

20, + H,0 — UH" + 0, + HO® (2.45)
g, +hv = 0, +U (2.46)
O+ H,U= 20H" (2.47)
O; + HO;— — HO, “ + 039 — (2.48)
0, — +H,U0 — UH" + OH™ + 0, (2.49)

2.4.2 Single and combined advanced oxidation technologies based on DBD system
Studies have shown that DBD systems can remove and degrade priority pollutants (Locke et
a., 2006; Magureanu et al., 2010; Krause et al., 2009; Sato et al., 2008). Available
information from literature indicates that no single advanced oxidation technology on its own
is efficient to remove all kinds of contaminants, and the current practice requires a combined
approach (Bruggeman and Locke, 2013). Zhang et a., (2013) reported that combination of
DBD system and heterogeneous photocatalysis will improve the degradation efficiency of
organic pollutants. In trying to couple treatment processes, economic feasibility, system
compatibility, and energy cost should be taken into consideration and comparative studies are
needed with existing conventional methods. The DBD system can be coupled with catalysts,
such as metal oxides, metal films and other catalysts to enhance free radical production and
ultimately improve the overall process efficiency at a shorter time and overcome the
shortcomings of individual processes (Jiang et a., 2014). However, the degradation
efficiency of combined systems depend on the nature of the wastewater to be treated. Scott
and Ollis, (1995) highlighted four categories of wastewater contaminants namely: recalcitrant
compounds, largely biodegradable compounds, inhibitory compounds, and intermediate
byproducts. In spite of the accelerated degradation rate, there are still challenges confronting
the integrated approach in term of design, operational and installation cost.

Wang et a., (2008) applied glow discharge plasma to degrade bisphenol-A in aqueous

solution. They observed that the BPA elimination rate as well as the rate of formation of

H20- reduced in the presence of electrolytes such as sodium sulfate and phosphate solution,

but increased in sodium chloride solution. Dobrin et al., (2013) utilized pulsed corona
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discharge generated above liquid to degrade diclofenac in water. The results as presented
indicated that, only 50 % of the compound decomposed after 30 min of exposure to plasma.
Colombo et a., (2012) reported the decomposition of bisphenol-A in agueous solution by
combination of heterogeneous TiO2 photocatalysis and ozonation. They observed 55 %
mineraization efficiency for the combined system compared to (3 %) photolysis, (6 %)
ozonation and (6 %) photocatalysis. In spite of achieving 55 % mineraization rate, the
decomposition process was accompanied by the formation of intermediate compounds such
as monohydroxylbisphenol-A (Ci1sH1603) and kavaactone (CisH160s). Magureanu et al.,
(2010) applied dielectric barrier discharge to decompose pentoxifylline in water. The
influence of pulse repetition rate and initial concentration of the pollutant on the pollutant
degradation rate and degradation yield were explored. It was found that pentoxifylline
degradation rate depends on the two parameters. 92.5% conversion rate with a corresponding
degradation yield of 16 g/lkWh was achieved after 60 minutes. Rong and Sun, (2013) reported
the degradation of sulfadiazine in water by wetted-wall corona discharge. The effects of
solution pH, initia concentration of the pollutant, H>O2, and radical scavengers on the
decomposition rate of the compound were investigated. It was found that the above
mentioned parameters influenced the pollutant rate of decomposition. The maximum
degradation rate was obtained at a lower concentration of 10 mg/L and higher solution pH
(11.04). In the same vein, Rong et a., (2014) demonstrated sulfadiazine degradation via
water filling film dielectric barrier discharge system. The influence of solution pH, initial
pollutant concentration, radical scavengers, and dosage of Fe?** were explored. The authors
observed 98% conversion rate for a 10 mg/L solution within 30 minutes at pH 9.10 in the
presence of 1.0 mmol/L Fe?* compared to 85% in the absence of Fe?* It was found that the
presence of Fe?* in the plasma zone enhanced the OH radicals and increase the mineralization
rate. Liu et al., (2012) utilised dielectric barrier discharge alone to degrade carbamazepine in
water. The authors achieved 100% pollutant removal rate via ex-situ discharge within 3 min.
However, the degradation efficiency was affected by the formation of NOx, which consumed
oxygen and reduced the solution pH. Furthermore, Lesage et a., (2013) applied both
dielectric barrier discharge and gliding arc discharge to decompose 4-chlorobenzoic acid in
water. The authors found that DBD exhibited greater degradation efficiency than gliding arc
discharge with respect to the pollutant. The formation of NOx and corrosion of the brass plate
reduced the pollutant removal rate. Lesage and colleague, (2013) revealed that gliding arc
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discharge generated a high concentration of NOx, which affected the solution pH and Os
concentration more than in the case of DBD.

Zhang et al., (2012) reported that combined technology involving pulsed plasma discharge
with 24 kV discharge voltage and TiO> photocatalysis achieved 100 % phenol removal rate
within 50 minutes compared to 88.8% removed by pulsed plasma discharge aone. The
increase in the removal rate was attributed to the increase in hydroxyl radicals produced by
the combined technology. Similarly, Zhang et a., (2013) demonstrated that combined pulsed
plasma and TiO2 nanotubes removed 98% phenol in water within 60 minutes with 20 kV
discharge voltage compared to 60% removal rate by pulsed plasma alone. The authors
ascribed the high removal rate to the existence of synergistic effect between the pulsed
plasma and the photocatalysts. Qu et al., (2013) investigated the decomposition of phenol in
water using combined plasma/TiO2 photocatalysis. They found that the combined system
with a discharge voltage of 24 kV removed 91.4 % phenol within 50 minutes compared to 60
% removed by the plasma system alone. They linked the high removal rate to the production
of more hydroxyl radicals by the combined system than in a single plasma system. In the
same vein, Hao et a., (2007) reported that combined plasma/TiO2 photocatalysis system
eliminated 90 % 4-chlorophenol in water within 60 minutes with 14 kV discharge voltage.
Whereas, with the plasma system alone, only 74 % remova rate was achieved after 120
minutes. The increase in the removal rate by the combined system at a shorter time was
attributed to the existence of a synergy between the plasma and TiO, photocataysts.
However, most studies that combined a plasma system with TiO2 photocatalysts, utilised
powder TiO. and aso failed to investigate the performance of combined plasma with metal
doped TiO. nanocomposites. The decomposition of carbamazepine, clofibric acid, and
iopromide by corona discharge alone was accompanied by the formation of by-products
(Krause et al., 2009). This occurred as a consequence of partia degradation; only 40 %
degradation of iopromide was achieved while carbamazepine and clofibric acid degradation
were close to 100. Similar trends were noticed during the degradation of carbamazepine,
trimethoprim, meprobamate, primidone, and atrazine by non-thermal plasma discharge
techniques (Gerrity et a., 2010). Wang et a., (2007) reported that pulsed corona discharge
with a discharge voltage of 21 kV combined with TiO> supported on glass beads achieved
65% phenol remova within 60 minutes compared to 57% with pulsed corona discharge
aone. The increase in the mineraization rate of phenol was ascribed to the existence of a

synergistic effect between the two processes, which possibly increased the amount of OH
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radicals, thus contributed to high degradation efficiency. It should be noted that, the
difference in the removal efficiency reported by various authors can be attributed to several
factors such as reactor configurations, applied voltage, initia concentration of pollutants,
volume of ageous solution, applied current to numerous to mention. The concentration of
H20- produced by the combined system was 1.5 mmol/L compared to 1.0 mmol/L produced
by pulsed corona discharge alone.The experiment was conducted as a function of gas
bubbling type, solution pH and radical scavengers. In addition, Tang et al., (2013) utilized a
combination of dielectric barrier discharge plasma and granular activated carbon (GAC)
immobilised TiO. nanocomposites to decompose phenol in water. Tang and co-workers,
(2013) found that combined DBD with TiO2-GAC with input discharge voltage of 30 kV
removed 88% phenol after 120 minutes compared to 69% obtained via DBD with GAC only.
The 19% phenol removal rate was attributed to additional OH radicals provided by TiO..
Neither of the individua systems was able to achieve complete degradation, but with an
integrated system, complete elimination of the target pollutants was possible. Therefore, the
combination of DBD system and heterogeneous photocatalysis offer hope for red

applications in the near future.

25 Impingement and cavitation

The jet impingement process is becoming an increasingly important advanced treatment
techniques in the water resources sector especially for the degradation of recalcitrant organic
pollutants due to high mas transfer rate. Specificaly, jet loop reactors have been utilised in
fermentation, oil hydrogenation, synthesis of nanostructured particles and very recently in the
treatment of wastewater containing high organic loads (Yildiz et a. 2005; Madzivire et al.,
2015). It is a chemica free technique which operates on a continuous mode and involves
rapid mixing and high mass transfer rate of liquidsin a jet flow and orifice plate within the
reactor cavity. The rapid and continuous mixing through ajet flow along the same axis but in
the opposite direction within the reactor zone leads to collision. The collision effect of water
molecules under high turbulence intensity within the reactor chamber produces impingement,
which further resulted in the decomposition of water molecules and produced hydroxyl
radicals. While cavitation involves generation, growth and eventual collapse of
cavities/bubbles producing a significant amount of energy based on pressure field variation
within milliseconds (Gogate, 2011). The collapse of the microbubbles generates highly
reactive oxidizing species such as OH radicals and possibly H>O. (Gogate and Patil, 2015).
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The impinging device can be a circular orifice, throttling valve, dlit or circular venturi or jet
cavity (Gogate, 2008; Gogate, 2011). The liquid flow in a closed loop system driven by a
suction pump increases the liquid velocity and kinetic energy value within the constriction
zone at the expense of alocal pressure. This action promotes expansion and then contraction
of the liquid jet and produces vapourous cavities or bubbles. Under extreme flow rate,
temperature and pressure, bubble-bubble interaction takes place to form spherical bubbles of
different sizes and number (Arrojo and Benito, 2008). Consequently, the liquid jet expands
reducing the average velocity and raising the pressure recovery rate leading to the collapse of
the generated cavities (Gogate et al ., 2008; Gogate, 2011).

There are different configurations of jet reactor namely free-surface jet, the submerged jet
and the confined submerged jet. These device are of different shapes, and sizes and indeed
their diameters have not been standardised. Their dimensions need to be properly optimised
to obtain the needed impinging imparts and thus ultimately generate free radicals. However,
the jet configurations of interest in this study is a submerged jet where the impingement of a
similar liquid take places within the reactor cavity. The submerged jet configuration has been
reported to have a higher heat transfer coefficient than other design due to rapid mixing on a
continuous basis. The estimation of the heat transfer coefficient is rather complex and can be
linked to several other factors such as ReynoldiS number, jet diameter, orifice diameter,
consumption power among others (Yildiz et al., 2005).

The rapid mixing of liquid a optimum pressure leads to formation, collapse of
cavities/bubbles and subsequently generation of highly reactive free radicals (Wang et a.,
2008). The collision effect is accompanied with high turbulence and increase of the mass
transfer rate in liquid/liqguid mixing. The lifespan of produced cavities is very short
(microseconds). The implosion of these micro and nano bubbles at very high energy densities
produces physical and chemical effects leading to the generation of hydroxyl radicals and
H20», shock waves and extreme shear forces (Bagal and Gogate, 2014b). The combined
effects of these free reactive species is responsible for the improvement of the overal
volumetric mass transfer coefficient and oxidation of most complex organic pollutants
(Yildiz et a., 2005).

As the liquid flows through the cavitating devices, boundary layer adjustment at the bubble-
liquid interface leads to considerable energy loss as well as swift pressure drop. The pressure
drop and recovery rate determines the impingement or cavitational intensity, which in turn

controls the cavitational yield. The cavitational yield measures the overall degradation
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efficiency of the system. The yield depends on the degree of turbulence, pressure recovery
rate, conditional liquid flow rate and geometry of the cavitational device (Bagal and Patil.,
2014b). These parameters are independent of one another and are subject to changes within
the cavitating device.

25.1 Mechanism of radical formation in jet cavitation chamber

The intense turbulence in a continuous flow system through the reactor zone produces
implosion of nano and microbubbles with shear stresses and local hot spots at high
temperature (10,000 K) and pressure (1000 bar). These conditions induce chemica and
thermal effects that promote the eventua dissociation of water molecules into hydroxyl
radicals and hydrogen (Gogate, 2008, Gogate, 2011). The generated hydroxyl radicals are
non-selective, short-lived, relatively unstable but highly reactive, and attack the target
pollutants, mineralizing/oxidising them into either toxic intermediates or innocuous,
harmless, inorganic compounds such as CO, and H2O

The decomposition reaction of water molecules under extreme conditions of temperature and
pressure is shown in equation 2.50

Imping eme AL

H,U H + OH (2.50)
As the reaction proceeds, hydroxyl radicals combine with each other or react with water to
form hydrogen peroxide as shown in equation (2.51). Hydrogen peroxide is relatively stable,
long-lived and thus accumulates in water.

UH® + OH* — H,0, (2.51)
The two reactive species are continuously generated in a closed loop system and are thus
individually or collectively responsible for the mineralization of the modelled organic
pollutants. However, when hydrodynamic cavitation is coupled with other advanced
oxidation strategies such as ultraviolet light, higher concentrations of hydroxyl radicals are
obtained (Gogate, 2008). This synergistically improves the overall decomposition efficiency
of the target compounds. The mechanism of a combined jet impingement/UV system
involves dissociation of the generated hydrogen peroxide in the presence of ultraviolet light
to hydroxyl radicals asindicated in equation (2.52).

H,0, = sow (252
Further reactions between the pollutant and the active species generates intermediates which

ultimately decompose and yield carbon dioxide and water at room temperature.
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OHC°+ organics Cintermediates+ H 20 (2.53)
H-O. + organics [0  intermediates + H>O (2.54)
Intermediates+°OH [0  CO2 + H2O (2.55)
It should be noted that an excessive amount of hydrogen peroxide in the bulk solution can
moreover act as scavenger by consuming the available hydroxyl radicals (Bagal and Gogate,
20144). There is the appearance and disappearance of hydroxyl radicas in the system and
likewise hydrogen peroxide. Thisis expressed in equation 2.56 [12.60

“OH+H202 O H20+HOZ" (2.56)

“OH + HO” O H0 + O2 (2.57)

HOY +HO, O OHY +H0+ O (2.58)

OH"+OH" O H202 (2.59)
uv

H.0, — 20H" (2.60)

In fact, more free reactive species are continuously produced by the combined closed loop
system, enhancing the degradation efficiency, which suggests the existence of a synergistic
effect.

2.5.2 An overview of single and combined hydrodynamic cavitation process

Jet impinging system and/or hydrodynamic cavitation being a chemica free system has a
great potential in wastewater treatment industries. Despite the simplicity of design and
consumption of less energy compared to ultrasonic irradiation, jet impinging device system
or hydrodynamic cavitation alone is rarely utilized as either municipal or industria
wastewater purification technique due to low yield of free reactive species. Studies have
shown that combination of jet loop reactor or hydrodynamic cavitation with other advanced
oxidation technologies are required to effectively purify wastewater. It is important to point
out that little or information exist on the application of jet impinging system for degradation
of organic pollutants. Thus, this section of the review will focus mainly on the application of
hydrodynamic cavitation (HC) aone or the combined hydrodynamic cavitation process for
wastewater treatment. Wang and Zhang, (2009) have explored hydrodynamic cavitation alone
to degrade alachlor in agueous solution. An increase in pressure and a Simultaneous decrease
in initial pollutant concentration significantly enhanced the degradation rate. The obtained
pseudo-first rate constant k was found to be 4.90x102 mint. The rate of degradation was
observed to depend on the temperature, pressure, initial concentration of alachlor and the
solution pH. Madhu et a., (2014) reported hydrodynamic cavitation alone to decompose

RR



malachite green and methyl violet solution. The authors reported that 98.42 % and 62.48 %
removal rate of malachite green and methyl violet were respectively achieved with a 2 mm
orifice plate. The rate of removing the two compounds an increase with increasing in solution
pH and temperature. Zupanc et a., (2014) investigated the detoxification of wastewater
containing clofibric acid, ibuprofen, naproxen, ketoprofen, carbamazepine and diclofenac by
a shear-induced cavitating generating device. The influence of temperature, cavitation time
and dose of hydrogen peroxide on the decomposition efficiency was explored. Under
optimised conditions removal efficiencies of 54 % and 67 % of diclofenac and
carbamazepine were observed when hydrodynamic cavitation was used as pre-treatment
method to biological technique. This was high compared to 39 % and 54 % when
hydrodynamic cavitation was used as a post-treatment method to biological treatment.
Different combinations of hydrodynamic cavitation with other advanced oxidation processes
have been widely exploited and satisfactory results reported in the literature. Patil et a.,
(2014Q) investigated the efficiency of the hydrodynamic cavitation (HC), HC/H2O, and
HC/advanced Fenton process for the decomposition of a wastewater volume containing
imidacloprid at an operating capacity of 4 L. Complete degradation of imidacloprid occurred
within a short reaction time of 60 minutes for HC/advanced Fenton process compared to 120
minutes for the individual technique such as HC or H2O». This was attributed to the rapid
dissociation of hydrogen peroxide under the cavitating condition that perhaps enhanced the
formation of more hydroxyl radicas. Raut-Jadhav et al., (2013) utilised combined
hydrodynamic cavitation and hydrogen peroxide to decompose neonicotinoid in water. They
found that under the optimised conditions, the combined system with synergistic index value
of 22.79 more successfully removed the pollutant in water than with hydrodynamic cavitation
aone. In the same vein, Saharan et a., (2012) utilized combined hydrodynamic cavitation
with Fe-TiO2 nanocomposites at an operating capacity of 15 L to degrade acid red 88 dye in
aqueous solution. The degree of decolourization and mineralization increased with increasing
initial dye concentration, though the rate of degradation was dependent on the solution pH.
The degradation efficacy was further enhanced by the addition of hydrogen peroxide and
catalyst (Fe-TiO.). Thus, the degradation of recalcitrant organic pollutants using combined
hydrodynamic cavitation based on free radica mechanism is identified as a sustainable

wastewater purification process.
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2.5.3 Operating parametersin hydrodynamic cavitation process

The performance of a hydrodynamic cavitation process depends on a combination of severa
factors. The optimisation of parameters identified as most important, require proper
examination. These parameters include: inlet applied pressure, solution pH, initia
concentration of the pollutant, temperature, additives such as H2>O, radica promoters and
radical scavengers, geometry and size of the cavitating device (dlit, circular orifice, venturi)
(Gogate, 2008, Gogate, 2011). Some of these fundamental parameters which determine the
efficiency of hydrodynamic cavitation process are reviewed below.

2.5.3.1 Influenceof inlet applied pressure

The applied inlet pressure is a fundamental parameter which determined the rate of
impingement and intensity within the reactor cavity in a jet loop impingement process. The
impinging effects and intensity are related to the cavitation number [Jwhich reduces with an
increase in applied inlet pressure regardless of the increase in the liquid flow and velocity.
Cavitation number is expressed below as a function of the downstream, upstream and vapour

pressure of afluid (equation 2.61)
Bd—Py . E
Fu-+d #u

5= (2.61)

Where Py, Py and Py represent the downstream, upstream and vapour pressure of the fluid
respectively. Under the ideal situation when PulPdPu, the value of [Jat which cavitation

will occur (Cy) islessthan 1. C, can be greater than 1 if suspended solids and dissolved gases
make available extranuclei for cavitiesto form (Bagal and Gogate, 2014b). In short, the rise
in upstream pressure Py reduces the cavitation number and increases the number of cavitation
cavities which in the long run result in an increase in the decomposition rate of the pollutant
depending on the cavitating device. On the other hand, a decrease in the cavitation number
increases the density of cavities and causes total collapse of cavitation intensity. However, an
increase in the number density and cavities continues until a point is reached where the
cavities begin to coalesce, in such a situation the cavities are said to be choked or clouded.
This condition is caled choked cavitation and at this point, mineralization efficiency is
usually low. Baga and Gogate, (20144a) studied the effect of inlet pressure over the range of
2-4 bar on the decomposition of 20 ppm diclofenac sodium contained in a5 L feed tank. The
study showed that increasing the inlet pressure applied from 2 to 3 bar resulted in a
corresponding increase in the degradation rate of the target compound. An inlet pressure of 3

bar was selected as the optimum value. With further increase in inlet pressure to 4 bar, a
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decrease in the extent of mineralization rate was observed. The decrease in degradation
efficiency despite the increase in applied pressure was due to choking of the cavitating region
by excess liquid which produced large bubbles. The formation of large bubbles reduces the
cavitational effects and intensity due to partia collapse of the cavities. Patil et a., (20144a)
reported optimum pressure of 4 bar within the cavitation region, higher pressure of 5- 8 bar,
there was the formation of numerous large bubbles and cavities within the constriction area
which reduced collision rate and the number of freeradicals. Thus, it isimportant to establish
the optimum inlet pressure and avoid a situation of a cavity cloud which reduces the

mineralization rate of atypical target compound.

2.5.3.2 Solution pH

An important operating factor widely studied in most advanced oxidation processes
especially hydrodynamic cavitation is solution pH, which provides information on the
solution physical and chemical properties. Optimum pH is often achieved by varying the pH
value over a certain range via the addition of either acid or base and depends on several
factors such as pollutant type, or pollutant dissociation pH constant. The degradation rate of
pollutants differ in basic or acidic media; while higher pH values favour the decomposition of
certain organic pollutants, others decompose better in the alkaline region regardiess of
whether hydrodynamic cavitation acted alone or in combination with other AOTs. Most
researchers have demonstrated that higher oxidation rate of organic pollutant under acidic
conditions than alkaline medium (Gogate, 2008; Patil and Gogate, 2012). Bagal and Gogate,
(20144) varied the solution pH over the range of 4 -7.5 during the hydrodynamic cavitation
decomposition of diclofenac sodium. It was observed that the decomposition rate decreased
as the solution pH increased. At pH values lower than the pKa value of diclofenac sodium
(4.5), the pollutant exists in the molecular form, whereas at pH values greater than its pKa
value, it exists in the ionic form. Diclofenac sodium being a hydrophobic salt was able to
diffuse faster through the cavities containing gaseous-water and react with hydroxyl radicals.
However, at higher pH values, most diclofenac in ionic form remained in the solution
containing a lower concentration of hydroxyl radicals, which in turn affected the degradation
rate.
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2.5.3.3 Effect of initial concentration of the pollutant

The performance of the hydrodynamic cavitation process is measured in terms of the
concentration of the pollutants in wastewater to be treated. The determination of the optimal
concentration is a function of solution pH, and available free radicals (which depends on the
cavitational intensity), in the bulk solution. The competition between the pollutant and the
little available free reactive species makes the diffusion into the pollutant-liquid layer
extremely difficult. Thus, total collapse of the radicals within the constriction zone is evident,
which leads to lower degradation rate. Studies involving optimisation of the initial
concentration of the pollutant include Basiri Parsa and Zonouzian, (2013) who studied the
influence of the initial concentration of Rhodamine B over the range of 2-14 mg/L on the
extent of mineralization via heterogeneous catalytic hydrodynamic cavitation. Basiri Parsa
and co-worker established an inverse relationship between the duos, meaning that an increase
in concentration of Rhodamine B resulted to decrease in mineralization efficiency, which is
attributed to insufficient concentration of hydroxyl radicals within the constriction zone. It is
thus possible to submit that high oxidation rate of organic pollutant based on the
hydrodynamic cavitation process can be attained using a lower concentration of the pollutant,

which can be determined through optimisation.

2.5.3.4 Influence of combination of hydrogen peroxide with impingement or cavitation

process

One of the problems identified with hydrodynamic cavitation is generation of low
cavitational intensity and hence of fewer hydroxyl radicals. The hydroxyl radicals can
however be enhanced by adding a process intensifier such as hydrogen peroxide. Apart from
oxidising the organic pollutants, hydrogen peroxide acts by preventing the recombination of
electron-holes and dissociates under intense cavitation to hydroxyl radicals. The dissociation
rate is faster in combination with ultraviolet light. The decomposition reaction is shown in the

equation 2.62:

H,0, — JOH" (2.62)

Additionally, hydroxyl radicals formed via dissociation of water molecules under intense
cavitation and impingement recombine in the bulk liquid or gas-liquid interface to form
hydrogen peroxide, thus promoting decomposition of the contaminant. On the other hand,

excess hydrogen peroxide in the solution can act as radical scavenger and consume the
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available free generated hydroxyl radicals in the cavitation zone. The reaction is represented
in the equation 2.63:

H,0, + OH = HO;* + H,U (2.63)

Furthermore, excess hydrogen peroxide beyond the optimum load contributes to the high
COD level of water which is sometimes toxic to micro-organisms (Joshi and Gogate, 2012).
Hydrogen peroxide thus plays a crucia role in the mineralization process of organic
pollutants and it is imperative to establish the optimum dose (Bagal and Gogate, 2014b).
Achieving the optimum dose of hydrogen peroxide during wastewater via individual
treatment or combined AOTSs is a critical task and depends on the nature of the pollutant
(whether it is hydrophobic or hydrophilic), the initial concentration of the pollutant,
cavitational intensity, reactor configuration and chemical composition of the effluent to be
treated (Arrojo and Benito, 2008). Severa researchers have investigated the influence of
hydrogen peroxide on the extent of degradation of organic pollutants and have established the
optimum value (Patil and Gogate, 2012; Petil et a., 2014a; Baga and Gogate, 2014b). It has
been demonstrated that beyond the optimum dose, further addition of hydrogen peroxide had
scavenging effects on hydroxyl radicals, thus reduced the available hydroxyl radicals and
hence lowered the oxidation rate. The authors also found that a higher concentration of
hydrogen peroxide beyond optima value in the solution caused vaporous cavities and
reduced the cavitational intensity and yield. It appears that determining the optimal dose of
hydrogen peroxide isimportant in the development of aless expensive but efficient combined

process.

2.5.4 Limitations of Advanced Oxidation Technology

Advanced oxidation technologies are effective for the decomposition of organic pollutants
due to the high oxidative potential and efficiency. However, high operational cost such as
high energy consumption and chemical oxidants constitute a serious bottleneck limiting its
municipal and industrial applications (Gogate and Patil, 2015). Moreover, the efficiency of
advanced oxidation technologies is considerably reduced especially when treating raw
environmental wastewater. This is because real wastewater are made up of different
constituent one of which is the inorganic species. These organic species which includes
bicarbonate, sulphates, phosphates, carbonates, chlorides, nitrates are commonly called
radical scavengers (Baga and Patil, 2014b). These ions acts by scavenging the oxidizing
power of the hydroxyl radicals and ultimately decrease the efficiency of the process. The
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matrix scavenging causes low oxidation efficiency of assimilable organic carbon formation
given rise to the formation of unidentified transformation products. In order to avoid this
problem, the interfering ions need to be removed] though will require more energyl] thus
causing additional costs and time. Advanced oxidation technologies cannot be used to treat
large volume of wastewater unless pretreatment technique is applied. Furthermore, oxidation
reactions via AOT often involve complex chemical and physical processes leading to
generation of intermediate compounds (Gogate, 2011). These oxidation by-products are even
more toxic than the original compounds and thus affect the quality of initial contaminated
water. In order to reduce operational cost and achieve greater efficiency within a shorter time,
integration of AOT with other treatment methods will go along way in obtaining a cost-
effective, sustainable and advanced water purification system.

2.6  Quantification of freereactive speciesin AOTs

Molecular and radical species such as Hx0, Os, H" and OH" obtained via heterogeneous
photocatalysis, cavitation, and dielectric barrier discharge are powerful oxidants responsible
for the physicochemical decomposition of organic contaminants. Over the years, the
guantification of these active species has generated diverse interest and has become the
subject of considerable investigation among experts in the field of advanced oxidation
technologies due to their high selectivity and oxidation potentials. Different techniques such
as electron spin resonance-spin trap, emission spectroscopy, chromatographic methods,
chemical probes among others have been applied to quantify these species. However, most of
these techniques are associated with one problems or the other. For instance, electron
paramagnetic resonance (ESPR) technique which measures the spin adduct derivative after
trapping is not sensitive and aside from that, the instrument is expensive and requires skilled
personnel. This hinders its suitability for routine analysis. The measurement of aromatic
hydroxylated derivatives based on the HPLC method is pH dependent due to the low
concentration of OH radical (Jen et a. 1998). In the case of Fenton and photo-Fenton process,
solution pH is adjusted to 3-4. It is therefore imperative to identify suitable chemical or
physical methods to quantify the generated free reactive species.
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2.6.1 Hydroxyl radical

Hydroxyl radicals are non-selective but highly reactive species with high oxidation potentials
which are mostly responsible for the effective mineralization of organic pollutants. In the
case of DBD system, the electrical discharge in water causes water ionization and production
of O3, H2O. and OH radicals inside the streamer channel in a few hundred nanosecond
(Kirkpatrick and Locke, 2005; Lukes and Locke, 2004). Procedures for quantifying the
hydroxyl radicals have been widely reported in the literature, including salicylic acid
dosimetry based on high performance liquid chromatography (HPLC), disodium of
terephthalic acid dosimetry (fluorescence spectroscopy), formaldehyde dosimetry (HPLC),
and dimethylsulfoxide (HPLC). The quantitative determination of the actual yield of
hydroxyl radical in the aqueous mediaisimportant but never an easy task due to its transitory
lifetime (Wang et al., 2009). The use of chemica probes has become a subject of debate
simply because most chemical probes react with hydroxyl radicals and generate multiple
products. The aromatic hydroxylation method involving chemical dosimetry probes such as
salicylic acid, benzoic acid, para-chlorobenzoic acid, and coumarin-3-carboxylic acid based
on gas-chromatography or liquid chromatography techniques is sensitive and convenient.
Nevertheless, the method is associated with shortcomings such as poor solubility in water,
formation of multiple reaction products, secondary formation of superoxide, thus making it
difficult to prepare higher concentrations. In most cases, the concentration of the OH radical
in the discharge channel may be higher than the concentration of the chemical probes, thus
making quantification chalenging. In the late 1990s, OH radicals generation rate was
determined by following a pseudo steady-state approach based on liquid or gas-liquid pulsed
corona discharge in the presence of phenol as a chemical probe and carbonate ion as a
scavenger (Hoeben et al., 1997; Joshi et a., 1995). Hoeben et a., (1999) utilized 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) to trap OH produced by pulsed corona discharge.
However, the spin-adduct DM PO-OH could not be detected by ESR due to decomposition by
the pulsed corona reactor. Fluorescence spectrophotometry based on Coumarin-3-carboxylic
acid (CCA) dosimetry was further utilized, nevertheless the generation of alarge background
signal in bulk solution relative to the prepared standards made OH quantification problematic
(Sahn and Locke, 2006). Aside from that, there was the formation of multiple by-products,
thus making it extremely difficult to distinguish between the fluorescence compound and the
dye molecules. The physical and chemical properties of some chemical probes are indicated
inTable2.2.
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Table 2.2: The physical and chemical properties of different chemical probesused for
OH radical detection

Physical Coumarine-3- 4-Chlorobenzoic Disodium salt Dimethylsulfoxide
Parameters carboxylic acid (pCBA) of terephthalic (DM SO)
acid acid

Chemical C10 HeOa C/HsClO2 CeH4(COONa)2 CoHeOS

Formula

Méelting point  109.15524 240-243 - 19°C

Boiling point - 274-276 - 189 °C

Solubility Poor Poor Very good Highly water
soluble

Reaction rate 5x10°M1s! 5x10°M1s?t 33x10°M1st 45 -~71 x 10° M-

constant with gt

OH radical

Source: (Gupta, 2007)

Dimethyl sulfoxide is relatively water soluble and non-toxic even at higher concentration. It
reacts with the hydroxyl radicals forming methanesulfinic acid (MSA), methyl radicals and
formaldehyde as indicated in the equations below (Tai et a., 2004).

OHZ+ (CH3)2SO —  CH3sSO:H + “CH3 (2.64)
"CH; +H-R——» CH4 + R (2.65)
UCHsz + O, — CH3COO” (2.66)
2 CHsCOO” —» HCHO + CHsOH + O, (2.67)

Previously, spectrophotometric and HPLC measurement of the concentration of
methanesulfinic acid was considered equivalent to generated hydroxyl radicals. Very
recently, studies have shown that methane sulfinic acid is only an intermediate products
which can still react with more hydroxyl radical to form methane sulfonic acid and sulfate
(Gupta, 2007). Thus, the quantitative determination of the generated formaldehyde via
DM SO/”OH reaction can be considered equivalent to the hydroxyl radical. In this study, the
disodium salt of terephthalic acid (NaTA) was used as a chemical probe to trap and quantify
the hydroxyl radicals produced by the dielectric barrier discharge system due to its high
reaction rate constant (NaTA). Terephthalic acid (TA) is readily soluble in water containing
NaOH, but its higher conductivity value impedes the streamer properties. Also, the reaction
between NaTA and OH radical is not affected by the presence of other active species such as
H.0,, HOZ", O.". The reaction between the disodium salt terephthalic acid (NaTA) (non-
fluorescent) and hydroxyl radical in the treated water produces a stable 2-
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hydroxylterephthalic acid (HTA) which is fluorescent at 425 nm in a typical fluorescence
spectrophotometer (Fang et al., 1996). The quantified peak intensity of the fluorescent
compound (HTA) correspond to HTA concentration and is directly proportional to OH
radicals in the solution. The reaction between NaTA and hydroxyl radical is represented in
Figure 2.8

OH

+ OH —

HO O HO O
Terephthalic acid 2-hydroxylterephthalic acid
(non-fluorescent) (fluorescent)

Figure 2.8: Theformation of hydroxyterephthalic acid (HTA)

Sahni and Locke, (2006) quantified OH radicals in a pulsed corona discharge system using
chemical dosimetry, Dimethyl sulfoxide (DMSO) and NaTA. It was found that the rate of
formation of the OH radicals followed zero-order law irrespective of the applied voltage or
the probes concentration. At 45 kV, the rate of formation of OH radical via DM SO and NaTA
dosimetry were 1.2 x 107 Mst and 1.67 x 10® Ms respectively. The authors established a
linear relationship between the OH radical and applied voltage over time. Sahni and Locke,
(2006) concluded that the concentration of hydroxyl radical produced by a pulsed corona
discharge depends on a plethora of factors such as chemica probes concentration, reactor
configuration, electrode materials, solution pH, conductivity, applied voltage, air flow rate,
additives amongst others. Jo and Mok, (2009) reported that the concentration of hydroxyl
radicals produced by a dielectric barrier discharge system depended on the concentration of
the electrolyte in the agueous electrode, the applied voltage, the discharge power, and
solution pH. Tahara and Okubo, (2012) employed (5, 5-Dimethyl-1-pyrroline N-oxide)
(DMPO) as OH radical trapping chemical probe followed by ESR measurement.
Surprisingly, no hydroxyl radicas were detected due to their short lifetimes. Instead the
formation of H>O, was confirmed. Further addition of Fe?* prior to plasma discharge in the

presence of H20» liberated hydroxyl radicals although at low concentration.
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2.6.2 Hydrogen peroxide (H202)

Hydrogen peroxide is one of the most relatively stable, abundant powerful oxidants produced
by the DBD reactor and as such plays a dua role in the decomposition of organic
contaminants as well as the disinfection of water. It dissociates in the presence of ultra violet
light into hydroxyl radicals (OH"), which in turn recombine with the bulk solution and form
H20.. Thus, quantification of the amount of H>O, produced by the DBD is indirectly a
determination of the amount of OH". There are different methods for quantification of
hydrogen peroxide. However, the colorimetric method is mostly reported in literature (Sahni
and Locke, 2006). This involves the spectrophotometric measurement of the intense-yellow
orange formed as a consequence of adding titanylsulphate to a solution containing hydrogen
peroxide. The yellow colour is due to the formation of peroxotitanyl sulphonic acid shown in
the reaction scheme below.

TiOSO4 + HoO2 + H)SOs  ———» Ti02(S04)2> + HO + 2H* (2.68)
The concentration of H2O- produced by the DBD reactor is equivalent to the concentration of
the peroxo titanyl sulphonic acid measured using UV-visible spectrophotometry at 410 nm.
The substitution of the corresponding absorbance value at this wavelength into the Beer[s
Lambert formula allows calculation of the initial concentration of H>O.. Magureanu et al.,
(2013) quantified the amount of H>O. generated by a pulsed corona discharge system and
found that the concentration of H>O- increased with an increase in the exposure time up to
200 mg/L in 30 minutes and thereafter decreased to 170 mg/L in the presence of methylene
blue. The authors attributed the slight decrease to competition between the methylene blue
and the intermediate compounds. Zhang et a., (2013) quantified the concentration of H2O»
produced by the dielectric barrier discharge at 20 kV in distilled water and phenol solution in
the presence or absence of TiO2. It was found that about 7.02 mg/L H>O- was produced by
the system in distilled water compared to the phenol solution, which further increased to 10.7
mg/L upon addition of TiO.. The increase in peroxide concentration was attributed to an
increase in the OH radical yield and dimerization of OH radicals in plasma and plasma/TiO2
system. Whereas, in the phenol solution, there was suppression of OH radicas by both the
phenol and other degradation products, which prevents OH radical recombination thus is
responsible for lower H20, concentration. Manoj Kumar Reddy and Subrahmanyan, (2012)
guantified the concentration of H>O> produced in the DBD reactor a 18 kV in agueous
solution containing crystal violet. It was found that about 60 ppm of H>O- was produced by
the reactor within 25 minutes. Wang et a., (2008) reported a higher concentration of H2O>
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(3.5 mmol/L within 60 minutes) in the combined pulsed discharge plasma and TiO:
photocatalyst in distilled water compared to 0.75 mmol/L in phenol solution. The decline in
H20- concentration in phenol solution was attributed to the consumption of the OH radical by
the pollutant, which prevented recombination of the OH radical to form peroxide. Dobrin et
al., (2013) utilized the indigo method and colorimetric method to quantify Os and H>O>
produced by a pulsed corona discharge in water and diclofenac solution. It was found that the
concentration of Oz produced (1.6 g/m?®) in water was slightly higher than in diclofenac
solution, which was linked to ozone consumption by the pollutant. A linear relationship
existed between the H>O. concentration and the treatment time. In fact, within 30 minutes of
discharge, 77 mg/L H20- was formed in water. Surprisingly, the concentration of the H2O»
formed in diclofenac within 15 minutes was 94 mg/L, which was higher than the value
obtained in water. This was ascribed to the dissociation of hydroxylated aromatic rings
present in DCF which enhanced the generation of more hydrogen peroxide in solution. Lei et
al., (2007) employed the colorimetric and indigo methods to quantify the amount of H>O- and
O3 produced by a pulsed corona discharge system. They found that the concentration of H2O>
and Oz produced by a pulsed corona discharge system increased with an increase in discharge
time and reached 0.64 and 0.029 mM within 60 minutes respectively. The values reported
were less than the concentration of oxygen bubbled into the reactor. The authors ascribed
lower concentration of H2O; relative to oxygen bubbling (2.02 Mm) to the reaction between
the active electrons and nitrogen. Whereas, the low concentration of ozone compared to
oxygen (0.032 mM) was attributed to the reaction between oxygen and nitrogen atoms in the

bulk solution.

2.6.3 Indicator parameters used in wastewater treatment

Wastewater comprises different constituents such as organic contaminants, inorganic Species,
and pathogenic agents amongst others. Organic species mostly identified in different water
sources consist of pharmaceuticals, EDCs, pesticides, disinfection by-products (DBPs),
metabolites, algae, and nutrients (Lessage et a., 2013). While the inorganic species includes
heavy metals, trace metals, radioactive elements. These constituents are further classified into
biodegradable and non-biodegradable species. The quality of potable drinking water or reuse
water is measured based on the reduction of these constituents to within tolerable, permissible
or acceptable limits using different indicator parameters (Rocha et a., 2013). These indicator

parameters includes, total organic carbon (TOC), chemica oxygen demand (COD),
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biochemical oxygen demand (BOD), biodegradable dissolved organic carbon (BDOC),
colour, turbidity, akalinity, pH, hardness, total dissolved solid (TDS), nitrogen and
phosphorus content, chloride, faecal coliforms. Apart from chemical analysis, the biological
assays involving the use of different Toxkits can also be conducted on the treated water to
further confirm the purity level of such a water (Oller et a., 2011). Bioassays test would
provide information on the toxicity level of the water. Different types of toxicity assays such
as the anti-inflammatory test, nitrous test, daphnia test, Interleukin 6 (IL-6) assay have been
conducted on treated water (Oller et a., 2011). Therefore, the overall water quality can be
measured using both the chemical analysis as well astoxicity assays. In this study, the extent
of mineralization of BPA or 2-NP was measured in terms of reduction in the total organic

carbon.

2.6.3.1 Total organic carbon

Total organic carbon (TOC) is a measurement of the total non-purgeable chemically bonded
organic carbon that is converted to CO.. TOC includes the particulate organic carbon (POC)
and dissolved organic carbon (DOC). It is an important indicator parameter mostly applied to
measure the quality of water and the performance of drinking water purification as regards
the presence of volatile and non volatile organic compounds (Oller et a., 2011). The
determination of the TOC value basically involves two stages. The first stage deals with the
conversion of the organic carbon to simple molecules such as CO». This can be achieved
using any of the following processes. photodecomposition, thermal combustion, wet
oxidation or a pyrolysis method (Fung et a., 1996). However, each of these methods has
l[imitations. In the case of photodecomposition, TOC value of water that contains recal citrant
non-purgeable organic compounds cannot be determined. In addition, wet oxidation is limited
to non-volatile organic compounds while the pyrolysis method cannot be used to determine
low TOC value (1 mg/L) of a large volume of water. Whereas, the therma method can
decompose recalcitrant volatile and non-volatile organic compounds and can even be used for
large volumes of water containing low TOC values (Anouzla et a., 2009). The second stage
involves quantitative measurement of the CO. formed during the conversion of the organic
bound carbon. The CO> measurement can be done using any of the following methods:
nondispersive infrared (NDIR) absorption spectroscopy, thermal conductivity detector, ion
exclusion chromatography (IC), nonsuppressed ion chromatography, acid/base titration,
gravimetry amongst others (Fung et al., 1996; Oller et al., 2011). The first three techniques
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required the use of analytical equipment while the last two do not. The extent of degradation
of organic pollutants via DBD or jet loop reactor is measured either by measuring TOC or
biological dissolved organic carbon (BDOC). It adso involves determining the differences
between the inorganic carbon and the total carbon content in the mixture. TOC cannot be
conveniently used to distinguish between the biologically oxidizable constituents and inert
organic matter. In this study, the extent of degradation of the modelled pollutants was
measured using TOC as indicator parameter. The step by step conversion of the organic
pollutant to CO- is shown in the equations below

R+0O, —» CO.+H0 (2.69)
R-N + O —NO + CO. + H.0 (2.70)
R-Cl + O = HCI + CO2 + H20 (2.71)

Where R represents carbonic substance.

2.7 Chapter summary and identified knowledge gaps

In this chapter, the sources, effects, environmental fate, as well as methods for detection and
guantification of pollutants of bisphenol-A and 2-nitrophenol in water was reported. It is
noted that the global production and demand for manufactured products containing BPA and
2-NP has increased tremendously. Consequently, higher concentration of BPA and 2-NP
have been detected in water sources due to the systemic failure of wastewater treatment
plants. Moreover, these compounds are not readily destroyed by conventional techniques.
Alternative treatment methods are desired to maintain public health and improve
environmental sustainability. The review of literature has shown that advanced oxidation
technologies namely heterogeneous photocatalysis, dielectric barrier discharge systems, and
hydrodynamic cavitation have been successfully utilized to decompose recalcitrant organic
pollutants. Nevertheless, dielectric barrier discharge systems produce ultraviolet light and
hydrogen peroxide (H20.). Both the UV light and H2O. are not maximally utilized, thus
require adequate attention to improve efficiencies. In the same vein, most TiO>
photocatal ysts incorporated with DBD system are in powder form and not on a solid support,
which prevents UV light penetration, and causes difficult post-separation of the catalyst, thus
increasing treatment time and costs. Another research gap identified is related to rapid
electron-hole recombination rate, high band gap energy of TiO> photocatalysts and low
adsorption capacity which limits photocatalytic efficiency. It is also worth mentioning that

particle agglomeration and stability affect the catalytic performance of nano zero valent iron
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particles. Similarly, the concentration of OH radicals and yield of the jet loop reactor system
alone is low thus reducing the mineralization rate. It is clear from the literature survey that
the individual advanced oxidation technologies are associated with particular shortcomings
which affect their overal performance and limit their full scale industrial applications. There
is a need to provide answers to some of the unresolved identified problems in the literature.
To overcome the identified associated shortcomings with regard to each treatment process,
this research proposes a process integration to decompose recalcitrant organic pollutants.
Thus, development of TiO2 nanocrystals on a rigid support such as stainless steel mesh and
subsequently doping with plasmonic Ag is considered research worthy of investigation. This
will not only reduce the post-recovery problem but also prevent the electron-hole
recombination rate and enhance the photocatal ytic efficiency. Thus, the combination of DBD
system and the supported Ag doped TiO. photocatalyst will be explored in detail. The
combination of stabilized nano zero valent iron particles with DBD system to induce the
photo-Fenton process constitutes another area that requires deeper understanding of the
kinetics and degradation mechanisms. Furthermore, the degradation yield of the jet loop
reactor may be enhanced via incorporation of in-line UV light and hydrogen peroxide.
Researchers have demonstrated that combined advanced oxidation technologies remain ideal
and sustainable ways for decomposition of recalcitrant organic pollutants. Combined
techniques allow the exploitation of each method(s strength to provide synergy, as well as
supplementing each process in the overal interest of obtaining a cost effective and
sustainable treatment system. These synergistic effects could also enhance the generation of
powerful oxidants, decrease mass transfer resistances and thus increase degradation yield,
shorten reaction time and lower the operational and maintenance cost (Golash and Gogate,
2012). However, limited studies have investigated combined advanced oxidation
technologies in the literature. In fact, no studies have been conducted on the degradation of
BPA and 2-NP in agueous solution by combined DBD/supported Ag doped TiO:
photocatalysts. Likewise, no information could be found on the decomposition of BPA and
2-NP in agueous solution by DBD system and photo-Fenton induced process. And neither has
the decomposition of the two modelled compounds by combined Jet loop reactor/in-line UV
/hydrogen peroxide been reported in the literature. Although the individual treatment process
had been effectively utilised to decompose emerging organic pollutants, however no studies
have been conducted using the combinatory approach of the aforementioned systems to
degrade BPA or 2-NP in water. Based on the gaps identified in the literature, the present
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investigation is conducted to identify the best combined AOTs among the followings:
DBD/supported photocatalysts, DBD/photo-Fenton induced process, JLR/UV/H20; that is
capable of mineralizing BPA or 2-NP into innocuous or less toxic compounds. The next
chapter provides detailed experimental protocols and analytical techniques used to achieve

the outlined aims and objectives of the research.
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CHAPTER THREE

EXPERIMENTAL AND ANALYTICAL TECHNIQUES

3 INTRODUCTION
The previous chapter of this study (Chapter two) focused on the review of literature. This

chapter provides detailed descriptions of the experimental procedures used to generate the
data needed to achieve the outlined aims and objectives of the study. It also sets out the

materials, aswell asthe analytical characterization techniques employed in this study.

31 Materials
The name, molecular formula, supplier, grade/purity of the chemicals, solvents and acids
used in this study are presented in Table 3.1 below. All the chemicals were used as received

without further purification and the preparation of solutionsis presented in section 3.1.1.

Table 3.1: Chemicalsused in this study

Chemicalg/Solventg/Acids Molecular formula  Supplier/Source  Grade/Purity

Poly acrylonitrile (PAN) [CsH3N]n SigmaAldrich 99 %
Titanium tetrachloride TiCls SigmaAldrich 99 %
N,N-Dimethylformamide (CH3)2 NC(O)H SigmaAldrich 99 %
Bisphenol-A (BPA) CisH1602 SigmaAldrich 99.5 %
2-nitrophenaol (2-NP) CeHsNO3 SigmaAldrich 97 %
Methylene blue C16H18N3SCl Sigma Aldrich 98 %
Silver trioxonitrate (V) salt AgNOs3 Merck 98 %
Pure silver metal Ag Kimix 99.8 %
Titanium(1V) oxysulphate TiOSO4 SigmaAldrich 95.8 %
Disodium salt of terephthalic ~ CgHeOs SigmaAldrich >29 %
acid (NaTA)

2-hydroxyterephthalic acid CsHeOs SigmaAldrich 98 %
Hydrogen peroxide H20: SigmaAldrich 97 %
Sulphuric acid H2SO4 SigmaAldrich 30 %
Sodium hydroxide solution NaOH Merck 98 %
Iron (111) chloride. hexahydrate FeClz.6H.O SigmaAldrich 50 %
Sodium borohydride NaBHa4 Merck 99 %
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Poly (Ethylene glycol) CanHan+20n+1 SigmaAldrich 99 %

Sodium chloride NaCl SigmaAldrich >99 %
Sodium tetraoxosulphate (VI)  NaeSOs B and M Scientific  99%
Phosphoric acid H3PO4 SigmaAldrich >85 %
Sodium trioxocarbonate(V) NaCOs3 SigmaAldrich 99.5 %
Di-sodium hydrogen NaoHPO4 SigmaAldrich >99 %
orthophosphate

Potassium indigo trisulfonate  C16H7K3N2011Ss SigmaAldrich 75%

3.1.1 Preparation of simulated wastewater and reagents

1000 ppm Methylene blue

1 g of methylene blue (MB) was accurately weighed into a 1 L volumetric flask containing
purified water obtained from a milli-Q millipore system. The mixture was shaken until the
methylene blue dissolved completely and thereafter made up to the 1 L mark with more
millipore water. The working standard (10 ppm) was then prepared from the stock solution
(1000 ppm) by seria dilution using the relationship below CV=CzV2. A freshly prepared 10

ppm solution was used for the photocatal ytic experiment.

1 000 ppm Bisphenol-A

A standard solution of bisphenol-A (BPA) was prepared by accurately weighing 2 g into a 2
L volumetric flask containing millipore water and the mixture was shaken thoroughly to
dissolve the BPA. After the complete dissolution which took several hours, the solution was
made up to the 2 L mark with addition of more millipore water. Other working standards (10
-100 ppm) were prepared via the serial dilution method and the standard working curve based
on mean HPL C peak areas was constructed for a concentration range of 10-100 ppm. The 10
ppm solution used for the degradation studies was obtained from 100 ppm via serial dilution
using the relationship CV,=C,V>, where C;= 100 ppm, V| = ?, C>= 10 ppm, V2= 1500 mL.
Thereafter 150 mL of 100 ppm was measured into 2 L volumetric flask and filled up to 1500
mL to give 10 ppm simulated solution of BPA.

TO



1000 ppm 2-nitrophenal

2 g of 2-nitrophenol (2-NP) was accurately weighed into a 2 L volumetric flask containing
millipore water and the mixture was shaken thoroughly to dissolve the 2-NP. After complete
dissolution, the solution was made up to the 2 L mark with addition of more millipore water.
Other working standards (10 [1100 ppm) were prepared via the serial dilution method. The 10
ppm solution used for the degradation studies was obtained from 100 ppm via seria dilution
using the relationship CV,=CxV2, where Ci= 100 ppm, V= ?, C>= 10 ppm, V2= 1500 mL.
Thereafter 150 mL of 100 ppm was measured into 2 L volumetric flask and filled up to 1500
mL to give 10 ppm simulated solution of 2-nitrophenal.

The structure of BPA, 2-NP and MB are shown in Figure 3.1.

OH
HO OH
bisphenol-A 2-nitrophenol
CH3_| S I|\I—CH3
CH, Cl' CH,

methylene blue

Figure 3.1: Chemical structure of bisphenol-A, 2-nitrophenol and methylene blue.

Indigo Solution-A
0.5 mL of phosphoric acid was mixed with 0.31 g of indigo trisulfanate in a volumetric flask
and filled up to 500 mL with millipore water.

Indigo Solution-B

14 g of sodium dihydrogen phosphate was mixed with 17.5 g of H3POs (>85%) in a
volumetric flask and filled up to 500 mL with millipore water.
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1000 ppm 2-hydroxylter ephthalic acid

A stock solution of 2-hydroxylterephthalic acid (HTA) was then prepared by dissolving 1 g
of HTA, in a 1000 mL volumetric flask. The solution was made up to the mark with distilled-
deionised water and other working concentrations (0.2 to 4 ppm) were prepared by seria
dilution. The concentration range between 0.2 04 ppm was used to prepare the calibration

curve.

0.2 mM disodium terephthalic acid
0.3323 g of disodium terephthalic acid (NaTA) and 0. 2 g NaOH were separately weighed
and both dissolved in 1000 mL millipore water and was made up to the mark.

Phosphate buffer

A phosphate buffer (pH 7.4) was prepared by separately weighing and dissolving 0.588 g
(KH2PO4) and 0.972 g (NaHPOs) each in a separate 250 mL volumetric flask. The two
prepared solutions were later mixed until pH 7.4 was achieved.

0.5M NaOH

19.8 g of NaOH was accurately weighed and placed into a 1 L volumetric flask containing
millipore water and the mixture was shaken thoroughly to dissolve the NaOH. After complete
dissolution, the solution was made up to the 1 L mark with addition of more millipore water.

0.5M H2S04

27.8 mL of concentrated H>SOs was accurately measured into a 1 L volumetric flask
containing millipore water. The mixture was properly shaken and more millipore water was
added to the diluted H2SO4 and made up to the 1000 mL mark.

1M Na2COs

104.9 g of NaxCOs3 was accurately weighed and added into a 1 L volumetric flask containing
millipore water and the mixture was shaken thoroughly to dissolve the NaCOs. After
complete dissolution, the solution was made up to the 1 L mark with addition of more
millipore water. Other working standards (0.01 M-0.08 M) were prepared via the serial
dilution method.
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1M NaCl

57.85 g of NaCl was accurately weighed and added into a 1 L volumetric flask containing
millipore water and the mixture was shaken thoroughly to dissolve the NaCl. After complete
dissolution, the solution was made up to the 1 L mark with addition of more millipore water.
Other working standards (0.01 M-0.08 M) were prepared via the serial dilution method.

1M Na2SO4

139.18 g of NaSO4 was accurately weighed into a 1 L volumetric flask containing millipore
water and the mixture was shaken thoroughly to dissolve the NaSOas. After complete
dissolution, the solution was made up to the 1 L mark with addition of more millipore water.
Other working standards (0.01 M-0.08 M) were prepared via the serial dilution method.

3.2 Experimental
The next section provides information on the experimental methodology used in addressing

the identified research problems

3.2.1 Experimental plan

The experimental is divided into three sections. Section 1 describes the synthesis and
characterization of the supported TiO> nanocrystals, Ag doped TiO> nanocomposites and
stabilized nano zero vaent iron particles. This section also contains methodology used for
testing the photocatalytic activity of the supported TiO> nanocrystals and Ag doped TiO»
nanocomposite using methylene blue as a modelled pollutant. Section 2 describes the
methodology used for the degradation of bisphenol-A and 2-nitrophenol using supported
photocatalysts and dielectric barrier discharge system, and also nano zero valent iron and
dielectric barrier discharge system. Section 3 describes the methodology used for application
of a jet loop reactor and other advanced oxidation treatment strategies to decompose the
selected modelled pollutants. The flow charts showing the research approach, experimental
and analytical techniques employed at different sections of the study are presented in Figures
3.2and 3.3.
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Section 1. Synthesisand characterization of catalysts

Synthesis of support TiQ; nanocrystals and Synthesis of stabilized and nop-stabilized nano
Ag doped TiU); nanocomposites Lero valent irom particles

Characterization technigues: HESEM. HRTEM SAEL, EDS, FTIR,
TA-IMSC, UV-vis diffuse spectroscopy, BEL, XP5S, XRD

Section 2: Photocatalytic activity and application of catalyst with DBD

Degradation of BPA or 2-NI
Degradation of BPFA or 2-NI° B :
- |

Supported Ti(); Supported Ag/Ti0; DBD/ .
on S8 on 55 DBD alone DED/supported Ti0: || gupnorted Ag/TiO, DBD/ nZV1

i _ B
Degradation of MB Degradation of BPA or 2-NP| —

Figure 3.2: Flow chart of research plan based on synthesis, characterization; (section 1) and application with DBD (section 2)
SS=stainless steel
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Section 3

Degradation of BPA or 2-INP

UV -Light alone JLRK alone H0O,; alone

Degradarion of BPA or 2-NP

JLE/UV JLLR/HL O UV/HL O,

l

Degradation of BPA or 2-NP

JLR/UV/H,O,

Figure 3.3: Flow chart of research plan based on application of combined advanced
oxidation technologies to decompose BPA and 2-NP in aqueous solution.
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3.2.2 Synthesisof supported TiO2 nanocrystals
This section provides information on the methodol ogy used to prepare the TiO, photocatal yst
supported on a stainless steel mesh.

i. Preparation of PAN/DMF/TiCla4 sol gel solution

Supported TiO2 nanocrystals were synthesised via the modified sol-gel technique (Totito,
2014). To prepare the supported TiO2 nanocrystals, 8 g of powdered polyacrylonitrile (PAN)
was weighed and added to 92 g of dimethylformamide (DMF) making up 100 g of PAN and
DMF. The mixture in a bottle open to air was then stirred on a magnetic stirrer at room
temperature (25 °C) for 12 hr. At the end of 12 hr stirring, a dlightly transparent 8 %
PAN/DMF viscous solution was obtained. From the solution, 50 mL of the mixture was
placed in a separate bottle followed by slow drop wise addition of 6 mL of 0.09 M TiCls at 25
°C using magnetic stirrer with continuous stirring at 150 rpm. This step was conducted in a
ventilated fume hood. During the addition of 6 mL of 0.09 M TiCl4, the transparent solution
rapidly became brownish yellow colour (Figure 3.4). The addition of 6 mL of 0.09 M TiCl4
was accompanied by the release of a white fume of hydrochloric acid, and the stirring was
continued for 15 min until the white fume disappeared. Prior to the addition of TiCls, the
temperature of the sol was 20 °C and after the addition of the titanium precursor, the
temperature rose to 41 °C. This implies that the reaction was purely exothermic. The formed
gel solution was continually stirred until the white fume disappeared.

Figure 3.4: Solution A =8 % PAN/DMF and Solution B =8 % PAN/DMF/TiCl4 sol gel
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ii. Coating of stainless steel mesh with the8 % PAN/DMF/TiCl4 sol gel solution
Prior to manual coating, a 4 by 4 cm stainless steel mesh was washed with acetone, ethanol
and water, and then dried in an oven at 90 °C. The reason for cleaning the mesh with acetone
was to remove organic and inorganic contaminants. The cleaned stainless steel mesh was
weighed and coated manually with the prepared sol gel formulation. A 3 mL plastic pipette
was used to draw up 2.5 mL sol gel solution and uniformly disperse it until the sol-gel
completely covered the stainless steel mesh. The coated mesh was air dried a room
temperature in a fume cupboard for 10-15 minutes followed by pyrolysisin N2 atmosphere at
300 °C, 350 °C or 400 °C in a Labfurn tube furnace shown diagrammatically in Figure 3.5. A
heating rate of 50 °C/min and holding time of 1 to 4 h was adopted. This step by step
synthesis of nanocrystalline TiO: is illustrated in Figure 3.6. The procedure aso included a
flow of nitrogen gas through the inner tube at 20 mL/min in order to create an inert

environment and to prevent side reactions such as hydrolysis.

Thermacouple

-

Gas flowing
— [l
Vapour ol ¢—
fumes \ Ej Pressure gauge

: \

Catalyst on a N, Gas
stainless steel mesh

Water

Figure 3.5: The schematic diagram of the tube furnace used for calcination
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PAN DMF

PAN dissolved i”‘V

PAN/DMF
sol

i Drop-wise addition of (99%) TiCl,
PAN/DMHFTICl,
Sol-gel

\ 4
Manual coating on a

stainless steel mesh

A
Pyrolysis: Temperatures (300° C, 350° C, 400° C)
Holding time (1- 4 hours) ramping time 50°C/min

TiO, photocatal ytst supported on a
stainless steel mesh

Figure 3.6: Flow chart representing the sol-gel method used for synthesising supported
TiO2 nanocrystals.

3.2.3 Synthesisof Ag doped TiO2 hanocomposites

In this study, the post deposition of Ag onto supported TiO2 nanocrystals was achieved via
thermal evaporator method. Thermal evaporation technique is a form of physical vapour
deposition involving deposition of athin film of pure material usually metal, onto the surface
of another substrate material. The film thickness is usually in the range of angstroms to
microns. This technique is based on heating a metallic substrate using filament evaporation in
a high vacuum chamber to produce metal vapour. This metal vapour stream traverses the
chamber and eventually deposits on the substrate as a coating or film (Figure 3.7). The three
steps involved in the therma evaporation of plasmonic metal onto the TiO. surface are
described below.
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“ Crystal detector
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* with Ag meta
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High vacuum created by diffusion pump backed materia

by rotatory pump

Figure 3.7: Schematic diagram of thermal evaporator used for depositing silver

The vacuum chamber was vented by opening the vent valve for approximately ten minutes
after which the dome became loose. The dome was removed carefully. After this, the vent
valve was closed and the samples (TiO2 calcined at 350 °C for 3 h) were loaded upside down
into the sample holder while the source boat containing the plasmonic element (silver) was
placed on the thermal source and covered with a shutter or swing-arm shield. The dome was
then replaced and the mechanical vacuum pump switched on for about 10 minutes (Figure
3.7). A Pirani Cold Cathode Gauge was turned on to monitor the pressure. The pressure was
allowed to build-up for approximately 30 minutes until the desired value of 2.5 x 10 mbar
was reached. Prior to the deposition of silver, the Qpod laptop software was set up so that the
sensor crystal frequency reading was displayed properly to the thermal plate holder connected
to the high current source. Subsequently, the current of 100 A was slowly applied until the
Ag begun to glow and evaporate. To achieve uniform deposition an evaporation rate of 0.5
Als was applied. The Qpod programme was executed and the shutter turned anticlockwise.
UN



The desired amount of Ag was deposited using different deposition times (30, 45 and 60 sec)
onto the TiOy surface by constant heating current of 44 A. Once the desired thickness was
achieved, the shutter was closed, the Qpod programme was halted and gradually the current
was reduced to zero. Thereafter, the vacuum pump and the cathode gauge was switched off,
the water valve for sensor cooling was closed followed by a pause until the vacuum turbo
pump stopped (Figure 3.7).

To remove the samples, the vent valve was switched on for 10 minutes to release the pressure
for easy remova of the dome. The dome was removed and the loaded samples removed
without touching the film surface. The various synthesised supported TiO> nanocrystals and

Ag doped TiO2 nanocomposites with their unique codes are represented in Table 3.2.

Table 3.2: Supported TiO2 and Ag doped TiOz2 photocatalyst with code and conditions

Sample code Temperature Holdingtime Ag Results (HRSEM
(°C) at constant nanoparticles and HRTEM
heating rate (50° (W%) images)

C/min)

JT1 300 1 Figure4.1 and 4.4

JT2 2 Figure4.1 and 4.4

JT3 3 Figure4.1and 4.4

JT4 4 Figure4.1 and 4.4

JT5 350 1 Figure 4.2 and 4.5

JT6 2 Figure 4.2 and 4.5

JT7 3 Figure4.2 and 4.5

JT8 4 Figure4.2 and 4.5

JT9 400 1 Figure4.3 and 4.6

JT10 2 Figure 4.3 and 4.6

JT11 3 Figure 4.3 and 4.6

JT12 4 Figure4.3 and 4.6

JT13 350 3 30 sec (1.8) Figure 4.20

JT14 350 3 45 sec (2.4) Figure 4.20

JT15 350 3 60 sec (3.5) Figure 4.20
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3.24 Synthesisof nano zero valent iron

In this section, iron nanoparticles were synthesized via a simple chemical reduction of iron
chloride hydrate with sodium borohydride as a reducing agent. Two procedure were used as
described below.

i. Synthesisof nano zero valent without stabilising agent

To prepare non-stabilized nano zero valent iron, two solutions (A and B) of equa volume
were mixed together with vigorous stirring in a flask for 30 minutes. For solution A, 1.35 g of
FeCl3.6H-0 was dissolved in 40 mL deionised water for a concentration of 0.125 M while for
solution B, 0.28 g of NaBH4 was dissolved in 50 mL deionized water to give 0.15 M.
Thereafter, 60 mL solution B was added drop-wise to 40 mL of solution A under vigorous
stirring in afume hood until the solution turned dark and later completely black. The reaction
is shown in the equation below.

Fe3t +3BH, +9H,U— 4re® + 3H,B05_ +12HY + 6H, (3.2)
After the reaction, the black iron nanoparticles were separated from the agqueous solution with
a bar magnet and washed three times with 20 mL ethanol to prevent immediate oxidation.
After washing the synthesized iron nanoparticles were freeze dried at -55° C for four days and
subsequently characterized. The non-stabilized nano zero vaent iron (nZV1) was labelled
JT16

ii. Synthesis of nano zero valent with stabilising agent
In order to prevent agglomeration of the nanoparticles during synthesis, a dispersing agent
such as poly ethylene glycol was added to the solutions. The same procedure described in
step i above was used to synthesis stabilized nano iron in zero valent state with the addition
of poly ethylene glycol as a stabilising agent. The synthesis involved mixing solutions C and
D together in a conical flask for 30 minutes. For solution C, 0.75 g FeCl3.6H>0 was dissolved
in 20 mL deionized water and then mixed with 20 mL of 3.5 wt % poly ethylene glycol
solution. The colour change of the FeCl3.6H-0O solution from yellow to orange was observed.
For solution D, 0.28 g NaBH4 was dissolved in 50 mL deionized water and was added drop
by drop to solution C under vigorous stirring. There was the appearance of a black precipitate
accompanied with bubble formation (H> release). The reaction was completed and iron
nanoparticles were separated using a bar magnet. The synthesised iron nanoparticles were
washed with ethanol prior to freeze drying and then labelled PEG-nZV1 (JT17). The various
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synthesised catalysts such as supported TiO> nanocrystals, Ag doped TiO2 nanocomposites
including stabilized and non-stabilized nZVI were characterized using the following
analytical techniques: XRD, HRSEM, HRTEM, XPS, FTIR, UV-Vis diffuse reflectance,
TGA-DSC, and BET surface area analyzer. These characterization techniques are presented

in section 3.4.

3.2.5 Photocatalytic setup

The photocatalytic activity of sample JT1-JT15 were evaluated using methylene blue (MB)
(concentration of 10 ppm) as a modelled pollutant. The experiment was conducted in a self-
designed 500 mL beaker photo reactor containing 50 mL of MB solution (10 ppm
concentration), pH of 6.8 and 30 mg of the supported catalysts. The amount of TiO>
deposited on the stainless steel mesh was evaluated by subtracting the mass of the stainless
steel mesh prior to coating from the amount retained by the stainless steel mesh after the
pyrolysis in the furnace. It should be noted that the amount of TiO> deposited on the various
samples of stainless steel was not entirely uniform due to differences in applied catalyst
temperature and holding time. 30 mg of the supported photocatalyst and 50 mL of MB
aqueous solution were placed in a beaker with continuous magnetic stirring at ambient
temperature. The MB solution was irradiated with a 9 W UV-A low pressure lamp of
wavelength of 315-400 nm. The light intensity of UV-A with wavelength 315-400 nm was
0.5 mW cm™2. The UV lamp clamped on a retort stand was positioned at the centre of the
beaker at a distance of 1 cm between the UV lamp and surface of MB. The supported catalyst
was immersed in such a way that the incident UV light fell onto the surface of the catalyst.
The photocatalytic experiment was conducted in a dark room to avoid interference with
normal visible light.

3.2.5.1 Photolysis and adsor ption blank control experiment

Prior to photocatalytic activity, control experiments involving the stainless steel support
alone, was compared to stainless steel coated samples with an average value of 30 mg TiO>
catalyst, and 50 mL of MB (10 ppm) were separately conducted in the dark with continuous
stirring for 6 h using magnetic stirring at 150 rpm. A 2 mL solution was sampled periodically
at every 1 h and immediately analysed using a UV -Visible spectrophotometer. This was done
to establish whether that degradation or removal of methylene blue by the supported catal yst

could occur via adsorption. Further control experiments were conducted by exposing the
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methylene blue to UV-light without catalysts. These experiments were done to establish that
% removal or mineralization of the MB at ambient temperature under UV light was only due

to the agency of photocatalysis and not due to adsorption by the supported photocatal ysts.

3.2.5.2 Photocatalytic activity of supported TiO2 nanocrystals (JT1-JT12)

The supported catalyst immersed in MB solution was continuously stirred in the dark for 30
min to establish adsorption/desorption equilibrium. The concentration of the dye determined
after adsorption saturation using UV-vis spectrophotometry and was taken as the initia
concentration of the MB. Thereafter, the photo-reactor was closed; the UV lamp switched on
for 6 hours to provide constant light intensity during the experiment and photocatalytic
decolouration of MB was continuously monitored. At specilg time intervals, 2 mL sample
aliquots were withdrawn from the photoreactor. The absorption intensity of the solution was
then measured using a Nicolette-Evolution 100 Ultraviolet spectrophotometer (Thermal
Electron Corporation, UK) at 664 nm. The actual concentration of the MB was estimated
from the calibration curve. Each experiment was repeated twice and an average experimental

value was determined.

3.2.5.3 Photocatalytic activity of JT13-JT15

The photomineralization of the MB solution was further performed with the optimum
supported TiO2 nanocrystals (JT7) and various Ag doped TiO2> nanocomposites (JT11-JT15).
The solution pH was not adjusted. This experiment was also conducted in a self-designed 500
mL beaker photo reactor containing 50 mL each of MB solution (10 ppm concentration) and
30 mg catalysts as described in section 3.2.5.2. The mixture containing the supported
catalysts was continuously stirred on a magnetic stirrer at 150 rpm for 5 h. At specilg time
intervals, 2 mL samples were withdrawn from the photoreactor and the absorption intensity
of the solution was then measured using ultraviol et spectrometer at 664 nm.

3.2.6 Dataanalyss

The residua concentration of the MB solution after the photocatalytic degradation
experiment was cal culated from the absorption intensity of the MB solution measured at 664
nm by Nicolette-Evolution 100 Ultraviolet spectrophotometer in line with the calibration
curve. The different concentrations and the calibration curve are shown in Table 3.3 and

Figure 3.8 respectively.
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Table 3.3: Different concentration of methylene blue used for the calibration curve

Concentration (ppm) Absorbance
2 0.517
10 2.060
15 2913
20 3.712
40 6.991

The residual concentration of each sample after the photocatal ytic experiment was estimated
from the calibration curve via extrapolation. Alternatively, the absorbance value was divided

by the obtained slope from the calibration curve.

' . r . Abzprbaoncs
Residual concentration (in ppm) TPy ——————— (3.2
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The percentage removal of MB by the photocatal yst was cal culated using the equation (3.3)

U rernoval e f ficiency of MB = morer (3.3)

Lo

Where Co and Ct represent the initial and the final concentration of MB solution respectively.
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Figure 3.8: Calibration curve of the standard methylene blue solution
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3.2.7 Dieectric barrier discharge experimental section

This section presents the degradation procedure of BPA and 2-NP by the dielectric barrier
discharge (DBD) system. This aso included integration of various synthesised catalysts with
dielectric barrier discharge system to degrade BPA and 2-NP. In this section, the optimized
DBD reactor was used as reported by Mouele, (2014).

3.2.7.1 Experimental set-up
Figure 3.9 represents the schematic diagram of DBD system used for the degradation of the

recalcitrant organic contaminants. The device comprised a DBD reactor that generated
powerful oxidants such as hydroxyl radicals, hydrogen peroxide, ozone and ultraviolet light,
using an AC high voltage power supply, step down transformer, air flow meter, air pump,

ground €electrode and a reactor vessel containing the model wastewater.
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Figure 3.9: The schematic diagram of the dielectric dischargebarrier system
(Source: Moule, 2014)
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The DBD reactor was a double quartz tube with a quartz inner tube and outer tube diameter
of 1 mm and 7 mm respectively. The AC high voltage power supply was set at 25 V,
delivering a current of 5 A and a power of 125 W, and was connected in series to a
transformer and rectifier that steps the AC voltage up to a DC output voltage of ~8 kV. This
potential was applied between the counter electrode in the DBD reactor and the working
silver electrode held in the systemslinner quartz tube shown in Figure 3.9. The 0.5 mm silver
electrode directly connected to the high voltage (output of the transformer) was immersed in
a 50 g/L of sodium chloride electrolyte placed in the inner quartz tube of the single cell DBD
reactor and was also earthed. Air was provided by an air pump with a high and low flow
speed switch which was connected to both air flow meter and the single outer quartz cell
reactor tube. An air-flow rate of 3.0 L/min was used through air flow gap. The DBD reactor
was 23 cm long with an inlet and outlet for air circulation. All through the discharge, the
powerful oxidants and UV/visible light produced, acted simultaneously to decompose the
target compounds. The ozone generated by the DBD reactor was continuously and uniformly
dispersed within the solution compartment by magnetic stirring of the BPA or 2-NP being
treated.

3.2.7.2 DBD experimental method

The 10 ppm (4.4 x 102 M) solution of the prepared BPA or 2-NP as described in section
3.1.1 was used. 1.5 L of the ssimulated wastewater was measured and placed in a2 L beaker.
The original depth of the simulated organic wastewater in the reactor vessel was about 130
mm and later rose to about 135 mm due to the flow of air through the DBD which produced
bubbles in the solution compartment. The electrica conductivity of the agqueous solution of
BPA and 2-NP were measured to be 20.1 and 51.3 [$/cm with the aid of multi -parameter
analyser C3010. The DBD experiment was conducted for 120 minutes at room temperature
(20 °C) and sampling was done at time intervals of ten minutes. The efficiency of the DBD
process was determined by measuring the residual concentration of BPA or 2-NP as a
function of treatment time using a high performance liquid chromatograph (HPLC) equipped
with a Waters 2487 dual | absorbance detector. The detailed HPLC methodology is provided

in section 3.4.12.
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3.2.7.3 Calibration curve of BPA and 2-NP
Standard solutions of BPA and 2-NP were prepared by diluting a 1000 ppm stock solution

and a standard working curve based on mean HPLC peak areas was constructed for a
concentration range of 10 [180 ppm. The temperature was maintained at 26 °C throughout the
analysis. Evaluation and quantification were made using a chromatography data system. The
retention time for 2-NP and BPA was 8.2 and 13.3 minutes respectively. A calibration curve
of standard solution against the peak area was plotted. The HPLC chromatograph of BPA and
2-NP at a retention time of 8.2 and 13.3 min is shown in Figure 3.10 and 3.11. The
calibration curve of both 2-NP and BPA are shown in Figure 3.12 and 3.13 respectively.
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Figure 3.10: HPL C chromatogram of 2-nitrophenol standard solution

0.020
0.015
0.010

0.005

S L

2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00
Retention time (minutes)

Figure 3.11: HPL C chromatogram of bisphenol-A standard solution
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Figure 3.12: Standard calibration curve of 2-nitrophenol (HPLC)

HMHMHD
TUHHIHDY —
GAMHIMD w
SAMHMMHY —
SOUHMMD —
JOMO0D —
200HY0HD —

1O -

v=8667,9x + 51204
R’=0,9998

0
0

T Lt T 2 T L T
20 40 ol 80

Concentration (ppm)

Figure 3.13: Standard calibration curve of bisphenol-A (HPLC)

vV M



3.2.8 Investigating the influence of different experimental parameters on the oxidation
rate of BPA or 2-NP via DBD system

This section provides information on the experimental parameters studied using the DBD

reactor only.

3.2.8.1 Effect of initial solution pH

In order to establish the optimum pH a which maximum degradation of the modelled
pollutants occur, solution pH was investigated as a parameter. The initial solution pH was
varied from 3 to 12 for 120 min by adding 0.5 M H>SO4 or 0.5 M NaOH dropwise until the
desired pH was achieved. The solution pH was measured with a multi-parameter analyser
C3010 and prior to that, the pH meter was calibrated based on the manufacturer(s
instructions. 1.5 L of 10 ppm BPA or 2-NP placed in 2 L beaker were treated with DBD
system as explained in section 3.2.7. A 2 mL sample aliquot of the treated water was taken at
each ten minutes interval and put in 2 mL glass vials, and then analyzed by HPL C equipped
with aWaters 1525 binary HPLC pump and Waters 2487 dual | absorbance detector.

3.2.8.2 Effect of initial concentration of the BPA and 2-NP

In order to determine the optimum concentration at which maximum removal of the modelled
pollutants occurred using the DBD reactor on its own, the initial concentrations of BPA or 2-
NP solution were varied in the range of 10 [130 ppm maintained at optimum solution pH of 3.
1.5 L of the simulated organic wastewater was subjected to DBD treatment for 120 minutes
and sampling was done at intervals of ten minutes during the reaction and 2.0 mL aliquots of
the treated solution were withdrawn with a plastic syringe and analyzed by HPLC equipped
with a Waters 1525 binary HPLC pump, and Waters 2487 dual | absorbance detector set at
280 and 278 nm respectively.

3.2.8.3 Effect of radical scavengers

The presence of radical scavengers in solution affect the efficiency of advanced oxidation
technologies due to inhibition and consumptions of free radicals. Among radical scavengers
or inhibitors are inorganic species such as NaCOsz, N&SOs, NaHCOz, NaB207, NaNOs,
C3H9OH, t-C4HeOH, NagPOas, and NaCl. In this study, the influence of separate addition of
NaCO3, NaxSO4 and NaCl on the removal rate of BPA or 2-NP in water by DBD system was

examined. 60 mg/L each of (NaCOs, N&aSO4, NaCl) solution were separately mixed with 1.5
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L of BPA or 2-NP solution of known concentration (10 mg/L) at pH 3 in a2 L beaker. The
mixture was subjected to DBD treatment for 120 minutes and sampling was performed every
10 minutes. The residual concentration of BPA or 2-NP in the aliquot of samples withdrawn
from the reactor were determined by HPLC equipped with a Waters 1525 binary HPLC
pump, Waters 2487 dua | absorbance detector AT set at 280 nm for both compounds
respectively. A Waters Spherisorb Cis reversed-phase Liquid chromatography column
dimension 150 by 4.6 mm, 5 Owas used for the analysis of BPA and 2-NP concentrations in
the treated samples. The mobile phase was water: acetonitrile 85:15, (v/v) solution and the

same components with 0:100 (v/v) for both compounds with aflow rate of 1 mL/min.

3.2.9 Treatment of BPA and 2-NP by combination of DBD reactor and the supported

photocatal ysts
The schematic diagram of the combined DBD/supported TiO> device used for the
decomposition of BPA and 2-NP is shown in Figure 3.14
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The AC high voltage power supply discharge system connected in series to the DBD reactor
provided a constant potential of 8 kV across the working and counter electrodes in the DBD
reactor vessel containing the smulated organic wastewater. Prior to testing the combined
system, the BPA or 2-NP solution had earlier been treated with the DBD reactor aone for
120 min to determine the DBD degradation capability on its own (Section 3.2.7). The DBD
reactor in Figure 3.14 is the same as shown in Figure 3.9 except that the DBD reactor was
positioned at the centre of tubular arrangement of the sample JT7 and JT14. The whole unit
was immersed in a 2 L beaker in order to utilize the ultra-violet light produced by the DBD
reactor for photocatalysis. The dimension of the tubular supported catalyst was 19.5 cm by 2
cm which was equivalent to the length of the quartz tube. The rectangular pieces of mesh
containing catalysts were joined together with a thread at the edge to form the tubular
arrangement. The inner quartz tube was filled with 50 g/L NaCl solution and the electrode
(silver) was then connected to AC high voltage. The agueous NaCl solution in the inner tube
acted as discharging electrolyte. In the course of this experiment, the passage of high voltage
electrical discharge between the inner tube containing the silver electrode and the dielectric
barrier produced powerful oxidants in the air gap as well as UV/visible light which were
jointly responsible for the decomposition of the modelled pollutants (see Figure 3.14).

The gas [Owing through the air gap could be air or oxygen, in this case air was used. The air
flow rate was maintained at 3 L/min throughout the period. The counter electrode was
equally immersed in the 2 L beaker containing 1.5 L of 10 ppm modelled pollutants. The
initial concentration of the simulated organic compounds was 10 ppm and the pH of BPA or
2-NP solution was adjusted to 3 by adding a few drops of 0.5 M NaOH or 0.5 M H2SO4
respectively. Before the voltage was applied, the electrical conductivity of BPA and 2-NP
solution was measured using a multi-parameter analyser C3010 and was found to be about
20.1 and 51.3 pS/cm respectively. The experimental set up was then switched on, air was fed
into DBD reactor continuously and reactive species produced were uniformly dispersed
within the solution compartment upon stirring. Sampling was done every ten minutes for 120
minutes. In order to prevent possible interference such as by indoor electrical light, the
experiment was conducted in the dark, apart from the UV generated in situ. The residua
concentration of 2 mL BPA or 2-NP sampled at 10 min intervals during the experiment was
determined using an Agilent HPLC with a Cis column and ultraviolet detector operating at
278 nm or 280 nm. All experiments were replicated twice and the average residual

concentration was noted.
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The control experiment was conducted with ordinary supported TiO2 nanocrystals without
the DBD reactor in the dark using 10 ppm solution of BPA or 2-NP. 1.5 L of BPA or 2-NP
agueous solution were placed in a beaker with continuous magnetic stirring at ambient
temperature. Sampling was done at 10 min interval and analysis using an Agilent HPLC with
a C1s column and ultraviolet detector operating at 278 nm or 280 nm. For a comparison, 0.8
g powdery commercia titanium oxide (anatase, Degussa P-25) was uniformly dispersed into
aqueous solution of BPA or 2-NP. The DBD reactor containing powder TiO2 was run for 120
min. Sampling (2 mL) was done a 10 min interval and subsequently analysed using
analytical technique described in section 3.4.12. Furthermore, the leaching or released of any
metallic species such as Ti, Ag, Cr, Fe, Ni from both the catalyst and the support materials
during the experiment were measured using ICP-OES. The detailed analytica measurement
and conditions can be found in section 3.4.14.

3.2.9.1 Reusability and stability test
In order to investigate the reusability and stability potentials of the catalyst, the experimental

procedure described in section 3.2.9 was repeated consecutively for four times using and
sample JT14 combined DBD containing freshly prepared 10 ppm BPA or 2-NP solution.
After each experiment, sample JT14 was cleaned with Millipore water and air-dried. The
mineralogical integrity or stability of the catalysts after each experiment was examined using
XRD. The surface morphology and adhesion of the catalysts upon the mesh before and after
the experiment was checked using HRSEM. Detailed analytical characterization techniques
and operating conditions are provided in section 3.4.1 and 3.4.2.

3.2.9.2 Treatment of BPA and 2-NP by combination of DBD reactor and the stabilized

Nano zero valent iron (nZVI) particles

The set up used for the combined DBD/nZVI remained the same as for the DBD on its own
except sample JT7 and JT14 were replaced with (0.02 - 0.1 g) poly ethylene glycol stabilized
nano zero vaent iron (PEG-nZVI) particles. As mentioned previously, the DBD system
produces ozone, hydrogen peroxide, hydroxyl radicals, singlet oxygen and ultraviolet light.
Thus, nano zero vaent iron particles were added to induce the photo-Fenton process and
enhance the generation of hydroxyl radicals which should in turn produce higher
mineralization rate. The decomposition of BPA or 2-NP was conducted in a2 L beaker filled
with 1.5 L each of the 10 ppm modelled compounds. The experimental conditions remained

the same as explained above except that the solution pH was adjusted to 3. This was because
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the efficiency of photo-Fenton process has been reported to be higher at this pH value. The
stirring speed of the magnetic stirrer remained 150 rpm. After 10 ppm of BPA or 2-NP
solution was individually measured into the solution compartment, different amounts of PEG-
nZV1 (0.02, 0.04, 0.06, 0.08 and 0.1 g) were added corresponding to concentrations of 0.01,
0.03, 0.04, 0.05 and 0.07 g/L in the solution compartment. The degradation of BPA and 2-NP
was achieved via continuous stirring and simultaneous introduction of dry air into the DBD
for the production of ozone, hydroxyl radicals, hydrogen peroxide and UV-light. Sampling
was done from the reactor vessel at time intervals of 10 min and the 2 mL aliquot was filtered
with a0.22 [h membrane filter and analysed using HPLC method shown in Table 3.10. The
experiment was repeated twice and the average value was reported. The control experiment
was carried out in the dark with ordinary PEG-nZV1 using different dosage (0.02 [11.00 g) at
constant conditions of solution pH (3), volume of BPA or 2-NP (1.5 L) and concentration of
BPA or 2-NP (10 ppm) while the DBD system was switched off.

3.2.9.3 Determination of Total Organic Carbon

The Total Organic Carbon content (TOC) is used an indicator parameter during wastewater
treatment to provide information on the extent of conversion of organic pollutants in water to
harmless inorganic species such as carbon dioxide and water. It is often used to assess the
performance of wastewater treatment technique. In this study, the mineralization process of
BPA or 2-NP was monitored in terms of the reduction in the amount of Total Organic Carbon
(TOC) before and after the oxidation process using the adapted standard thermo-catalytic
digestion followed by non-dispersive infra-red (NDIR) detection described by Fung et a.,
(1996). The detailed methodology is provided below.

Prior to analysis, 15 mL of treated water was pipetted into 25 mL volumetric flask and
acidified with 3 mL of 0.2% (v/v) H3POa. This was done to remove or purge the inorganic
carbon (IC) such as CO, and COs*. The pH of the solution was reduced to 2 and was
maintained under purging with purified O for about 10 min at a rate of 100 mL/mint. The
sample was then digested in an autoclave at a temperature of 116°C for 2 h. Subsequently the
digested sample was distilled over 10 g CuO catalyst at about 2-3 mL mint for 30 min in
order to oxidize the volatile organic compounds. In the process of distillation, 0.03 g K2S0s
was also added to oxidize the nonvolatile organic compounds. Thereafter, the total non-

purgeable chemically bonded organic carbon that is converted to CO; transported in the
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purified oxygen streams was measured using nondispersive infrared analyser as the TOC
value. The same procedure was repeated for a blank sample and 15 mL carbon-free water was
used in place of the sample. The mineralization rate of BPA or 2-NP solution as a function of
TOC was estimated using the relationship below

Mineralization rate = 20810 7Fmal 108 . yyu0 (I (3.4)

Imftal TOL vaiua

3.2.9.4 | dentification of transformation products

This experiment was conducted to identify the oxidation products of the target compound and
to elucidate the degradation mechanism. The Agilent 6230 time of flight liquid
chromatograph mass spectrometer (TOF LC-MS) in the negative ionization mode was used
for qualitative identification of the intermediates formed during the decomposition of BPA or
2-NP by DBD reactor, DBD/JT14 and DBD/photo-Fenton induced process. Due to difficulty
in the identification of the intermediate compounds at low concentration by LC-MS, 250 ppm
each of BPA or 2-NP were separately subjected to DBD treatment. The combined system (of
DBD/Ag/TiO2 or DBD/0.06 g nano zero vaent iron particles were further utilised to identify
the oxidation products of BPA or 2-NP degradation in agueous solution. The volume of the
simulated organic wastewater was 1.5 L and the degradation of BPA or 2-NP into various
fragments was monitored for a period of 2 h. Higher concentrations were selected for easy
identification of the reaction intermediates and prediction of the degradation pathways.
Sampling was done every 10 minutes when 2 mL aliquot was withdrawn into 2 mL bottles.
The 2 mL vias were then sealed and the possible intermediate oxidation products were
identiled using Agilent 6230 TOF LC -UV and mass spectrometry at 280 and 278 nm
respectively. A Thermo chromatographic system (pump + thermostated autosampler
Surveyor) equipped with a diode array detector (Surveyor) and an ion trap mass spectrometer
DECA XP lon max was used. The separation of BPA or 2-NP into various fragments was
accomplished using a symmetry C8 column and a gradient method with two mobile phases
was used. Detailed of the gradient elution method is contained in section 3.4.12.
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3.2.9.5 Quantification of free reactive species produced by DBD alone

The DBD reactor produced highly oxidative radicals, out of which, three reactive species
namely H2O., Oz and OH were detected and quantified using suitable standard analytical
procedures while in the combined system, only the concentration of hydroxyl radical was
considered. The methodology adopted is detailed in the next section.

3.2.9.6 Hydrogen peroxide (H202) determination

The colorimetric method reported by Sahni and Locke, (2006) was adopted. This involves
the spectrophotometric measurement of the intense-yellow orange formed as a consequence
of adding titanylsulphate to a solution containing hydrogen peroxide. The yellow colour is
due to the formation of peroxotitanyl sulphonic acid shown in the reaction scheme below.
TiOSO4 + H20z + HSOs — > TiOz(S04)2> + HO + 2H* (3.5)
The concentration of the H>O> produced by the DBD reactor is equivalent to the
concentration of the peroxo titanyl sulphonic acid measured using the UV-visible
spectrophotometer at 410 nm. The substitution of the corresponding absorbance value at this
wavelength into the Beer[S Lambert formula produces theinitial concentration of H>O».

2.4 g of titanylsulfate (hydrate) was weighed and mixed with 100 mL of 20% H>SO4 in a
volumetric flask and the remaining volume of the flask was made up to 500 mL with
distilled-deionised water. 3 mL water sample containing BPA or 2-NP was taken from the
DBD reactor and immediately mixed with 0.3 mL of the prepared titanylsulphate solution in
a 20 mL volumetric flask which produced yellow pertitanic acid. The absorbance value of the
resulting in the yellow colour of the pertitanic acid was measured at 410 nm. The
concentration of the H>O, generated insitu during the DBD treatment was calculated using
the Beer[S Lambert equation shown below (Sahni and Locke, 2006). The experiment was
repeated with distilled-deionised water (as control) without BPA and 2-NP and the
concentration of H>O. was cal culated accordingly. The DBD experiment was conducted for 2

h and sampling was done at 10 min interval.

A= £, whichimpliesthat € =2 (3.6)

=l

Where [represent the molar extinction coefficient of H2O. at 410 nm, which is 700 L mol
lem?, 1 is the optical path length usually 1 cm, A is the absorbance in (au), C is the
concentration in (mol/L). The reaction pathways leading to formation of H2O- in the DBD

system can be found in section 2.4.1.
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3.2.9.7 Quantification of dissolved ozone (Ox)

O3 can be detected in either gas or liquid phase depending on the reactor configuration. In the
current investigation, the Indigo method described by Bader and Hoigne, (1981) was adopted
to quantify the amount of Oz produced by the DBD in water. Indigo with a strong absorbance
at 600 nm (C= 20000 L mol “fem™?) can easily be decolourised by one molecule of ozone and
the decolourised products are rarely consumed further by ozone. It was also observed that
H2>0. and OH did not interfere with the Os measurement. The reaction between ozone and

indigoisshowninFig. 3.15

SO,
SO,
03- | | - O3+ Hzo 2 =0
— 2X +
| =
\ O SO, N-H
N-H SO,

Figure 3.15: Reaction of ozone with indigo trisulfonic acid and formation of isatin
sulfonic acid

The ozone produced by the DBD system was quantified using the Indigo method reported by
Gupta, (2007). 2 mL each of solution (Indigo A and Indigo B) (in section 3.1.1) was mixed
together in a volumetric flask and filled up to 25 mL with ordinary distilled-deionised water.
The absorbance of this solution was measured with the UV-Vis spectrophotometer at 600 nm
and recorded as a reference (blank absorbance count). In order to calculate the concentration
of dissolved Oz in agueous solution containing BPA or 2-NP, 2 mL each of Indigo solution
(A and B) was again mixed together in a 25 mL volumetric flask and the rest of the volume
was made up with treated water BPA or 2-NP solution. Then the absorbance of the solution at
600 nm was measured and recorded as the sample absorbance. Sampling was done at 10 min
interval for aperiod of 2 h. Thus, the Oz concentration was calculated from the differencesin
absorbance between the blank solution and that of the DBD treated solution, where the molar
absorptivity (D) value of indigo solution was 20000 L molt cm™. For the control experiment,
ordinary distilled water without BPA or 2-NP was treated using DBD system for 2 h,
sampling was done at 10 min interval. 2 mL of each indigo solution (A and B) was mixed

together in a 25 mL volumetric flask and made up with ordinary distilled water subjected to
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DBD treatment. The concentration of dissolved Oz produced by DBD system in distilled
water alone, BPA or 2-NP solution was calculated accordingly.

mg AT—Ag

Concentration of (03) (T) = * 48 = 1000 (3.7)

&

Where A is the absorbance at different time, Ao is the absorbance of the blank, 48 g/mal is

the molar mass of Oz, 1000 is the conversion factor from gram to milligram

3.2.9.8 Quantification of hydroxyl radical (OH")

In this study, a disodium salt of terephthalic acid as dosimetry probe was used to trap and
quantify the exact concentration of the OH radical produced by the DBD reactor. The
reaction between the disodium salt terephthalic acid (TA) and hydroxyl radical in the treated
water produces a stable 2-hydroxylterephthalic acid (HTA) which is fluorescent at 425 nm in
atypical photoluminescence (PL) technique (Sahni and Locke, 2006). The concentration of
HTA measured at 425 nm is proportional to the hydroxyl radical concentration produced by
DBD. The reaction between TA and hydroxyl radical is represented in Figure 3.16.

o H Ox__—OH
OH
+ OH —»
Ho  No ho No
Terephthalic acid 2-hydroxylterephthalic acid
(non-fluoroscent) (fluoroscent)

Figure 3.16: Formation of hydroxyterephthalic acid (HTA) through reaction of HA with
OH radical

The DBD experimental set up and conditions as explained in (section 3.2.6.1) was used to
generate the hydroxyl radicals. The solution pH and conductivity of the prepared 0.2 mM
NaTA were adjusted to 7.4 and 105 [5 cm™ respectively. The pH was adjusted by adding a
few drops of the phosphate buffer. Firstly, 1.5 L of distilled-ionised solution containing 0.2
mM NaTA was measured and poured into a 2 L beaker. The 2 L beaker was put on a
magnetic stirrer and thereafter the DBD system was connected to the power source. First

sample at time=0 was taken before the DBD system was switched on. Thereafter, the DBD
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system was switched on and 2 mL samples were drawn from the reactor at 10 min for 2 h.
The sample was introduced into a 2 cm cuvette and analyzed using photoluminescence (PL)
technique. Photoluminescence technique measures the intensity of the HTA liberated from
reaction between OH radicals and NaTA. Prior to the measurement, the excitation and
emission dlits were adjusted to 5 and 2.5 [ respectively while t he excitation wavelength
was set at 310 nm. Thereafter, the fluorescence spectra at a time equal to zero and 0.2 mM
NaTA sampled every ten minutes, were collected in the range of 325 to 600 nm. This was
considered as the blank experiment without the pollutants. This procedure was repeated
separately with a wastewater containing 1 L of 10 ppm BPA plus 0.5 L of 0.2 mM NaTA.
The same procedure was followed for 2-NP. Sampling (2 mL) was done every ten minutes
and the intensity of HTA analysed accordingly using the analytical technique described in
section 3.4.15. A calibration curve of known concentration of HTA solution in the range of
0.2 04 mM was prepared to determine the unknown concentration of hydroxyl radical
produced by the DBD system. The standard HTA calibration curve is shown in Figure 3.17.
The fluorescence intensity and HTA fluorescence yields were estimated.
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Figure 3.17: Standard calibration curveof HTA

3.2.9.9 Quantification of H202, Oz and OH radicals produced by the combined system

This section describes the procedure used to quantify the amount of H>O., Oz and OH
radicals generated in distilled water, BPA or 2-NP solution by either the combination of
DBD/JT14 or DBD/0.06 g nZV1.
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i. Quantification of H202, O3z and OH radicals produced by DBD/JT 14
The amount of H20,, Oz and OH radicals produced by the combined system (DBD with
supported Ag doped TiO. nanocomposites) were determined using the methodology
described in section 3.2.9 and 3.2.9.2 respectively.

ii. Quantification of H202, Oz and OH radical produced by DBD/photo-Fenton
induced process
In this case, the optimum nano zero vaent iron particles dose (0.06 g) was introduced into the
DBD system containing a 1L volume of 10 ppm BPA solution and 0.5 L 0.2 Mm NaTA ina
2 L beaker. The amount of H>O, Os and OH radicals produced by the combined system
(DBD/nzV1) were determined using the methodology described in section 3.2.9 and 3.2.9.2
respectively.

3.3  Degradation studiesusing Jet loop reactor
This section focuses on the application of the jet loop reactor and other advanced oxidation
treatment strategies to decompose BPA or 2-NP. Detailed information on the varied operating

parameters and the various combinatory approach are provided.

3.3.1 Description of Jet loop reactor (JLR)

In view of DBD system being difficult to scale up for industrial application, a Jet impinging
reactor shown in the Figure 3.18 and 3.19 combined with other advanced oxidation processes
such as UV light or hydrogen peroxide was explored to degrade the aqueous solution of BPA
or 2-NP. The jet loop reactor system, otherwise known as jet impingement process has
recently emerged as a chemica free process for degradation of refractory organic
contaminants in wastewater. However, considering the chemical and structural complexity of
wastewater, the jet impinging system alone cannot effectively decompose the complex
organic pollutants due to the low yield of OH radicals. Thus, the combination of jet loop
reactor with other advanced oxidation technologies has been considered to be a fundamental
research area worthy of exploring. Jet impingement involves bringing together a liquid flow
along the same axis but in opposite directions into collision, which causes the growth and
subsequent collapse of cavities within the impingement zone occurring at ambient pressure
and temperature. The application of a jet reactor accelerates the kinetics involved in these

reactions. A brief description of the jet loop reactor is provided below. Table 3.4 contains the
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essential components of the jet loop reactor. While Figure 3.18 and 3.19 shows the pilot scale

set up and the block flow diagram.

i !

Figure 3.18: The schematic representation of the jet loop reactor with the in-line UV

lamp
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Figure 3.19: Process flow diagram of the Jet loop experimental set up
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Table3.4: List of all componentsdescribed in Figure 3.19

Equipment Description

E [J101 Sample collection point

J101 Jet Loop Reactor (Patent
number ZA2009/07606)

P 0101 Displacement pump

R 1102 In-line UV lamp

T 0101 Holding Tank (80 L)

Vv 0101 Globe Vave

V 1102 Ball Vave

Vv 0103 Globe Valve

Vv 0104 Bal Valve

V05 T-junction

pPL102 Bypassline

PC1L03 Pressure gauge

Qr102 Main line

3.3.2 Experimental setup

The schematic diagram and the flow system of Jet loop reactor, in-line UV and hydrogen
peroxide is depicted in Figure 3.18 and 3.19. The device essentially comprised a 100 L
capacity holding tank with a piping layout as given above that has an integrated in-line UV
lamp (55 W), displacement pump of power rating 2.5 KW, control valves, flanges to
accommodate the multiple orifice and cavitating jet both of which form the cavitating device

(Table 3.14). Figure 3.20 illustrates the inner view of the jet impinging device.
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Figure 3.20: Jet reactor chamber (a) dimensions or specification (b) theinner view of
thejet impinging device

The suction side of the pump (P-101) was connected to the bottom of the holding tank and
the discharge pipe from the pump branched into two lines; the main line and bypass line. The
main line consisted of aflange that held the impinging device comprised orifice and jet cavity
otherwise known as impingement zone. While the diameter of the two impinging jets inside
the jet loop reactor were 4 mm each. A pressure gauge was provided to measure the inlet
pressure (P1) was connected in between the discharge line of the pump and the feed tank. The
in-line UV lamp is connected between the suction side of the pump and the bottom of the 80
L holding tank. Vaves were used to control the flow rate through the main lines. The main
line terminated inside the holding tank of the jet impinging reactor and below the liquid level
to prevent induction of air into the liquid. By employing the jet loop reactor to treat
wastewater the following activities occurred: (i) collision of similar streams of liquid with an
equal flow rate in the jet reactor chamber and (ii) generation of free radicals through
impingement within the jet reactor impinging chamber (iii) the possibility to add UV
irradiation to the process to generate additiona free radicals. The feed tank was separately
filled with 60 L of the aqueous model solution at 10 ppm initial concentration of either BPA
or 2-NP and the pump was started. The prepared aqueous solution was pumped from the
holding tank into the reactor and distributed into the impinging devices as shown in Figure
3.20. In each jet the water was forced through orifice plate of 2 mm diameter. The water from
the two sides of the jet reactor, collided with each other under high kinetic energy, a process

called impingement. Due to the absence of a cooling device, it was difficult to maintain a
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constant operating temperature. The temperature was monitored at 10 min each and measured

using a thermometer.

3.3.2.1 Optimization of the jet loop reactor system

A set of experiments was conducted on the jet loop system under varied conditions using 60
L agqueous solution of BPA or 2-NP for a constant circulation period of 2 h. The experiments
were conducted in order to determine the conditions under which maximum degradation of
the studied pollutants occurred. The choice of 60 L of operating capacity was based on the
pumpls capacity in order to maintain the flow rate of (0.7 L/s) in the circulation loop and
ensure generation of cavitating conditions. There was problem of overheating and incessant
leakages of pipe when used volume below 60 L. The experiments involved the following
steps to optimize the jet loop reactor system;

To study of the influence of the UV lamp aone and establishing the synergistic effect

between the combined JLR/UV systems.

Investigation of the effect of hydrogen peroxide alone and JLR/H202, UV/H20, and

To study the effect of the combined jet loop reactor/in-line UV/Hydrogen peroxide

process on the extent of degradation of BPA and 2-NP solution.
The decomposition of the modelled compounds was analysed by observing the rate of
degradation in the case of 2-NP as well as its complete mineralization. Degradation may be
due to cleavage of chemical bonds by free radicals which were monitored as specified in
section 3.2.9.5 while the rate of mineralization of BPA and 2-NP into CO; and H>O was
measured by TOC. The procedure for the determination of initial and final TOC value can be
found in section 3.2.9.3. The parameters investigated including the detailed experimenta
procedures are provided below. The unit number/operation describing the important
component of the JLR and in-line UV-light are represented in Table 3.4.

i. Effect of inlet pressure

The holding tank (T-101) was separately filled with 60 L of agueous solution of 10 ppm
initial concentration of BPA or 2-NP and the positive displacement pump (P-101) was started
and the main line (Q-102) was controlled to be bubble free. The effect of inlet pressure (P-
103) on the extent of degradation of the modelled compounds was investigated by varying the
inlet pressure from 2 bar to 6 bar at the natural pH of the agueous solution. However, the flow

rate changes as the pressure increases. The inlet pressures was adjusted using the pressure
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gauge (P1103) and the T-junction (V[105) was closed to alow easy flow of the water
through the jet reactor (JC1101) onto the holding tank (T[101). The continous flow of the
aqueous solution of BPA or 2-NP into the holding tank via the JLR was allowed to continue
for aperiod of 2 h and 2 mL samples were taken every 10 minutes The 2 mL aliquot of BPA
or 2-NP solution was then analysed using the high performance liquid chromatography
(HPLC) methodology described in section 3.4.12 at 280 and 278 nm wavel ength respectively.
The residual concentration of the contaminant was determined from the calibration curves
prepared with solutions of known concentrations. Experiments were undertaken in duplicate
to ensure that erroneous results were quickly identified within a series of samples. The

optimum pressure was selected for the next set of experiments.

ii. Effect of initial solution pH

As described above, the holding tank (T-101) was separately filled with 60 L of aqueous
solution of BPA or 2-NP of known concentration. The initial pH of the solution was varied
over the range of 3-12 at constant inlet pressure of (4 bar) and flow rate 0.7 L/s.The solution
pH adjustment was done with 0.5 M H2>SO4 or 0.5 M NaOH until the desired pH value was
obtained and thereafter the positive displacement pump (P-103) was started and and the
aqueous solution of BPA or 2-NP passed through the main line (QCIL02). The experiment was
performed for 120 minutes and 2 mL samples were taken every 10 minutes. The 2 mL aliquot
of either BPA or 2-NP was analysed using high performance liquid chromatography (HPLC
unit having symmetry Cig column a 280 and 278 nm wavelength respectively. The
concentrations were determined from the calibration curves prepared with solutions of known
concentrations. The optimum pH (3) for 2-NP or BPA respectively and inlet pressure (4 bar)

were selected for the next set of experiments.

iii. Effect of initial concentration of the modelled pollutants

The effect of initial concentration of BPA and 2-NP on the extent of decomposition was
investigated by varying the concentration of BPA and 2-NP over the range of 10 [130 ppm at
constant inlet pressure of 4 bar, flow rate (0.7 L/s) and solution pH (3). Again, the holding
tank (T-101) of the jet loop system was separately filled to 60 L capacity with agqueous
solution of BPA or of 2-NP of known concentration. The pH adjustment was done with 0.5 M
H>S0O4 or 0.5 M NaOH. The optimum pH (3) and inlet pressure (P-103) (4 bar) obtained in
step (i) and (ii) above was applied in this experiment and the pump (P-101) was switched on.
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The flow path of agueous solution of BPA or 2-NP was via the main line (Q[1L02) and not
bypass (P1L02). The reaction was alowed to proceed for 120 min during while sampling (2
mL) was done at intervals of 10 min for analysis of the extent of degradation. As usual the
residual concentrations of BPA or 2-NP were analysed and determined using HPLC. The
detailed HPLC conditions including the column and mobile phases have been outlined in

section 3.4.12. The experiments were repeated twice and the average values reported.

iii. Effect of radical scavengerson the extent of degradation

The presence of radical scavengers in solution affect the efficiency of advanced oxidation
technologies due to inhibition and consumptions of free radicals. Among radical scavengers
or inhibitors are inorganic species such as NaCOz, NaSOs, NaHCO3, NaB207, NaNOs,
C3H9OH, t-C4sHoOH, NasPOs, and NaCl. In this study, the influence of separate addition of
NaCO3, NaSO4 and NaCl on the removal rate of BPA or 2-NP in water by JLR system was
examined. 60 mg/L each of (NaCOs (0.0006 mol/L), NaSO4 (0.0004 mol/L), NaCl (0.001
mol/L) were separately added to 60 L of agueous solution of 10 ppm BPA or 2-NP in the
holding tank (T-101). The pH adjustment was done with 0.5 M H>SO4 or 0.5 M NaOH. The
experiment was conducted at optimum pH (3) and initial concentration for each pollutants
(10 ppm), optimum inlet pressure (4 bar) and flow rate (0.7 L/s). The aqueous solution of
BPA or 2-NP flow via the main line (Q[L02) and not bypass (P[102). The positive
displacement pump (P-103) was switched on and the reaction was allowed to proceed for 120
min during which sampling was done at intervals of 10 min for analysing the extent of
degradation. As usua the residual concentration of BPA and 2-NP was anaysed and
determined using HPLC. The experiments were repeated twice and the reported values were
the averages of two different experimental runs.

3.3.3 Combined advanced oxidation technologies

The experiments regarding process integration of the jet loop reactor system and different
additives such as hydrogen peroxide and in-line UV lamp were performed under the set of
optimized operating parameters. The main aim of the combination of jet loop reactor system
with other advanced oxidation process was to maximise the extent of degradation of the

modelled compounds using different integrated approaches explained in the next section.
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i. Effect of ultraviolet light alone

In order to investigate the effect of the UV lamp aone (R102), the valve to the main line
(Q[1L02) pipe which held the JLR (J-101) was closed while the by-pass line valve (P[1102)
was opened. Thein-line UV light (RCILO2) was positioned in between the displacement pump
(P-101) and the holding tank (T-101). The mixing of the agueous solution of BPA or 2-NP
was by circulation through the holding tank (T[1L01) and bypass line (PC1102) and not via the
JLR (J1101). The holding tank (T[101) was filled with 60 L of agueous solution of 10 ppm
BPA or 2-NP while other parameters such as solution pH (3) for BPA, pH 3 for 2-NP, and
inlet pressure (4 bar) (P-103) were kept constant. The diameter of the bypass line (P-102) was
small compared to the main line (Q-102) and as such the flow rate was not measured. The
positive displacement pump (P-101) was switched on and the experiment was run for 120
minutes. Sampling (2 mL) was done at intervals of 10 min for analysing the extent of
degradation. As usua the residual concentrations of BPA or 2-NP were analysed and
determined using HPLC. The experiments were repeated twice.

ii. Effect of hydrogen peroxide alone

The influence of adding a process intensifier such as hydrogen peroxide on the extent of
degradation of BPA was explored. A similar procedure as described in step (i) above was
adopted, the main line valve (Q[1L02) which linked the jet loop reactor (J-101) into the system
was closed while the by-pass line valve (PC1102) was opened for passage of the simulated
wastewater. The mixing of the model solution of BPA or 2-NP was by circulation through the
holding tank (T-101) and bypass line (P(1102) and not via JLR (J-101). The experiment was
carried out in a 60 L holding tank where different concentrations of H-O> was added to 10
ppm agueous solution BPA or 2-NP. The concentration of H>O, added into the tank was in
the range of 0.17 - 2.04 g/L. while solution pH (3) for BPA and for 2-NP, inlet pressure (4
bar) kept constant. Sampling (2 mL) was done at every ten minutes and subsequently
anaysed by HPLC. A similar procedure was repeated for the second pollutant.

iii. Effect of combined in-line UV and hydrogen peroxide
In order to investigate the combined effect of UV/H20O- on the degradation efficiency of the
simulated agueous solution, the jet reactor system (J-101) was bypassed and the holding tank
(T-101) wasfilled with 60 L of aqueous solution of 10 ppm initial concentration of BPA or 2-
NP and the positive displacement pump (P-101) was initially switched off. Prior to adding
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peroxide, the valve (V-101) at the bottom of the holding tank (T-101) was opened to allow
the liquid to flow through and ensure a homogeneous mixture. The positive displacement
pump (P-101) was then turned on and the liquid passed through the by-pass pipe (P1102)
only without the JLR (J-101) system and the peroxide was dosed into the holding tank (T-
101). The experiment was conducted at optimum solution pH (3) for BPA, pH 3 for 2-NP,
and hydrogen peroxide concentration (0.34 g/L) were kept constant. The reaction was carried
out for 120 min and samples (2 mL) were collected after every 10 minutes. Anaysis of the
treated solution was done using HPLC method (section 3.4.12) at 280 and 278 nm
wavelength respectively and the residual concentrations of BPA or 2-NP were obtained from

the calibration curve prepared from known concentrations.

iv. Effect of combined jet loop rector system with hydrogen peroxide

In another set of experiments, the jet loop system was combined with hydrogen peroxide
without UV as the in-line UV lamp (R[1102) was switched off and the bypassed line (PCIL02)
was closed to bypass the UV. The effect of different concentrations of hydrogen peroxide
was explored. Hydrogen peroxide as an additional source of hydroxyl radical was used in
order to intensify the degradation efficiency using the jet loop reactor (J[1101) system. Prior
to adding peroxide, the valve (V-101) at the bottom of the holding tank (T-101) was opened
to adlow the liquid to flow through and ensure a homogeneous mixture. The positive
displacement pump (P-101) was then turned on and the pressure (P-103) was regulated to 4
bar using a ball valve (V-102) and peroxide was dosed into the holding tank (T[101). The
following parameters of optimum pH (3) for BPA or 2-NP, concentration of BPA or 2-NP
(20 ppm), volume of BPA or 2-NP (60 L), flow rate (0.7 L/s), and inlet pressure (4 bar) were
kept constant while the concentration of hydrogen peroxide was varied over the range of 0.17
[12.04 g/L. The liquid passed from the holding tank (T-101) through the JLR (J-101) system
where treatment took place. The reaction was carried out for 120 minutes and sample (2 mL)
was collected every 10 minutes. Analysis of the treated solution was done using HPLC
method (section 3.4.12) a 280 and 278 nm wavelength respectively and the residua
concentrations of BPA and 2-NP were obtained from the calibration curve prepared from
known concentrations. It is should mentioned that the temperature which was formerly 19°C
at zero min increased to 62°C after 120 min.
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v. Effect of combined jet loop reactor with in-line UV lamp

In order to study the effect of the combined process, the following optimum values of
solution pH (3), inlet pressure (4 bar), flow rate (0.7 L/s), and concentration of 10 ppm were
kept constant except that the jet loop reactor was combined with in-line UV light (55 W) of
wavelength 278 nm. The in-line UV lamp (R-102) was connected to a power source and the
same procedure as described above was followed. The 10 ppm of BPA or 2-NP was first
passed via the jet reactor, followed by the UV light. The conditions applied were solution pH
(3), flow rate (0.7 L/s) and optimum pressure (4 bar). The reaction was carried out for 120
minutes and samples (2 mL) were collected every 10 minutes. Analysis of the treated solution
was done using HPLC method (section 3.4.12) at 280 and 278 nm wavelength respectively
and the residual concentrations of BPA and 2-NP were obtained from the calibration curve
prepared from known concentrations.

vi. Effect of combined jet loop reactor/in-line UV/Hydrogen peroxide

In order to study the effect of the combined jet loop reactor/UV/H2O- process on the
degradation of BPA or 2-NP an experiment was conducted at optimum pH for BPA and 2-
NP (3), inlet pressure (4 bar), flow rate (0.7 L/s) and concentration of hydrogen peroxide
(0.34 g/L). The holding tank (TIL01) was filled with 60 L of agueous solution of 10 ppm
initial concentration of BPA or 2-NP and the pump (P[IL01) was switched off while the valve
at the bottom of the holding tank (V[1101) was opened to allow the liquid to flow through and
ensure a homogeneous mixture before dosing H202. The pump (PL01) was then turned on
and the pressure regulated to 4 bar using a ball valve (P1103) and H>O> was dosed. The
liquid passed through the main line pipe (Q[102), UV light (R(1102) and the jet system (JOJ
101) where treatment took place. The total duration of the experiment was 120 minutes and
the sampling was done at an intervals of 10 minutes to monitor the progress of degradation.
Analysis of the treated solution was done using HPLC method (section 3.4.12) at 280 and
278 nm wavelength respectively and the residual concentrations of BPA or 2-NP were
obtained from the calibration curve prepared from known concentrations.
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34  Analytical techniques

In this study, several analytical techniques were used to characterize the synthesised
supported TiO2, Ag deposited TiO2 nanocomposites and nZVI. The different characterization
techniques employed included: X-ray Diffraction (XRD), High Resolution Scanning Electron
Microscopy (HRSEM), High Resolution Transmission Electron Microscopy (HRTEM),
Energy dispersive spectroscopy (EDS), Selected area electron diffraction (SAED),
Ultraviolet-visible spectrophotometry (UV-Vis), Ultraviolet-visible/diffuse reflectance
spectroscopy, Therma Gravimetric analysis (TGA)/Differential  Scanning Calorimetry
(DSC), Fourier Transform Infrared Spectroscopy, (FTIR), Inductive Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES) and Fluorescence spectrophotometry. The information
derived from each of the analytical techniques including the sample preparation procedures

are provided in the subsequent sections.

3.4.1 X-ray Diffraction

X-ray diffraction (XRD) is a powerful non-destructive analytical technique mostly utilized in
solid state chemistry and material science for fingerprint characterization as well as phase
identification of a crystalline material (Cullity and Stock, 2001). It is most often used in
mineralogical identification and quantification including crystallographic structura
determination of materials and more importantly crystallite size. Other information provided
by XRD includes unit cell dimension, elemental phase identification, atomic spacing as well
as identification of single and multiple phases of unknown materials. The principle of
operation of XRD involves bombarding a single crystal or powder sample with X-rays
photons which produce diffraction pattern (Okolo et al., 2004). These diffraction patterns are
recorded and analysed to determine the nature of the crystal structure. The mineraogical
phase characterization and estimation of the average crystallite size of the various synthesised
materials were performed on a Bruker AXS D8 X-ray diffractometer system coupled with
Cu-K[radiation of 40 kV and a current of 40 mA. The for KOwas 0.1541 nm, scanning
rate was 1.59min, while a step width of 0.05[Wwas used over the 2[range.

Sample preparation
The powder samples were placed and clipped into the rectangular aluminium sample holder.
The diffractograms were recorded in the 2 Crange of 20° - 90° and the phase identification

was done. Other operating and instrumental conditions are shown in Table 3.5
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Table 3.5: Bruker D8 Advance XRD operating parameters

Operating parameters Condition
Time constant 05s
Radiation Cu-KO
Wavelength 1.542 A
X-ray operating voltage 40 Kv
X-ray operating current 40 mA
Scanning angle range 200<2[£90°
Scanning step 0.2°
Scanning speed 60s/step

The Scherer equation shown below was used to determine the crystal size from haf height
peak width

d_I<I

“boog T 3.8)

Where d is crystallite size in nanometer, K= 0.94, [is the wavelength of the X -ray which is
0.1541 nm, Cisthe half -diffraction angle, [is the full width at half -maximum in radian.

3.4.2 High Resolution Scanning Electron Microscopy

High Resolution Scanning Electron Microscopy (HRSEM) is a characterization tool capable
of producing high-resolution images of a sample surface and at the same time providing
information regarding the surface structure and morphology as well as the degree of
aggregation of micro and macro materials. Other information provided by HRSEM includes
the crystalline nature of the scanned material. The bombardment of atoms present in the
samples with beams of electrons give rise to different multiple signals such as back scattered
electrons, X-rays secondary electrons among others which ultimately form an image of the
samples surface (Egerton, 2005). The morphology and microstructure of the synthesised
products was analysed using Zeiss Auriga HRSEM. HRSEM equipped with EDS was further
used to determine the elemental composition of the synthesised catalysts. The method of

sample preparation is described below
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Sample preparation

0.05 mg of the synthesised materials were sprinkled on a sample holder covered with carbon
adhesive tape wereand sputter coated with Au-Pd using Quorum T150T for 5 minutes prior
to analysis. The sputter coated samples were characterized using Zeiss Auriga HRSEM. The
microscope was operated with electron high tension (EHT) of 5 kV for imaging. Other

experimental parameters are outlined in Table 3.6

Table 3.6: HRSEM instrumental settings

Operating parameters Condition

Current 10 mA

Magnification Varies

Aperture 0.4 mm

Resolution 1 nm but sometimes varies
Emitter Thermal field emission type
Working distance 4-10.4 mm

Voltage 5kV

Signal A Inlens

3.4.3 High Resolution Transmission Electron Microscopy

High Resolution Transmission Electron Microscopy (HRTEM) is a non-destructive electron
microscope system that involves the interaction of an electron beam transmitted through a
thin sample to produce an image that can be magnified and focused on a fluorescent screen or
CCD camera. HRTEM s used for imaging the crystallographical structure of a material and
remains the most viable characterization technique used to determine the properties of a
crystalline material at nanoscale (Egerton, 2005). It is also utilized in studying the surface
morphology as well as the distribution pattern of particle size in a material. Two distinct
types of information that are provided by HRTEM about a sample are, a magnified image
indicating the sample morphology and the degree of crystallinity via electron diffraction.
Other information provided by HRTEM include chemical composition, porosity, structura
defects and the crystal orientation of a material. The particle size and the crystalline nature of
the synthesised catalysts was determined by Zeiss Auriga HRTEM. The procedure for

sample preparation is described below.
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3.4.4 Energy dispersive spectroscopy

Energy dispersive spectroscopy (EDS) is another useful non-destructive technique employed
in determining qualitative and semi-quantitative elemental composition of an unknown
sample. EDS involves the interaction of X-ray excitation (beam of electrons) with the sample
atomic composition via a scanning microscopy to produce a unique spectrum comprising
peaks corresponding to particular elements in the sample (Corbari, 2008). EDS provides the
elemental distribution pattern in the form of a line scan which relates to particular peaks
formed through X-ray emission. Invariably, EDS separates the X-rays of the individual
elements into an energy spectrum and further characterizes the spectrum to give the relative
abundance of each element in a material (Egerton, 2005). This is mostly coupled with
HRSEM through scanning the selected area for a sufficient time to obtain the average weight
of the elements.

3.4.5 Selected area electron diffraction

Selected area electron diffraction (SAED) is atype of eectron diffraction technique that deals
with the crystallographical as well as the structural orientation of a material. This provides
information regarding the distribution pattern of the individual microscopic sized crystallites
around the orbit (Corbari, 2008). Information such as degree of crystalinity is provided viaa
process diffraction computational program which indexes a reasonable number of crystalsin
a measurable pattern. This is mostly coupled with HRTEM and the scanned images are
usually transferred to a SAED detector to establish the extent of crystallinity (Egerton, 2005).

Sample preparation for HRTEM analysis

Approximately 0.02 g of the synthesised products was suspended in 10 mL methanol and
thereafter subjected to ultra-sonication until complete dispersion was achieved. One or two
drops of the slurry was dropped onto a holey carbon grid with the aid of a micropipette and
subsequently dried via exposure to photo light. After drying, the holey carbon 400 mesh
copper grid was loaded onto the single-tilt sample holder and thereafter mounted onto the
shaft of the electron microscope. The detailed instrumental settings/conditions are provided
in Table 3.7.
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Table3.7: HRTEM experimental conditions

Operating parameters Conditions
[llumination angle 15°
Electron high tension 200 kv
Magnification Varied
Resolution 0.24 nm
Spot size 3nm
Gun lens 1nm
Objective aperture 2nm
Condenser aperture 3 mm
Emission current 54 uA
Extraction voltage 3950 V

Sample preparation for EDS analysis

0.05 mg of the synthesised materials sprinkled on a sample holder covered with carbon
adhesive tape and were sputter coated with Au-Pd using Quorum T150T for 5 minutes prior
to analysis. The sputter coated samples were characterized using Zeiss Auriga HRSEM. The
secondary electron mode is activated for imaging, and a homogeneous region on the sample
identified. The microscope was operated with electron high tension (EHT) of 20 kV for EDS

and then the elemental composition of the sample was determined with EDS.

3.4.6 Brunauer-Emmett-Teller N2 adsor ption-desor ption process
Brunauer-Emmett-Teller (BET) is one of the most important and reliable analytica
techniques employed to determine the actual surface area and the pore size distribution
pattern of the synthesised catalyst. In 1940, the idea of multi-layer adsorption was conceived
by Brunauer, Emmett and Teller (BET), where physical adsorption of gases such as nitrogen,
argon or carbon dioxide on a solid surface was determined. The adsorption-desorption
process is used to estimate the average pore size distribution and surface area of an unknown
sample. It aso provides information about the sample pore area and specific pore volume.
The plot of the quantity of gas adsorbed at constant temperature against relative pressure is
called the adsorption isotherm. The adsorption isotherms are classified into five and differ
from each other depend on the nature of materials (Rouquerol et al., 2007).
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Sample preparation

Prior to BET N2 adsorption, about 100 mg of the sample in a sample tube was first degassed
at 90° C for 4 hrs to remove residual water and other volatile components that were likely to
block the pores. The BET surface area and average pore volume distributions were obtained
from the plot of volume adsorbed (cm3g STP) against relative pressure. The N2 adsorption-
desorption isotherms were collected at -196° C using Micromeritics ASAP 2020 Accelerated
Surface Area and Porosimetry analyzer.

3.4.7 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the sensitive analytical techniques utilized
for the measurement of surface properties such as oxidation state, electronic state and the
chemical environment of an element within a sample usually to a depth of approximately 10
nm (Ray and Shard, 2011). XPS profile of a sample can be obtained by bombarding the
synthesised material with an X-ray electron beam causing the emission of core-level electrons
from the sample, often localised at a specific binding energy position. In addition, XPS is a
unique technique mostly operated under high or ultra-high vacuum (=108 or < 10 mbar). In
this study, XPS PHI 5400 equipped with hemispherical sector analyzer operated using AlICK
non-monochromated radiation with energy 1486.6 eV, at 300 W and 15 keV was used to
examine the surface composition of the material. The energy scale was calibrated using the
Au 4f7- at 83.95 eV and the linearity of the scan was adjusted to measure the Cu 2ps2 a a
position of 932.63 €V. All spectra obtained were energy corrected using the aliphatic
adventitious hydrocarbon C (1s) peak at 284.8 €V. The XPS Peak 4.1 software was used for
data analysis and fits. The various XPS signals were plotted as a function of the measured
photoel ectron intensity versus the binding energy.

Sample preparation

The Cu specimen holders were cleaned with acohol and dried with nitrogen gas. A few
micrograms of TiO. nanocrystals and Ag doped TiO> nanocomposites were mounted
separately on Cu specimen holders. While nano zero valent iron particles was mounted on
carbon tape with the same type of Cu specimen holder used for TiO2 and Ag/TiO». Prior to
that, to prevent further oxidation of iron nanoparticles, the nZVI particles were dried in a
nitrogen-purged container at room temperature and then mounted into the sample cell

directly. The instrumental operating conditions are provided in Table 3.8.
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Table 3.8: XPS PHI 5400 operating conditions

Instrumental parameters Conditions

Irradiation type Non-monochromatized Al K[source
Energy 1486.6 Ev

Power (voltage, current) 300 W (15 keV, 30 mA)

Scan rate 400 mg/step for 0.125 eV step-size
Hemispherical sector energy Analyser (CHA) 178.95¢eV, 0.5 eV/step and 100 ms/step
Vacuum chamber < 10° mbar

3.4.8 Ultraviolet-visible absorption spectroscopy

Ultraviolet-visible absorption spectroscopy is one of the most versatile and commonly used
analytical equipment to obtain the absorbance spectra and determine the concentration of a
organic dye compound in a solution. The absorption spectroscopy in the UV-visible region is
related to the Beer(s Lambert law where the absorption of the solution in question is directly
proportional to the concentration of the dye organic molecule in the solution (Skoog et al.,
2007).

Sample preparation

In this study, the absorption intensity of the clear methylene blue solution at 664 nm in a
guartz cuvette was measured using a Nicolette-Evolution 100 Ultraviolet spectrometer
(Thermal Electron Corporation, UK). In order to determine the unknown concentration, a
calibration curve of absorption intensity of methylene blue solution at 664 nm was recorded
and plotted from different concentrations. The instrumental settings are provided in Table
3.9.

Table 3.9: UV-Visinstrumental conditions

Instrumental parameters Conditions
Integration time 0.01s
Lamp change 325 nm
Band width 2nm
Cycles 1

Data mode Absorbance
Fixed mode Normal
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3.4.9 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a non-destructive fingerprint
characterization technique mostly used to identify absorption peaks corresponding to the
vibrational frequencies of the respective bonds constituting the material. FTIR provides
information regarding the chemical bonding, molecular structure and functional groups
present in a material. The infrared spectra collected over certain wavelengths assist in the
determination and identification of known and unknown functional groups in a mixture (Prati
et a., 2010). Due to differences in the atomic arrangement of a materials, the infrared spectra
of two materials are not the same. Pure samples normally give clear spectra with few
functional groups whereas complex mixtures produce complex spectra with several
absorption bands. Thus, infrared spectroscopy remains a viable tool to distinguish different
positive materials.

Sample preparation

Perkin Elmer 100 FT-IR Spectrometer model [Spectrum Twolvas used for the analysis with
the following instrumental settings: Force gauge: 50, scan wavelength: 4000-400 cmt, scan
number: 4, unit: % Transmittance was used for the analysis. The FTIR probe was first
cleaned with ethanol and the baseline was run to guard against interference. Taking into
cognisance the aforementioned instrumental conditions, a 0.005 g sample was placed directly
under the probe. This was followed by scanning and spectra corresponding to each individual

sample were collected after the peaks were smoothened.

3.4.10 UV-Visble diffuse reflectance spectroscopy

The UV-Visible spectrophotometer (Varian Cary 500 scan) coupled with a diffuse reflectance
attachment was used to record and collect the reflectance spectra using BaSO4 as a reference.
The powder samples were loaded in a sample pan and spectra collected at a scanning rate of
120 nm/min in the the UV -visible range of 800 to 200 nm.

Sample preparation

A 25 mg sample of each supported catalyst was ground with 0.5 g of BaSO4 and spread onto
the sampling plate. Prior to the sample measurement, the background reflectance of BaSOa4
(reference) was measured. The Kubelka-Munk function F (R) was calculated as F(R8) = (10
Rs)%/2Rs) where R(8) is diffuse reflectance of the sample relative to the reflectance of a
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standard according to the Kubelka-Munk theory. The % diffuse reflectance was then plotted
against the wavelength.

3.4.11 Thermogravimetric - Differential scanning calorimetry

Thermogravimetric (TGA) otherwise known as thermogravimetry is a thermo analytical
technique based on the measurement of residual weight loss with respect to temperature in a
controlled environment. This loss in weight or mass may be due to therma degradation,
water loss or adsorption of oxygen. However, changes often occur in a substance that do not
necessarily result in a weight change and such phenomenon can be readily observed using
Differential Scanning Calorimetry (DSC) or Differential Thermal Anaysis (DTA) (Farahany
et a., 2012). While DSC is a thermo analytical technique that involves measurement of the
amount of heat flow differences between the sample and the reference (empty pan). In the
course of running the samples, the temperature of both sample and reference are often kept
the same irrespective of differences between the two, allowing the heat capacity of both the
sample and reference to be defined over the scanning temperature (Tao et a., 2009). The
information provide by DSC is related to the amount of heat released or absorbed during
transitions by observing the difference in heat flow between the sample and the reference.
Sometimes, TGA/DSC are incorporated for simultaneous measurement of residual change in
mass and the thermal behaviour of the synthesised catalyst. The thermal behaviour of air
dried 8 % PAN/DMF/TIiCls was investigated with the aid of TGA-DSC techniques. The
detailed sample preparation methodology is provided below.

Sample preparation

TGA-DSC analysis of the dried synthesised catalyst was performed in a Perkin Elma STA
4000. A 25 mg sample was placed in a sample pan and the thermal behaviour of the materials
was performed from 30° to 800°C with a heating rate of 10°C/min. Over this temperature

range, nitrogen operating at aflow rate of 20 mL/min was used as purging gas.

3.4.12 High performance liquid chromatography

High performance liquid chromatography (HPLC) is one of the analytical techniques
employed in the separation, identification as well as quantification of constituents in a
mixture. The principle of HPLC encompasses pumping and passage of pressurised liquid and

sample mixture via a column containing adsorbents of different shapes and sizes. Within the
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column, there is interaction among the sample components and the adsorbent, followed by
separation and final flow out of the column (Wilfried et al., 2006). The level of interaction
however depends on adsorbent particle size. The pressurised liquid, usualy a mixture of
solvents is referred to as mobile phase and the column is the stationary phase. However, the
solvent composition and temperature determines the level of interaction or perhaps the
separation process. Prior to separation, the temperature is regulated in the column oven.
Different detectors such as UV/Vis photodiode array (PDA) and mass spectrometry are
commonly employed to perform the analysis (Ferrer and Thurman, 2009). In spite of the
advantages, the technique is very expensive, has low sensitivity to complex mixtures of

certain compounds and often requires alarge volume of expensive solvent.

HPLC instrumentation and chromatographic conditions
The residual concentrations of BPA and 2-NP were determined using a Waters high

performance liquid chromatographic chromatograph equipped with a Waters 1525 binary
HPLC pump, Waters 2487 dual | absorbance detector, and Waters 2707 auto-sampler and
running on the Breeze software. Separation was done with the aid of a Spherisorb Cis
reversed-phase column and a gradient elution method involving two mobile phases was used.
The optimized gradient program used for elution and quantification the target compounds is
shown in Table 3.10.

Table 3.10: Chromatographic parameters used for analysis of BPA and 2-NP

HPLC parameters Conditions

Chromatograph Waters

Detector uv

Column Spherisorb Cig (15mm, 3.9mm 50

Injection volume 20 mL

Mobile phase A: water, B: Acetonitrile

Flow-rate 1 mL/min

Gradient elution Time %A %B
0 85 15
25 0 100
28 0 100
30 85 15

Temperature 26°C

Data Collection Breeze software version 2
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3.4.13 Liquid Chromatography-Mass Spectrometry (LC-MYS)

Liquid Chromatography-Mass Spectrometry (LC-MS) is an anaytica technique which
comprises both the physical separation potential of liquid chromatography (LC) and the mass
scrutiny ability of the mass spectrometry (MS). The technique is selective and has many
applications especialy in the identification of molecular mass from a complex mixture with
less clean-up, determination of elemental isotopic composition. The principle of LC-MS
methods is similar to high performance liquid chromatography (HPLC), where the samplesin
liquid form (mobile phase) at relatively high pressure is made to pass through a column
containing uniform or irregular shaped particles (Ferrer and Thurman, 2009). The column is
often referred to as the stationary phase. The separation of the charged particles or constituent
occurs in the stationary phase. In short, LC-MS provides information on the mass-to-charge
ratio (m/z) of charged particles in the sample, elemental composition and perhaps elucidation
of molecular structures of the compounds. The liquid sample loaded onto the M S instrument
goes through a vapourization step followed by electrospray ionization by beams of electron to
produce charged particles, which are separated by the column in a mass analyser based on
their mass-to-charge ratio. The mass analysers are of different categories namely single or
triple quadrupole, ion trap, time of flight (TOF), and quadrupole-time of flight (Q-TOF). In
this study, LC-MS tandem with time of flight mass analyser was used. However, the
technique is expensive, and lacks mass spectral libraries and suffers from matrix effects
(Ferrer and Thurman, 2009).

LCMS determination of BPA and 2-NP

The intermediate products of BPA and 2-NP were separated and identified using a liquid
chromatograph coupled to a mass spectrometer (Agilent 6230 TOF LC-MS). The Agilent
1260 Infinity series used comprise a binary pump, an auto-sampler and an 1100 diode array
detector (DAD). Operating program was Mass Hunter software version 3.0. Mobile phase
were water (0.1 % formic acid) and acetonitrile (0.1 % formic acid). lonization of BPA
intermediates was by electron spray ionization (ESI) and ions were captured in the negative
mode while ionization of 2-NP was captured in the positive mode. The optimized gradient
program used for elution and identification of intermediates on the LC-MS is shown in Table
3.11
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Table 3.11: LC-MS parametersfor identification of inter mediates

HPLC parameters Conditions
Chromatograph Agilent 6230 TOF LC/MS
Detector Agilent DAD 1100
Column Waters Symmetry Cg 15mm, 3.9mm 5[]
I njection volume Sul
Moabile phase A: water (1% formic acid)
B: Acetonitrile (1% formic acid)
Flow-rate 0.4 mL/min
Gradient elution Time %A %B
0 85 15
35 0 100
47 0 100
50 85 15
Temperature 26 °C
Data Collection Mass Hunter

3.4.14 Inductive Coupled Plasma-Optical Emission Spectroscopy

Inductive Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) is an analytical
technique mostly used in the determination of trace elementsmetals in different sample
matrices sometime at very low levels (parts per billion). The principle of operation involves
emission of photons from excited atoms or ions in a radio frequency discharge. While liquid
and gas can be injected directly into the instrument, solid samples should be digested first in
such a way that the analyte of interest will be present in agueous solution. The injected
solution is converted to an aerosol and thereafter moved to the central compartment of the
argon plasma and vapourised at approximately 10, 000 K (Dussubieux and Van Zelst, 2004).
The analyte elements in the gaseous form are produced as free atoms. Further collision of
atoms within the argon plasma zone cause promotion of atoms to excited states. Thereis aso
a significant amount of energy readily available to assist in the conversion of atoms to ions
and eventual promotion of ions to the excited state (Dussubieux and Van Zelst, 2004). The
emission of photons leads to relaxation of excited atoms and ions to the ground state. These
photons possess unique energies determined for the atoms and ions using the quantized
energy level structure. Thus the wavelength of the respective photons is then used to deduce
the elements. The concentration of the elements in that particular sample is related to the

number of photons from each element.
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Sample preparation

The concentration of Ag, Ti, Fe, Cr and Si in the leacheate from the supported catalyst on a
stainless steel mesh was determined using a Varian 710-ES ICP-OES instrument. Prior to
that, the sample was filtered using a 0.22 um membrane filter paper and the instrument was
calibrated. The 8 mL of the sample was further diluted with 2 mL of 2% HNOs. The sample
was injected into the single-pass cyclone spray chamber via a high sensitivity glass and
conical nebulizer using argon gas. The sample was then passed through the argon plasma and
the respective wavelengths released for the individual elements were detected with a CCD
detector. The sample were run through the instrument several times to check the variability of

the results and average value were reported.

3.4.15 Photoluminescence (PL) technique

Photoluminescence technique otherwise called spectrofluorometry belongs to a category of
electromagnetic spectroscopy which analyses fluorescence from a sample. The principle of
FS is based on the excitation of electrons in a molecule of a specific compound under the
influence of a beam of light (usually ultraviolet light) which causes the compound to emit a
typical visible light (Vivian and Callis, 2001). The following light sources can be used as
excitation sources. lasers, LED, and lamps; xenon arcs and mercury-vapour lamps. The light
produced by the excitation source strikes the sample after passing through the
monochromator. While a portion of the incident light gets absorbed by the sample, the
remaining molecules in the sample fluoresce and this fluorescent light is emitted in all
directions. The fluorimeter measures the intensity of the fluorescence. FS provides
information on the electronic and vibrationa state of a species under investigation (Caputo
and London, 2003). The drastic loss of vibrational energy causes the molecule to drop down
to the vibrationa levels of the ground electronic state again. In the process of dropping, a
photon comprising characteristics energies and frequencies is emitted. Thus, spectra of the
different vibrational levels can be collected by analysing the frequencies of the emitted light
alongside their relative intensity.

Sample preparation
Fluorescence spectrometry requires no special sample preparation. 4 cm?® water sample

containing 0.2 mM of 2-hydroxyl terephthalic acid was placed in a 4 cm® and their

Fluorescence spectrarecorded. The instrumental settings are shown in Table 3.12
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Table 3.12: Photoluminescence (PL) technique operating parameters

Instrumental parameters Conditions
Detector S2
Excitation wavelength 350 nm
Entry dlit 5nm

Exit dit 5 nm lateral
Integration time 0.1s
Gratenc 1200/500

3.5 Chapter summary

The materials, experimental protocols including the characterization techniques have been
provided in this chapter. The next chapter (Chapter four) contains the results and discussion
on the various synthesised catalysts. The results of the preliminary investigation on the
photocatalytic activity of the supported TiO> nanocrystals and Ag doped TiO2

nanocomposites using MB as a pollutant will be presented and discussed respectively.
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CHAPTER FOUR

SYNTHESIS, CHARACTERIZATION AND PHOTOCATALYTIC ACTIVITY

4 INTRODUCTION
This chapter presents the results and discussion of the characterization of the supported TiO-

nanocrystals as well as Ag doped TiO> nanocomposites. Subsequently, the characterization
results of the polymer stabilised and non-stabilised nano zero valent iron particles are also
presented and discussed. Different analytical techniques such as X-ray diffraction (XRD),
High resolution scanning electron microscopy (HRSEM), high resolution transmission
electron microscopy (HRTEM), Selected Area Electron Diffraction (SAED), Electron
Dispersion Spectroscopy (EDS), Ultraviolet-vis (UV-vis)/diffuse reflectance, X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), BET, the thermogravimetric
anaysigdifferential scanning calorimetry (TGA/DSC), and Fourier transform infrared
spectroscopy (FTIR) were utilised to characterise the synthesised catalysts. The results of the
photocatalytic activity of the supported TiO> nanocrystals and Ag doped TiO2
nanocomposites using methylene blue as a modelled pollutant are also presented in this

chapter.

4.1  Characterization of the supported TiO2 nanocrystals

High resolution scanning electron microscopy (HRSEM) was used to determine the
morphology of the synthesised supported catalysts. The catalysts microstructure and average
particle sizes were determined by high resolution transmission electron microscopy
(HRTEM). Fourier transform infrared spectroscopy (FTIR) was utilized to identify functional
groups in the synthesized materials. Selected Area Electron Diffraction (SAED) and Electron
Dispersion Spectroscopy (EDS) were used to identify the nature of crystallinity and elemental
composition of the catalyst, respectively. Ultraviolet-vis (UV-vis)/diffuse reflectance
spectroscopy was used to acquire the diffuse reflectance spectra (DRS) of the catalysts while
the therma behaviour of the catalysts was investigated using thermogravimetric
anaysigdifferential scanning calorimetry (TGA/DSC). X-ray diffraction (XRD) was used to
identify the mineral phase and crystallite size. The specific surface area, pore size distribution
of the as-synthesised catalyst were evaluated using BET and the surface chemical state was
determined with XPS. The detailed sample preparation of the supported carbon doped TiO»
nanocrystals was outlined in Chapter three, Section 3.2.2 and the results of the

NOR



characterization by HRSEM of the supported TiO2 nanocrystals synthesised via the sol-gel
method are presented as follows:

4.1.1 TheHRSEM results of the synthesised supported TiO- nanocrystals

High resolution scanning electron microscopy (HRSEM) was used to monitor the crysta
distribution and the morphology of the synthesised supported TiO> nanocrystals prepared via
the sol-gel method described in Section 3.2.2. The HRSEM analysis was conducted
according to the procedure described in Section 3.4.2. The sol-gel solution coated stainless
steel mesh was treated in a furnace using a heating profile of 50 °C/min from room
temperature to either 300 °C, 350 °C or 400 °C and held at this temperature for holding time
between 1 to 4 hr under N2> atmosphere of flow rate 20 mL/min. The pyrolysis was done
under free flow N2 because, it was discovered that under calcining air the TiO2 nanocrystals
separated and were not firmly attached to the stainless steel mesh. This is due to complete
combustion of PAN in air versus pyrolysis of PAN in N2. Figures 4.1 [14.3 illustrates the
HRSEM micrographs of the supported TiO> catalysts ramped at 20 °C to 300 °C, 350 °C or
400 °C respectively in N2 atmosphere with a holding time of 1 to 4 hr at constant heating rate
of 50 °C/min. The catalyst code and synthesis conditions have been described in Table 3.2.

Figure4.1: HRSEM image of catalyst prepared at 300 °C: (a) JT1 (1 hr) (b)JT2(2hr)
(©)JT3(3hr) (d)JT4 (4 hr) at constant heating rate of 50 °C/min
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Figure 4.2: HRSEM image of catalyst prepared at 350 °C: (a) JT5 (1 hr) (b) JT6 (2 hr)
(©)JT7(3hr) (d) JT8(4 hr) at constant heating rate of 50 °C/min
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Figure 4.3: HRSEM image of catalyst prepared at 400°C: (a) JT9 (1 hr) (b) JT10(2 hr)
(©)JT11 (3 hr) (d) JT12 (4 hr) at constant heating rate of 50 °C/min

Figure 4.1 depicts the HRSEM micrographs of the synthesised supported TiO. catalysts
pyrolyzed at 300 °C between 1 to 4 hr. The HRSEM image of JT1 (Fig. 4.1d), indicated the
formation of irregular and scattered nanocrystals. This suggested pyrolysis of PAN sinceit is
not stable above 200 °C followed by initiation of crystallization of the TiCls precursor into
TiO2 under the set conditions. It is important to mention that, in-situ crystallization process
commenced immediately TiCls was added to the PAN/DMF in a ventilated fume hood.
During the stirred addition of 6 mL of 0.09 M TiCly, there was a sudden disappearance of the
transparent solution and the appearance of a highly viscous brownish yellow colour
(oxidation reaction). The sudden change of colour from transparent to brownish yellow under
excessive air in a ventilated fume hood indicated oxidation reaction, thisis TiCls is known to
oxidiseto TiO2 upon contact with air and subsequently released HCI as in the equation 4.1.
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Besides, there was a substitution of the oxygen atom in DMF by chlorine from TiCls and
subsequent replacement of the chlorine by oxygen resulting in the formation of TiO:
nanoparticles. This was also evident with the release of a white fume of hydrochloric acid
with a temperature increase, implying that the reaction was purely exothermic. Prior to the
addition of TiCls, the temperature of the sol was 20 °C and after the addition of the titanium
precursor, the temperature rose to 41°C. This indicated that oxygen in DMF or free oxygen in
the ventilated fume hood displaced the chlorine in the TiCl4 to yield TiO». After the manual
coating of the sol-gel onto the stainless steel mesh, the coated mesh was air dried at room
temperature in a ventilated fume cupboard for 10-15 minutes. The brownish colour later turn
to black. The colour changes may be due to exposure to air. According to Rahaman et .,
(2007) the phemenon and mechanism of appearance or disappearance of colour is complex
and not fully understood. Nevertheless, the authors ascribed the black colouration of PAN on
exposure to air to the formation of ladder ring structure due to conversion of the CIN to
C=N. The second reaction was the thermal pyrolysis of the PAN into carbon during the
heating period inside the programmable tube furnace and complete formation of TiO>
nanocrystals as shown in equation 4.2.
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At 2 hr holding time of JT2 (Fig. 4.1b), there was a sudden colour change from brown to
black upon visua inspection, possibly due to pyrolysis and carbonization of the PAN
polymer, or perhaps due to the decrease in the nitrile bond strength. The 2 hr heating period
resulted in the formation of uniformly distributed and densely agglomerated TiO>
nanocrystals. The shape and sizes of the TiO: crystals were not uniform and remained
unchanged even at 3 hr holding time as shown in the HRSEM image of JT3. At this time (3
hr), PAN is undergoing pyrolysis and carbonization process leading to the disappearance of
PAN peaks (see Figure 4.8 and 4.11). At 3 hr JI3 (Fig.4.1c), homogeneous, evenly
distributed TiO2 nanocrystals were observed. At 4 hr JT4 (Fig.4.1d), some nanocrystals fell
off the mesh which could due to the prolonged holding time, which resulted in complete loss
of carbonaceous species causing weak interaction between the stainless steel mesh and the

TiO2 nanocrystals. It is important to stress that PAN and its pyrolysis or decomposition
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products acts as an adhesive that stick the TiOz crystals together onto the stainless steel mesh.
However, when the holding time is too long or the temperature too high all the PAN and
carbon burns away and the TiO> crystals fall off the mesh. Despite their loss off the mesh, the
imaged crystals were still homogeneous, spherical, less agglomerated and loosely bound to

each other.

In Figure 4.2 (a), at 1 hr holding time at 350 °C (JT5), the formation of both TiO2 nano rods
and densely packed aggregated TiO. nanocrystals that stick to the stainless steel mesh were
observed. At 2 hr (Fig.4.2b, sample JT6), the TiO> nano rods disappeared and thereafter
transformed completely to fully grown, closely packed, identical TiO. nanocrystals. It was
noticed that, there were no clear differences in the HRSEM micrographs of Fig. 4.2(b), (¢)
and (d) despite an increase in the holding time, al samples had a uniform particle size and
longer holding times did not alter the spheroidal spherical crysta morphology. Again,
uniformly monodispersed, spherical and agglomerated TiO2 nanocrystals were evident. Also,
during the photocatal ytic activity, there was loss of crystals off the mesh at 4 hr holding time.
This was plausibly due to structural changes of the polymer to carbon and complete
conversion of titanium precursor to oxide which produced TiO> nanocrystals of identical
samples and sizes in the inert environment. Abdo et al., (2013) had earlier reported that the
carbonization process of PAN in air atmosphere at temperature of 600 °C to 1000 °C for 1 h
at heating rate of 4.5 °C/min was associated with release of more than 90% carbon and other
volatile compounds such as HCN, H20, and N2. Furthermore, a similar trend was observed at
400 °C irrespective of the holding time (Fig. 4.3).The appearance of agglomerated spherical
TiO2 nanocrystals which showed some degree of homogeneity can be ascribed to extensive
decomposition of PAN as the holding time increased. Although the shape and size of the
nanocrystals were not uniform, it can be seen that the pyrolyzed temperature (300 °C, 350 °C
and 400 °C) and holding time (3 hr) had an effect on the size and the shape of the TiO-
nanocrystals and upon their adhesion. Ba-Abbad et al., (2012) reported that temperature had a
profound effect on the particle size, shape and catalytic activity of the TiO> nanoparticles
synthesised via sol-gel method made up of titanium tetra isopropoxide (TTIP), ethanol and

water.

Generdly irrespective of the temperature, it was observed that at higher holding time
specifically 4 hr, al the PAN decomposed and the TiO- crystals fell off the mesh. Based on

this, 3 hr holding time was selected as the optimum holding time required to achieve uniform
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crystals growth for the three temperatures. Beyond 3 hr holding time, there was a noticeable
loss of the binding force between the stainless steel mesh and the TiO2 nanocrystals, which

ascribed to the extensive decomposition of PAN.

From the results presented (Figure 4.1 - 4.3), it is apparent that the supported TiO>
nanocrystals are of different shapes and sizes, which occurred due to the heating conditions
applied. In summary, two important reactions occurred during the synthesis of supported
carbon doped TiO. nanocrystals. (i) oxidation of TiCls to TiO. (in-situ crystallization
mechanism as shown in equation 4.1): This took place prior to pyrolysisin the furnace. The
crystals growth commenced immediately TiCls precursor was added to the PAN/DMF
solution in a ventilated fume hood. (ii) Thermal combustion of PAN in the furnace to
different carbonaceous species (equation 4.2). It should be noted that the TiO2 nanocrystals
was strongly adhered onto stainless steel support using carbonaceous species resulting from
pyrolysis of PAN. This was further substantiated by FTIR and XPS results shown in Figure
4.11 and 4.15 respectively.

4.1.2 HRTEM-SAED analysis of the synthesised supported TiO2 nanocrystals

HRTEM and SAED was utilized to further examine the microstructure, morphology,
crystaline nature and possible particle size of the supported TiO: catalyst prepared by
pyrolysis at 300°, 350°, or 400° C for 1-4 hr. The detailed experimenta protocol for the
synthesis of supported TiO. nanocrystals via the sol-gel method is described in Section 3.2.2.
The HRTEM analysis was conducted according to the procedure described in section 3.4.3.
The HRTEM operated at 200 kV was employed to obtain the images (see Table 3.7). The
HRTEM characterization results of the supported TiO> nanocrystals pyrolyzed at 300 °C, 350
°C or 400 °C in N2 atmosphere at 20 mL/min between 1-4 hr are represented in Figure 4.4 [J
4.6.
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Figure4.4: HRTEM image of catalyst prepared at 300 °C: (a) JT1 (1 hr) (b) JT2 (2 hr)
(©)JT3(3hr) (d)JT4 (4 hr) at constant heating rate of 50 °C/min
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Figure4.5: HRTEM image of catalyst prepared at 350 °C: (a) JT5 (1 hr) (b) JT6 (2 hr)
(©)JT7(3hr) (d)JT8 (4 hr) at constant heating rate of 50 °C/min
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Figure 4.6: HRTEM image of catalyst prepared at 400 °C: (&) JT9 (1 hr) (b) JT10 (2
hr) (c)JT11(3hr) (d)JT12 (4 hr) at constant heating rate of 50 °C/min.

Figure 4.4 shows the HRTEM images of supported carbon doped TiO. nanocrystals prepared
by pyrolyzed in N2> atmosphere at 300 °C between 1-4 hr. At 1 hr, sample JT1 (Fig.4.4a),
there was an appearance of small crystal lattice fringes. The indistinct TiO> crystals at 300 °C
for 1 hr, indicates that some of the TiCls precursor was still embedded in the slowly
decomposing PAN polymer. With the increase in the holding time to 2 hr (Fig.4.4b), there
were small TiO crystalites which could be attributed to further decomposition of PAN. The
TiO. lattice fringes became more clearly visible at 3 hr holding time (Fig.4.4c). Further
increase in the holding time to 4 hr (Fig.4.4d) produced well resolved TiO: lattice fringes
with interplanar spacing of about 0.35 nm, which agreed well with the lattice index of the
NP Q



(101) crystallographic plane of anatase TiO> (Chang et al., 2009). The formation of a well-
defined lattice fringes suggests high crystalinity (Cao et a., 2011). Figure 4.5 and 4.6 show
the structural characteristics of the supported catalysts calcined at 350 °C and 400 °C for 1-4
h respectively. HRTEM micrograph of JT1 (a) and JT2 (b) indicates TiO> grains with no
clear defined particle size while the HRTEM image of sample JT3-JT12 showed clear and

well-resolved crystal lattice fringes of isolated particles with interplanar spacing of 0.352 nm.
The SAED pattern of the supported TiO2 nanocrystals pyrolyzed at 300°C between 1-4 h are
shown in Figure 4.7.

Figure 4.7. SAED of catalyst prepared at 300°C: (a) JT1 (1 hr) (b) JT2(2hr) (c) JIT3 (3
hr) and (d) JT4 (4 hr) at constant heating rate of 50 °C/min
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The SAED image of sample JT1 (Fig.4.7a) and sample JT2 (Fig.4.7b) indicates the formation
of overlapping crystal planes, but no polycrystallinity. With the exception of the SAED
image of sample JT1 and JT2, other supported TiO. nanocrystals (not shown) exhibited a
strong homogeneous polymorphic ring pattern with small dotted lines, which is an indication
that the materials were very small polycrystaline particles irrespective of pyrolyzed
temperature and holding time. Similarly, apart from what was observed in Fig. 4.7aand 4.7b,
other reflections in the SAED pattern indicated lattice spacing distance of 0.354 nm
corresponding to (101) crystal plane of a pure anatase phase, which is corroborated by the
XRD results presented in Figure 4.11- 4.13. These results support previous studies conducted
by Shirke et a., (2011) on the synthesis of pure anatase TiO. nanoparticles via microwave
assisted soll[gel method, in which the SAED pattern of the synthesised materia was
polycrystalline in nature. This observations support the findings of Luo et a., (2012) who
synthesised neat TiO> nanoparticles using a combination of polyacrylonitrile pre-oxidised in
ar at temperature of 200-300 °C followed by modification with titanium dioxide

nanoparticles.

4.1.3 EDSresult of the supported TiO2 nanocrystals

The EDS analysis was done to investigate the elemental composition of the supported carbon
doped TiO2 nanocrystals pyrolyzed at 300 °C, 350 °C and 400 °C between 1-4 hr. The
experimental procedure has been described in section 3.2.2 and the sample analysis was done
following the steps explained in Section 3.4.4. The samples were coated with Pd and Au to
prevent charging during SEM analyses, which can distort images. The weight percentage of
each element asrevealed by EDS is present in sample JT1-JT12 isrepresented in Table 4.1.
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Table 4.1: Energy dispersive spectroscopy (EDS) spectrum of supported TiO2
nanocrystalsin atomic percentage at different pyrolyzed temperatures and holding time

Samples name Elemental composition (Wt%)
Ti 0] C Cr Fe Ni Cl
JT1 2521 3135 1973 715 812 392 352

JT2 Ti:Oratio(1:1) 2778 3211 1798 574 721 354 564

JT3 3714 3156 1417 404 764 287 258
JT4 3945 2076 1054 729 823 252 221
JT5 4356 3037 1034 441 745 253 134

JT6 Ti:Oratio (1:2) 4488 2875 886 545 750 345 111

JT7 4513 2694 823 449 792 340 3.89
JT8 4355 3030 781 533 697 288 316
JT9 4557 2750 532 628 819 412 302

JT10 Ti:Oratio (1:2) 4538 3280 525 552 6.02 261 242
JT11 5489 2264 441 619 680 209 298

JT12 68.04 1032 231 688 756 138 351

According to Table 4.1, the supported TiO> nanocrystals contained the following e ements:
Ti, O, C, Cr, Fe, Ni, and Cl in different proportion irrespective of temperature and holding
time. The values presented in Table 4.1 symbolised average of three spots scanned, which
indicated that the values were representative. The weight percentage of Ti and O in each
samples varied with pyrolyzed temperature and holding time. Even though, the EDS analysis
is not a quantitative measure of the concentration of each elements in the sample, it can
provide information on the type of elements in the sample. Thus, the presence of Ti and O
confirmed the formation of TiO2 nanocrystals via the sol-gel method. It can be seen from

Table 4.1 that the ratio of Ti to O a 300 °C was 1:1 and was 1:2 when the temperature
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increased to 350 °C and 400 °C at a longer holding time of 3 hr. The observed ratio 1:1
suggested dilution by PAN at a lower temperature (300 °C), which corroborates the XRD
result shown in Figure 4.11, where graphitic carbon peaks were prominent. As the
temperature increases, the Ti:O increases, which was an evidence of thermal pyrolysis and
decomposition of PAN. The slow oxidation of TiCls to TiO2 during pyrolysis may be due to
changing ratio of Ti to O. In the same vein, it can be seen in Figure 4.8 that, the weight
percentage of carbon content decreased from 19.73 observed at 300 °C for 1 hr to 2.13 at 400
°C for 4 hr holding time. There was a clear decreasing in carbon content as temperature (300°
- 400°C and holding time (1 to 4 hr) increases, which suggested the partial and extensive
decomposition of PAN. The decrease in the carbon content as evident in the EDS results
corroborates the XRD results shown in Figure 4.11 - 4.13. This further confirmed direct
carbon doping and the adhesion role the products of pyrolysis played.
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Figure 4.8: Carbon content in the supported TiO2 nanocrystals prepared at different
temperature and holding time.

Since the samples were not coated with carbon, the probable sources of carbon in the sample
could be traced to the PAN or holey grids. However, XPS analysis carried out on the
samples further confirmed that the amount of carbon in the catalysts did not come from holey
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carbon grids but rather from PAN precursor (see Figure 4.24 a). In addition, Abdo et al.,
(2013) had earlier reported that carbonization process of PAN is associated with release of
more than 90 % carbon and other volatile compounds such as HCN, H>O and N.. The
presence of carbon in the EDS results suggests that PAN decomposed to carbon that was
present in the supported TiO. nanocrystals, which is in agreement with the XPS results
shown in Figure 4.14 - 4.17. Furthermore, the EDS spectra also indicated the presence of Fe,
Cr and Ni, which originated from the stainless steel mesh owing to the thermal effect. The
presence of chlorine could be linked to the titanium precursor used TiCls. The thermal
treatment caused the diffusion of Fe, Cr, Ni from the stainless steel mesh onto TiO> layer
according to their ionic radii. These elements (Fe, Cr and Ni) have been reported to also act
as a dopant for titania (Fernandez et al., 1995). Similar phenomenon was reported by
Fernandez et al., (1995) during the synthesis of TiO> photocatalysts on rigid supports such as
stainless steel. The authors synthesised TiO. nanoparticles by dissolving 1 g of commercial
TiO2 (Degussa) in 100 mL acetone and subsequently utilised electrophoretic method to
deposit TiO> particles onto the stainless steel. The supported TiO. nanoparticles were
calcined in N2 atmosphere at 700° C for 4 h and 8 h respectively. They found that Fe, Si, Cr
from stainless steel diffused into titania lattice structure during thermal treatment.

4.1.4 Thermal Gravimetric Analysig/ Differential Scanning Calorimetry (TGA-DSC)
analysis

The Therma Gravimetric Analysis/ Differential Scanning Calorimetry (TGA-DSC) plots
shows the physico-chemical structural changes such as loss of moisture and other volatile
organic compounds present in the sample. The wet sol-gel solution (8% PAN/DMF/TiCla)
obtained via the protocol described in Section 3.2.2 was subjected to thermal treatment
process described in section 3.4.10. The results of the heat-profile of raw 8%
PAN/DMF/TiCls are presented in Figure 4.9. This was done in order to determine the
temperature at which PAN starts decomposing.
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Figure 4.9: TGA-DSC curves of the wet sol-gel solution (8% PAN/DMF/TiCls4) measured
at a heating rate of 10°C/min in nitrogen atmosphere with a purging rate of 20 mL/min

The results presented in Figure 4.9 showed an increase in weight loss as the temperature
increased. Substantial weight loss was observed before 350 °C after which the TGA curve
remained nearly flat till 800 °C. There are three prominent weight losses as shown in the
TGA curve. The first residual weight loss of ~10.2 % observed from 30-150 °C, was
attributed to the dehydration of adsorbed DMF embedded within the PAN or bound to the
PAN backbone. The second weight loss of ~50.8 % observed between 172 and 330 °C could
be ascribed to the pyrolysis of unhydrolyzed PAN which was accompanied by a peak
(exotherm) 172 °C. This is because PAN is not stable above 200 °C. Further weight loss of
~19.51 % before 350 °C could be due to decomposition of other residua intermediates
carbonaceous species in the PAN as products of pyrolysis before complete carbonization. The
DSC curve showed an endothermic peak localised at 137.7 °C, and two sharp exothermic
peaks at 172°C and 300°C. A slight endothermic peak localised in the DSC curve at 137.7°C
may be due to volatilization of DMF. The exothermic peaks between 172 °C and 300 °C may
be linked to pyrolysis of PAN or reaction of oxidation of TiCls to TiO. respectively. The
TGA-DSC results are in good agreement with the XRD results shown in Figure 4.11. It is
noteworthy mentioning that, lack of further exothermic peaks and very gradua or dight
weight loss between 400 °C and 600 °C in DSC-TGA curve connoted complete

decomposition of carbon precursor such as PAN or volatilization of residual carbon but no
NQM



phase changes from anatase to either rutile or brookite. Instead, the heat-treatment process
enhanced the oxidation of TiCls and formation of pure anatase TiO> phase, which was
relatively thermally stable. No phase evolution or transformation occurred in the as-
synthesised TiO2 nanocrystals in spite of an increase in calcination temperature, which could
be attributed to the particles size (see Table 4.3). However, the stability and formation of a
specific polymorph of TiO. depends on surface free energy, surface stress and most
importantly on the particle size (Leong et a., 2014; Miao et a., 2012). Li et a., (2007) had
reported that the anatase polymorph of TiO. with particle size less than 14 nm was more
thermodynamically stable than rutile or brookite. Abdo et a., (2013) reported exothermic
reaction for typical PAN/Ag particles in the temperature range of 200 °C and 350 °C. The
authors ascribed the exothermic peaks at 300 °C to cyclization of the nitrile groups of PAN
and loss of HCN, N2 and others. This also agrees with the submission of Miao et a., (2012)
and Suwarnkar et a., (2014) which independently linked the exothermic peaks localised at

this temperature range to the degradation of organic residues or moieties.

415 FTIR of the supported TiO2 nanocrystals

The structural elucidation vis-a-viz the functional groups/absorption peaks formed during the
chemical interaction, stabilization and pyrolysis process of PAN/DMF/TiCls was investigated
using the FTIR technique as described in section 3.4.9. The preparation of the supported TiO>
nanocrystals via mixing of PAN and DMF with TiCl4 followed by therma treatment was
presented in section 3.2.2. Figure 4.10 illustrates the FTIR profile of PAN, PAN/DMF and
8% PAN/DMF/TiCls. While Figure 4.11 shows the FTIR spectra of supported TiO»
nanocrystals pyrolyzed at 300 °C, 350 °C and 400 °C for 3 hr. The distinctive absorption
bands of PAN, PAN/DMF, 8% PAN/DMF/TiCl4 and supported TiO> photocatalyst pyrolysed
at different temperature and holding timeis provided in Table 4.2.
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Table 4.2: Characteristic absorption bands and strength of PAN, PAN/DMF, 8% PAN/DMF/TiCls and supported TiO2

Absor ption bands/

Functional groups

constituents -CICT or Aliphaticgroup  Carbonyl O-H(bending)  Nitrile N-H wag C-H
c-C CH, CH2, CHs group stretching stretching
C=0, C=C, CIN
C-O
Absor ption band 610-700 1395-1200 1750- 1590 1650-1630 2260 12220 910-665 3500 - 3200
characteristics (cm™) 1465-1405
2950-2850
PAN Nil Strong Medium Nil Strong Nil Nil
strong
strong
PAN/DMF strong Medium Nil Strong Weak strong weak
Strong
8% PAN/DMF/TiCls medium  Strong Nil Strong Medium medium strong
JT3 Nil Weak Nil Medium Nil Nil weak
JT7 Weak Nil Nil Medium Nil Nil weak
JT11 Weak Nil Nil Medium Nil Nil medium
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According to Figure 4.10 (@), the FTIR spectraof PAN revealed the presence of the following
absorption bands at 3629, 2948, 2244, 1628, 1454, 1365, 1258, 1067 and 537 cm*
respectively. Out of which, four absorption peaks observed at 2244 (CLC), 1454 (C-C) and
1365 cm? (C-H) and 2948 cm™ had strong intensity (see Table 4.2). The absorption band at
2948 cmt is normally assigned to CIN .

DMF is one of the polar solvent mostly used to dissolve PAN as such the dissolution of PAN
by DMF resulted in formation of strong intermolecular attraction and new functional groups.
The FTIR spectrum of PAN/DMF is shown in Figure 4.10 (b), the following distinct
absorption bands appeared at 3500, 2931, 2925, 1651, 1496, 1393, 1255, 1092, 866 and 658
cm? respectively. Of al the absorption peaks, the following had strong absorption peaks:
1651 cm™(C=0), 1393 cm™}(C-H), 1255cm™(C-N), and 658 cm™(N-H) appeared for a typical
PAN/DMF (see Table 4.2). According to Zhang et al., (2011), three of the absorption peaks
such as 1651, 1393 and 658 cm™ corresponded to a typical DMF spectrum with absorption
band C=0, C-N and N-H respectively. With the dissolution of PAN by DMF, there was a
complete disappearance of absorption peaks observed at 2244 and 1457 cm™ observed in
PAN. Besides, the intensity of the absorption band at 2948 cm™ reduced and new adsorption
bands at 2931 and 2925 cm™ with medium intensity were observed in PAN/DMF. These new
absorption bands was assigned to C-H. Also noteworthy of mentioning was the dlight
appearance of aweak absorption band at 3500 cm™* in PAN/DMF, which was assigned to
N-H.

With the drop-wise addition of TiCls to PAN/DMF solution (Figure 4.10 (c), there was a
complete disappearance of absorption peak at 866 cm™* (C-C) in DMF and a significant
decrease in the strength of the following absorption bands: 1393, 1255, 1093 and 658 cm'™.
The intensity of absorption bands at 2244 and 2942 cm™ (CCN) observed in PAN equally
reduced (see Table 4.2). There was formation of a broad O-H at 3408 cm® bond upon the
addition of TiCls to PAN/DMF. This may be due to substitution effect of oxygen in DMF
with chlorine in TiCls and replacement of chlorine with oxygen (oxidation step) as shown in

eguation 1.

Furthermore, the pyrolysis of 8% PAN/DMF/TiCls produced supported TiO2 nanocrystals,

which was accompanying by volatilization of the solvent (DMF) and decomposition of PAN.
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The volatilization of DMF during heating in afurnace at different temperatures resulted in the
compl ete disappearance of the following absorption peaks: 1651, 1444, 1498, 1391, 1256 and
1107 cm™ which indicated the loss of N2, HCN and other volatile compounds. While the
carbonization process of the PAN was accompanied with the loss of absorption peaks at 2244
and 2942 cm™ (CICN) and formation of new absorption peaks in the sample JT3, JT7 and
JT11 shown in Figure 4.11. After the carbonization process, most peaks identified in PAN
were however absent in the supported TiO2 nanocrystals. This further confirms thermal
pyrolysis and decomposition of the PAN. The FTIR of sample JT3, JT7 and JT11 indicated
formation of both weak and medium absorption peaks at 3252 (O-H), 1625 (C=C) and 625
cmt (CIT ) respectively.  The strength of these peaks varies with the catalysts, which can be
attributed to difference in the applied pyrolysis temperature. Complete disappearance of the
absorption peak at 2243 cm? assigned to CCN was due to the thermal pyrolysis and
decomposition of PAN in nitrogen environment. This further agrees with the DSC results
(Figure.4.9). The weak absorption band at 625 cm™ is related to the CIC or Ti-O-C bond. Ti-
O-C point towards interaction between the Ti-O, and the C=0 and C-O groups present in the
PAN. This was an indication of residue of carbon doping on TiO2 nanocrystals, which also
suggested carbon being doped onto the TiO» lattice structure. This further supports the XPS
results (see Figure 4.18). Additionally, when comparing the FTIR spectra of the calcined
supported TiO2 nanocrystals with the starting materials PAN and DMF, it is evident that,
there was a complete disappearance of most identified peaks in PAN, suggesting complete

thermal decomposition of the polymer during pyrolysis.

4.1.6 XRD analysis

X-ray diffraction (XRD) was used for phase identification and estimation of the average
crystallite sizes of the synthesised supported catalysts at 300 °C, 350 °C and 400 °C for
different holding time of 1- 4 hr in N2> atmosphere at 20 mL/min as previously noted. The
obtained supported TiO2 nanocrystals after pyrolysis was further characterized using XRD.
The detailed experimental protocol, sample preparation and instrumental conditions for
measurement has been described in Sections 3.2.2 and 3.4.1 respectively. The results of the
XRD analysis of the supported TiO2 nanocrystals pyrolysed in the furnace at different
temperature and holding time are displayed in Figure 4.12 [14.14.
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Figure 4.14: XRD pattern of the catalysts. (a) JT9 (400°C for 1 hr) (b) JT10 (400 °C
for 2hr) (c)JT11(400°C for 3hr) (d)JT12 (400°C for 4 hr)
A=anatase, C=carbon

Figures 4.12 - 4.14 depict the X-ray diffraction patterns of the supported catalysts pyrolyzed
at 300 °C, 350 °C or 400 °C for holding times between 1-4 hr. All the XRD patterns except
Figure 4.12 (a-c) clearly demonstrated strong, sharp and relatively intense diffraction peaks at
2 thetha values of 25.3°, 37.8° 49.55° 55.10°, 62.60° 68.8°, and 75.70° irrespective of the
holding time. These diffraction peaks indicate the presence of following crystal planes (101),
(004), (200), (211), (204), (220), and (215). For each holding time, the XRD patterns
indicated the formation of pure anatase polymorph of TiO2 (JCPDS: No 21-1272). There
were no rutile or brookite phases detected within the x-ray detection limit at each holding
time. In contrast, the XRD pattern at 300°C for 1 h (Figure 4.12a), exhibited weak diffraction
peaks at 26.3°, 36.1°, 39.2° 41.8°, 45.4°, and 60.5°, which corresponded to crystal plane (002),
(1112), (100), (200), (204) and (220) of atypical carbon species originating from PAN. At
this holding time, it was shown that PAN was pyrolysis and oxidation of TiCl4 precursor into
TiO2 occurred concurrently. Additionally, at 300 °C for 1 h, diffraction peaks at 72.4° which
corresponded to crystal plane (220) was yet to develop, which suggested slow growth of TiO>
crystallites. Furthermore, as shown in Figure 4.12(a-c) the diffraction peak intensity at 36.1°

NQT



of the crystal plane (110) decreased significantly with an increase in holding time from 1 to 3
h. This might be ascribed to further decomposition of PAN. More so, as the holding time
increased from 2-3 h at 300 °C, the diffraction peak of (220) became more intense indicating
crystal growth while severa other carbon peaks that had been identified at 1 h holding time
disappeared. The intensity of the diffraction peak at (220) increased up to 4 h holding time.
Furthermore, after 3 h holding time, the peak corresponding to crystal plane (110)
disappeared completely and this suggests pyrolysis of graphitic species derived from PAN. In
spite of the broad diffraction peaks and presence of carbon species, the synthesised supported
TiO2 nanocrystals were still dominated by pure anatase crystallite phase. This result is in
accordance with Shirke et al., (2011) who also obtained pure anatase phase for unsupported
TiO2 nanoparticles synthesised via microwave assisted sol [gel method, calcined at 300 °C for
1 h. Conversely, Li and co-workers (2002) did not obtain peaks corresponding to anatase
phase for TiO. nanoparticles annealed at 300°C for 1 hr. Instead they found a mixture of
rutile and brookite phases dominated. Leong et al., (2014) had reported that during thermal
treatment of a sol-gel solution containing titanium precursor at different calcination
temperature, the Ti-O-Ti bonds in the sol-gél crystallize into TiO2, and the heat results in
residual water loss and loss of other volatile organic components. Thus, the complete
morphological transformation observed by HRSEM (Fig. 4.2 to 4.3) at 350 °C and 400°C
irrespective of holding time suggested that all TiCl4 precursor species were converted to form
TiOz. Furthermore, the XRD pattern of the supported catalyst annealed at 350 °C and 400 °C
(Figure 4.13 - 4.14) for different holding time are similar. It is should be noted that the peak
at 26.3°, which was attributed to carbon species was common to all samples especially at 350°
and 400 °C. This suggests the existence of Ti-O-C bond and substitutional effect of oxygenin
TiO2 by a carbon species from PAN precursor. This corroborated XPS results shown in
Figure 4.14. The calcined samples at (350 1400 °C) demonstrated a pure anatase crystalline
phase as shown in the HRTEM (Figure 4.5 to 4.6) and XRD patterns (Figure 4.13 to 4.14)
where the peak intensity increased monotonically with holding time and the full width at half
maximum (FWHM) of the peaks became narrower. The sharp and more intense diffraction
peak observed irrespective of the holding time was attributed to heat treatment which
increase the crystallinity and average crystallite size. This is, however, different to the broad
diffractograms observed at 300 °C as shown in Figure 4.12. Critical evaluation of the relative
intensity of the characteristics diffraction peaks (Figure 4.12 - 4.14), for all the synthesised
catalysts, indicates that the TiO, crystallization process was promoted by both pyrolyzed
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temperature and holding time (see Table 4.3). The average crystalite size for the intense
anatase peak (101) in the synthesized TiO. nanocrystals was calculated using Debye-
Scherrer equation as shown in equation 4.3.

d= kl
b cogy

[ (4.3)

Where d is crystalite size in nanometer, K= 0.94, [is the wavelength of the X -ray which is
0.1541 nm, [isthe half -diffraction angle, [is the full width at half -maximum in radian of 2 [
value (25.30). Using the above equation, the average crystaline size for each applied
condition was estimated and the obtained value is shown in Table 4.3. The 2 [value (25.30),
[1(12.65) and cos [0.9757) at 300 °C, 350 °C or 400 °C were the same irrespective of the
holding time.

Table 4.3: Crystallite size of the synthesised supported TiO2 pyrolyzed at 300°C, 350
°Cand 400 °C for holding time 1- 4 h

Samples Widthin half- Width/radian Particle sze
high/° (nm) (XRD)
300°C
Jrl 1.70 0.0296 4.05
Jr2 1.90 0.0333 5.01
Jr3 1.30 0.0227 6.51
JT4 120 0.0209 7.09
350°C
JT5 0.81 0.0140 10.6
JT6 0.75 0.0130 11.4
Jr7 0.66 0.0114 13.0
Jr8 0.65 0.0114 13.3
400°C
Jro 11 0.0191 11.2
Jr10 0.80 0.0139 13.6
Jri1 0.75 0.0131 14.2
JT12 0.60 0.0104 14.3
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According to Table 4.3, it can be seen that the longer the pyrolysis time at each temperature,
the larger the crystals. Also, the higher the temperature the larger the crystal size. The
average particle size increases with increasing holding time especially for samples JT5-JT8
and JT9-JT12 (Table 4.3). This suggests that the particle size and crystalline phase depends
on the pyrolysis temperature as well as the holding time. Comparing the particle size of the
various synthesised TiO. nanocrystals at different temperatures and holding times, it is
obvious from Table 4.3 that the particle size of the supported TiO> nanocrystas pyrolyzed at
300 °C (Figure.4.12) for 1-4 h increased from 5.01 nm to 7.09 nm as holding time increases.
The small nanoparticle size was shown by peak broadening caused by growth/nucleation of
TiO. crystals during extended heating. Thus, thermal treatment of 8% PAN/DMF/TiCla in N2
atmosphere at different temperature and holding time had a significant impact on the nature
of TiO2 and determined the average crystallite sizes. This study further demonstrated a way
to control the particle size of TiO- directly during supporting procedures in one step. Luo et
al., (2012) had reported similar behaviour on the PAN/TiO2 nanoparticles synthesised from
pre-oxidized PAN/DMF solution containing titanium precursor in norma air. Gupta et al.,
(2013) showed that calcination of unsupported TiO2 powder in air a 450 °C for 30 min
increased both the crystalinity and its photocatalytic activity. Their results however
contradict the findings of Dong et a., (2011) who reported that thermal treatment of
unsupported TiO2 nanoparticles prepared from a mixture of Ti(SOa4)2, Ci12H22011 and H20
followed by calcination at 100, 200, 300 °C for 2 h had no effect on the average crystals size

of TiO2 nanoparticles.

4.1.7 X-ray photoelectron spectroscopy (XPS) analysis

The XPS measurements were conducted to determine the electron structure and surface
valence states of each element contained in the supported catalyst synthesised via sol-gel
method. Sample JT7 (prepared at 350 °C for 3 hr) was selected due to its higher
photocatalytic activity compared to others (see Section 4.20). The detailed XPS sample
preparation and instrumental operating conditions have been described in section 3.4.7.
Figure 4.15 represents the general XPS survey of supported TiO2 nanocrystals calcined at 350
°C for 3 h (JT7), which indicated the presence of Ti, O, C, Fe, Cl and N. Figure 4.16-4.18
represents the XPS spectrum of individual elements namely Ti 2p, O 1s, C 1s, N 1s, Cl 2sor
2p, and Fe 2p or 3p in the following order of binding region Ti 2p (459.2 €V), O 1s (465
eV), C 1s(284.6 eV). Other elements such as N 1s, Cl 2sor 2p, and Fe 2p or 3p are explained

below.
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Figure 4.15: General XPS survey of sample JT7 indicating elements within the
detection limit.

According to Figure 4.15 which represents the general survey of the synthesised sample JT7,
there are presence of Ti 2p and O 1s peaks in binding energy regions of 459.12 and 530.6 eV
respectively. Additionally, the magnified Ti 2p shell shown in Figure 4.16, had two peaks in
the binding energy region of 459.2 and 465.7 €V.

Ti2p,,

57 eV

Intensity (a.u)

—

' 1
d6H B 464 462 4600 458 456

Binding energy (eV)
Figure 4.16: Detail XPS scan of Ti 2p enveloped in JT7
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Furthermore, the presence of broad and sharp narrow peaks at the binding region of 459.3
and 465 eV suggested the existence of Ti and Ti*" species in the sample. In Figure 4.15, the
normalized count rate in the Ti 2p shell region was dominated by a sharp peak belonging to
Ti 2par, this mean that Ti occurred in one chemica state. Besides, the splitting between the
binding energies values of Ti 2ps2 and Ti 2py2 was 5.7 €V. There was no binding energy
values which corresponded to Ti%*, which means that Ti in this case existed as Ti** in the as-
synthesised TiO2 nanocrystals. Mostly the chemical state of Ti reported in the XPS studies in
the literature for typical pure anatase TiO2 nanoparticles was Ti*. The obtained binding
energies for Ti and O corroborated XPS data reported in literature for typical TiO>
nanoparticles (Aziz et a., 2013; Dhabbe et al., 2014; Leong et a., 2014; Rodriguez-Gonzél ez
et al., 2010).

According to the XPS spectrum of O 1s shown in Figure 4.17, the peaks assigned to oxygen
could be found in the binding energy region of 530.6, 531.7 and 532.9 eV, which were
related to Ti-O, O-C and C=0 bond respectively.
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Figure4.17: The XPS spectrum of O 1senveloped in sample JT7
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Of al three options, the most abundant or prominent peak was observed in the binding energy
region of 530.6 eV, which corresponded to the Ti-O bond of TiO», thus suggesting that the
titanium atom was bonded to oxygen. Other noticeable peaks at 531.6 and 533.6 eV
correspond to C-O and C=0 respectively. Comparing the normalized count rate of Ti 2p and
O 1s in Figure 4.16 and 4.17, the bulk of the titania nanocrystals lattice structure was
dominated by Ti-O.
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Figure 4.18: High resolution-XPS scan of C 1senveloped in sample JT7

In order to determine the states of carbon in the supported TiO2 nanocrystals (JT7), the C 1s
shell was measured and the scanned results shown in Figure 4.18. In Figure 4.18 three
prominent peaks which corresponds to C-C or C=C, C-O and C=0 or COO bonds were
observed in the binding energy region of 284.6, 286.2 and 288.2 eV respectively. Specifically
the signal observed at binding energy value of 284.6 eV was categorised as adventitious
elemental carbon (C=C). The presence of elemental carbon may be attributed to the pyrolysis
of polymer precursor (PAN) to carbon. There was no noticeable peak for Ti-C bond in the
binding region of 281.0 eV, which suggests non-existence of Ti-C bonds in the synthesised
supported material. Studies have shown that the carbonization process of PAN contributed
about 90% carbon to the synthesised Ag/PAN nanoparticles (Abdo et a., 2013). Ren et al.,
(2007) ascribed the two peaks observed at 284.8 and 288.6 €V to formation of carbon-doped
NRP



TiO2 nanoparticles. Nevertheless, comparatively the combined XPS spectra of Ti 2p, O 1s
and C 1s indicated the formation of Ti-O-C due to pyrolysis of PAN and transformation of
TiCl4 during the heating process. Furthermore, the presence of C-C, C-O and C=0 or COO
bonds in the TiO> crystals indicates that carbon was doped onto the TiO. nanoparticles.
Furthermore, the doping effect of carbon species on TiO2 nanocrystals by PAN might be
responsible for the smaller particle size (see XRD result Figure 4.12). Cong et a., (2011)
reported similar observation during the synthesis of carbon doped TiO. coated on multi-
walled carbon nanotubes. The authors ascribed the formation of Ti-O-C bond to the close
interaction between the TiO> lattice structure and the multi-walled carbon nanotubes. On the
contrary, Ren et a., (2007) linked the formation of Ti-O-C bond to the substitution effect of
carbon on the lattice titanium atom and not on oxygen atom. In addition, the presence of
impurities or contamination such as Fe in the genera XPS spectra (Figure 4.15) may be
ascribed to the heating of the stainless steel mesh, which may have caused the diffusion of
ions, mostly Fe onto the TiO: lattice structure. The presence of other e ements such as Cl and
N possibly are remnants of the titania and polymer precursor. These elements had earlier
been identified during EDS analysis shown in Table 4.1. Therefore, the EDS analysisis in
agreement with the XPS results. Luo et al., (2012) ascribed the element C and N detected in
the XPS spectra of as-synthesised TiO2/PAN nanoparticlesto PAN molecules and PAN chain
respectively. Fernandez et al., (1995) had earlier reported the presence of Fe**, Cr¥*, and Si**
in the TiO. nanoparticles developed on a stainless steel via electrophoretic deposition
method. The supported TiO2 nanoparticles was pyrolysed in N2> atmosphere at 700 °C for 30
min and the authors attributed the existence of these heterocations to the thermal treatment
which promoted the diffusion of some ions (Fe**, Cr¥*, Si**) from the stainless stedl into the
TiOz layer..

4.1.8 BET Surface area of the as-synthesised supported TiO2 nanocrystals

The textural properties of the as-synthesised supported TiO2 nanocrystals was investigated
using Micrometrics ASAP 2020 surface area and Porosity Analyzer. The N2 adsorption(]
desorption isotherms of the supported TiO2 nanocrystals pyrolysed in the furnace at 300 °C,
350 °C and 400 °C for 3 h (JT3, JT7, JT11) are depicted in Figure 4.19. The detailed
catalysts preparation procedure has been described in section 3.2.2. The BET analysis was
conducted using sample preparation and instrumental settings conditions stated in 3.4.6. The

BET surface areas, pore diameter, pore volume and pore area of the as-synthesised TiO2

NRQ



nanocrystals as determined by BET and Barrett-Joyner-Halenda methods are indicated in
Table 4.4.
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Figure 4.19: N2 adsor ption-desorption isotherms plot of: (a) JT3 (300 °C for 3 hr) (b)
JT7(350°C for 3hr) (c) JT11 (400 °C for 3 hr)

Table 4.4: Specild surface area and micropore area for the supported as -synthesised
carbon doped TiOz2 nanocrystals compar ed to commer cial powder Degussa P25

Samples BET surface area (m?/g) Micropore area (m?/g)
P25 (commercial TiO2) 56 18
JT3(300°C for 3 hr) 107 24
JT7 (350°C for 3 hr) 152 35
JT11 (400°C for 3 hr) 132 31

According to the lUPAC nomenclature, the adsorption-desorption branch of the JT3, JT7 and
JT11 can be categorised as a typica type IV isotherm, which belongs to a hysteresis loop
type 111 of the aggregated particles of a purely mesoporous material with small pore sizes.
The adsorption type IV indicates capillary condensation of gases within the mesopores, as the
relative pressure (P/Po) approaches unity. The hysteresis loop consist of both sloping
adsorption and a moderately sharp desorption branch even at high relative pressure (P/Po)
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range. Table 4.4 showed that JT7 had the highest BET surface area and micropore area of 152
m?/g and 35.3 m?/g respectively. The formation of a relatively small micropore area could be
due to the agglomeration of the TiO2 nanocrystals as evident in the HRSEM images (Figure
4.1- 4.3) or formation of larger mesopores which would reduce surface area during the
pyrolyzed process. According to Table 4.3, it was found that particle size increased with an
increase in cal cination temperature and holding time. Specifically, the particle size of samples
JT3, JT7 and JT11 were 6.51 nm, 13.0 nm and 14.2 nm respectively. On the contrary, the
trend was observed with the BET surface area of these samples did not follow a similar trend
as the particle size. In the formation of pores, it is possible that gaseous species formed
during pyrolysis or volatilization of the PAN breakdown products would create porosity in
the carbon. This was evident in the TGA result shown in Figure 4.9, which showed that
carbon still remain in the supported TiO2 nanocrystals even after 350 °C. As shown in Table
4.4, BET surface area of JT3 was 107 m?/g, JT7 (152 m?/g) and JT11 (132 m?g), the
differences in the BET surface area can also be related to the amount carbon and the carbon
state in the samples. At 300°C for 3 h (JT3), PAN precursor had not pyrolysed completely,
which means certain PAN chains or fragments still blocked the TiO2 pores, thus may be
responsible for the lower BET surface area and particle size. At 350°C for 3 h (JT7), it was
found that PAN precursor had pyrolyzed more extensively which resulted in the creation of a
greater porosity in the TiO> layers. However, further increase in calcination temperature to
400 °C for 3 h (JT11) resulted in the coa escence of the TiO> hollow structures thus resulting
in the decrease BET surface area. The obtained BET surface areas for al the samples are
however much higher than the 56 m?/g reported for the commercial TiO, nanoparticles in the
literature (Sheikhngjad-Bishe et al., 2014). The increased specific surface area might be
attributed to the pyrolysis temperature and possibly the doping effect of carbon from PAN.
The supported TiO2 nanocrystals pyrolyzed at 350 °C for 3 h (JT7) had higher surface area
compared to samples made at other temperatures. It was evident that at 300 °C for 3 h (JT3),
the PAN was still partially stable as most nanocrystals were still embedded in the polymer as
shown by HRSEM results in Figure 4.1. At 300 °C, the adsorption-desorption isotherms
were nearly flat with the hysteresis loops becoming smaller as the relative pressure
approached unity. The low mesoporosity could be related to the smaller BET surface area.
With an increase in the temperature to 350°C, extensive pyrolysis of the bulk PAN occurred
and high mesoporosity was observed due to formation of gaseous species during

volatilization of PAN and fully grown TiO> crystallites were observed. Further increasing in
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the pyrolyzed temperature to 400 °C led to reduction in the BET surface area and lower
mesosity. A study conducted by Chen et al., (2013) reported a decrease in the specific surface
area and pore volumes of TiO2 nanoparticles as calcination temperatures increased from 400°
to 500°C, in which the reduction was attributed to uncontrollable destruction of porous
structure. In addition, Leong et al., (2014) and Sheikhnejad-Bishe et al., (2014) independently
ascribed the decline in the surface area to the gradual increase in particle size during
calcination.

419 Section summary

In summary, TiO2 nanocrystals could be supported easily on stainless steel mesh and was
robust. PAN pyrolysis instead of calcination alowed controlled carbon content and
mesoporosity could be tailored by applied temperature. Carbon doping was achieved and
carbon residues improved adherence to stainless steel mesh. FTIR analysis revealed the
presence of functional group associated with a typical TiO. nanoparticles while the
DSC/TGA confirmed the carbonization process of the PAN precursor. The EDS, XRD and
XPS results complemented one another and affirmed the presence of carbon speciesin or on
the TiO2 layer, and XPS suggested the substitutional effect of oxygen in TiO2 by carbon. Itis
possible to conclude that supported TiO2 nanocrystals prepared by pyrolysis a 300 °C, 350
°C and 400 °C for 3 h was actually supported carbon doped TiO2 nanocrystals and that
PAN/DMF/TiCl4 offers a facile sol-gel related route for preparing supported carbon doped

TiO2 nanocomposite in one step.

4.2 Characterization of the supported Ag doped TiO2 nanocomposites

This section discusses and presents the results of the characterization of the supported Ag
doped TiO2 nanocomposites using HRTEM, XRD, XPS, UV-Vis diffuse reflectance
spectrophotometer, and EDS. Sample JT7 was modified with different Ag contents using
thermal evaporator operated at a desired value of 2.5 x 10° mbar and evaporation rate of 0.5
Als. Layers of Ag nanoparticles were deposited at different time intervals onto the TiOz
surface by constant applied current of 100 A. The detailed experimental protocol on the
surface modification of sample JT7 with Ag was described in section 3.2.3.

4.21 HRTEM of supported TiO- nanocrystals and Ag doped TiO2 hanocomposites

HRTEM analysis was conducted on the Ag doped TiO. nanocomposites to confirm the
possible deposition or presence of Ag nanoparticles on the TiO2 nanocrystals. The detailed
experimental protocol for the synthesis of supported Ag doped TiO2 nanocomposites via the
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thermal evaporation method is described in Section 3.2.3. The HRTEM analysis operated at
200 kV was conducted according to the procedure described in section 3.4.3. The deposited
layers, which apparently appeared in the form of nanoparticles on the surface of TiO2
nanocrystals were expressed in angstroms and converted to nanometer. The deposition were
carried out at constant pressure of 2.5 x 10> mbar, deposition rate of 0.5 A/s, current (100 A),
distance between the supported catalyst and the boat (15 cm), however deposition time
differs (30 - 60 sec), for instance with sample JT13, the deposition time was 30 sec, and JT14
(45 sec) while JT15 was (60 sec). The relative wt % of the silver content deposited on TiO>
layer according to EDS ranged from 1.8% to 3.5%. The Ag doped TiO> nanocomposites at
deposition time of 30 sec, 45 sec and 60 sec were labelled as: JT13 (1.8%), JT14 (2.4%), and
JT15 (3.7%). The HRTEM images of the sample JT7 and JT13-JT15 are shown in Figure
4.20.

Figure4.20: HRTEM imagesof: (a) JT7 (b)JT13 (c) JT14 (d)JT15
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With the exception of sample JT7 (Figure 4.20 a), it can be seen that Ag-NPs were present
and widely distributed on the TiO. surface (Figure 4.20 b-d). The dark spots within the
composite micrograph depict the Ag nanoparticles deposited upon the TiO. nanocrystals. The
Ag-NPs were spherical in shape and homogeneously distributed without significant
aggregation as the deposition time increased from 30 [160 sec at constant applied current of
100 A. It is noteworthy mentioning that the particle size of Ag nanoparticles are not
completely uniform as evident in the Figure 4.20 b-d. In fact, the Ag nanoparticles appear to
have covered the whole surface containing TiO2 when deposition time was increased to 60
sec (Figure 4.20d), which may likely obstruct UV or visible light from interacting with the
TiO2. The degree of the TiO. surface coverage increases with Ag deposition time. Further
analysis of the Ag doped TiO. nanocomposites, precisely sample JT14 with XPS (section
3.4.7) showed that Ag-NPs were firmly deposited on the titania surface without being
inserted into the TiO lattice framework due to its large ionic radius compared to titania. The
SAED was further employed to establish the degree of crystalinity of the supported TiO2
nanocrystals after the deposition of different layers of Ag. The SAED patterns of JT13-JT15
shown in Figure 4.21 demonstrated that the nanocomposites consist of TiO2 and Ag-NPs
nanoparticles, which corresponded to crystal planes (101) and (111) of anatase TiO. and Ag
nanoparticles with interplanar distance of 0.35 nm and 0.23 nm respectively.

Figure4.21: SAED patternof: (a)JT13 (b) JT14 (c)JT15
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It should be noted in Figure 4.21 that as the deposition time increases from 30-60 sec, the
extent of bright reflections of Ag nanoparticles also increased, which was evidence of poly-
crystalinity of Ag nanoparticles. The SAED results matched well with the HRTEM and XRD
result shown in Figure 4.20 and 4.22 respectively. In spite of the deposition of different
layers of Ag, the supported Ag/TiO> nanocomposites were still polycrystalline in nature.

4.2.2 Elemental analysis of Ag doped TiO2 nanocomposites

The EDS analysis was carried out to determine percentage elemental composition in the
prepared catalysts. Prior to analysis, the samples were coated with Pd and Au to prevent
charging, which frequently distorted images. The experimental procedure was described in
section 3.2.3 and the qualitative estimate of the composition and relative wt% of each
element present in sample JT13-JT15 isrepresented in Table 4.5.

Table 4.5: Energy dispersive X-ray spectroscopy (EDS) spectrum of sample JT7, JT13-
JT15 (number of replicates = 2)

Sample Elemental composition (Wt%)

names

Ti O C Ag Cr Fe Ni Cl TOTAL
JT7 46.13 3050 11.94 Control 1.88 394 217 344 100
JT13 46.21 2994 10.73 1.8 175 393 186 3.78 100
JT14 45.76  28.47 9.90 24 227 395 235 490 100

JT15 4494 2894 8.37 3.5 256 385 267 517 100

According to Table 4.5, the presence of Ti, O, C, Ag, Cr, Fe, Ni, and Cl was noted in in
different proportion in the samples. On the other hand, Pd and Au detected in samples were
the elements used for coating to prevent charging during analyses, which often distorted
images. The weight percentage of Ag as shown in Table 4.15 increased with an increase in
deposition time and sample JT15 exhibited the highest Ag percentage, with JT13 having the
lowest amount. The presence of other elements such as Cr, Fe, Ni and Cl in the EDS spectra
and the possible explanation for their occurrences have been explained in Section 4.2.3. It is
important to mention that the carbon present in this sample did not originate from the holey

carbon grid but rather from PAN precursor. Studies have shown that carbonization process of
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PAN precursor was accompanied by the release of N2, HCN and H2O and increased carbon
content by more than 90% (Abdo et al., 2013). According to Table 4.5, it can be seen that
PAN and pyrolysed species of about 8-12% still remained in the sample despite applied
temperature of 350 °C. Thus, the presence of carbon is due to PAN precursor and not holey
carbon grid and further corroborated by TGA and XPS results shown in Figure 4.9 and 4.15
respectively. The presence of Ag in the EDS further demonstrated that a controlled amount of
Ag actudly deposited on the TiO. surface depending on the applied thermal evaporation
conditions, which agreed with the XPS results shown in Figure 4.25. Previous studies
conducted by Suwarnkar et a., (2014) reported the presence of 0.25 mol% Ag in the EDS
spectra of unsupported Ag doped TiO. nanocomposites prepared via microwave assisted
method containing a controlled amount 0.1 M Titanium tetra-isopropoxide and 0.05 M silver
nitrate in 100 mL of absolute ethanol at pH 8.

4.2.3 XRD pattern of Ag doped TiO2 nanocomposites

Particle sizes and the mineralogical phases of supported Ag doped TiO2 nanocomposites
was examined by XRD. The XRD patterns of sample JT7 and JT13-JT15 presented in Figure
4.17 were obtained using the procedure described in Section 3.2.3. This was done to
investigate if the deposition of Ag on the supported TiO2 nanocrystals via thermal
evaporation will influence the mineral phases. The instrumental settings and conditions used
for the measurement of sample JT7, JT13-JT15 has been described in Section 3.4.1. To
further clarify the peaks, in Figure 4.22, the peaks corresponding to anatase TiO. were
marked A and Ag as Ag accordingly.
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Figure4.22: XRD patternof: () JT7 (b)JT13 (¢) JT14 (d)JT15

As shown in Figure 4.22, the XRD patterns of supported TiO. nanocrystals corresponded to
anatase phase present in the nanocomposites except for two additional peaks at 2 thetha
values of 44.32° and 53.21° which corresponded to face-centered cubic (fcc) crystal planes
(200) and (200) of Ag. This confirms the presence of metallic silver (JCPDS card no.04-
0783). No detectable peaks corresponded to silver oxide (AgO), rutile or brookite were
observed. It is noteworthy that, there was a slight decrease in the diffraction peak intensity
when Ag was deposited compared to the baseline supported TiO2 nanocrystals. This indicates
that there was a slight anatase peak shifts compared to JT7 especially at 2[values of 25.3°
and 76.7° respectively. When the deposition time of Ag nanoparticles was 30 and 45 sec, the
intensity of Ag peaks still remained the same however the TiO> peaks became less intense.
The intensity of Ag peak increases, which was indication of more Ag or bigger sizes of Ag
nanoparticles and not necessarily more crystalinity. This agreed with the HRTEM and EDS
results shown in Figure 4.20 and Table 4.5 respectively. This According to the Bragg(s law
(n2d sinl) the lower the value of sin[] the greater the d spacing, which suggest slight
distortion TiO2 nanocrystals by Ag. This means that the silver coating obscured the TiO>
since XRD penetration depth is small. As a consequence, peak shifts of anatase phase to
lower angles was an evidence of TiO; lattice distortion by Ag. Studies have shown that the
distortion of TiO- crystals lattice by Ag is not easy due to the differences in the ionic radius
and valence state of the metal (Pham and Lee, 2014). The ionic radius of Ag* is (126 A) is
considerably greater than that of Ti** (68 A). Complete substitution or replacement of Ti with
NSO



Ag was not likely. Instead, a small amount of Ag could diffuse and induce distortion of TiO>
lattice structure while a significant amount of Ag is merely dispersed on the TiO> surface as
revealed by HRTEM analysis shown in Figure 4.20. This observation is smilar to what had
earlier been reported by Pham and colleague, (2014) during the deposition of Ag on glass
supported TiO2 nanoparticles. In comparison to the previous studies, the various Ag loaded
carbon doped TiO2 nanocomposites obtained in this study were polycrystalline as revealed by
SAED shown in Figure 4.21. With an increase in the deposition time of Ag to 60 sec (3.5%
wt% AQ), the relative peak intensity corresponding to Ag crystal planes increased, which is
an indication of larger Ag crystals as was aso evident in HRTEM shown in Figure 4.20. In
spite of the deposition of Ag onto TiO. nanocrystals, the structura integrity of a typical
anatase phase observed in TiO2 nanocrystals was still maintained. Thisis in accordance with
the studies conducted by Nainani et a., (2012) who aso found that the incorporation of
different concentration of Ag did not change the anatase TiO- to rutile. Previous studies
carried out by Cao et al., (2008) on the synthesis of Ag doped TiO. nanoparticles also
established that Ag*™ cannot diffuse onto TiO crystal plane due to larger ionic radius value
than Ti**. This suggested that metallic Ag was mainly deposited on the TiO, surface without
necessarily diffusing into the lattice structure. Behngjady, (2008) and Choi et a., (2010) had
both demonstrated that due large differences in theionic radius of Ag over Ti, Ag particle are

merely deposited on the TiO: lattice layer.

424 UV-viddiffuse reflectance spectroscopy analysis of supported TiO, and Ag doped
TiO2 nanocomposites

UV-vigddiffuse reflectance analysis of supported TiO2 nanocrystals (JT7) and various Ag
doped TiO2 nanocomposites (JT13-JT15) was conducted to measure the transmission and
reflectance spectra of both undoped and Ag doped TiO2 nanocomposites and hence estimate
the band gap energy. The UV-Vig/diffuse reflectance spectra of sample JT 7 and JT13-JT15
in Figure 4.22 was obtained using the procedure described in Section 3.4.10. While detailed
experiment protocol on the surface modification of sample JT7 with Ag was described in
section 3.2.3. On the other hand, Figure 4.23 or 4.24 shows the Taut plot of ([Av) Y2 against
photon energy (hv). The optical band gap was estimated using equation 4.4

ahv = R(hv — Eg)" [T (4.4)

Where [is the absorption coefficient or Kubelka-Munk transformation constant, hv is the

photon energy (eV), R represents the reflectance (%), Eg (band gap energy) while n stands
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for the type of transition, which may be direct or indirect. For TiO2> nanoparticles, the
transition was direct and as such n=0.5 (Dhabbe et ., 2014).
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Figure 4.23. UV-Vis diffuse reflectance spectra of: (a) JT7 (b) JT13 (¢) JT14 (d)
JT15

{a)

(e)
(b}

{d)

[[1|'|1.r}”2

I ¥ I L I ¥ L) LR | o I k! I : I 4 1 B I i I Y ] ' !
2B 29 30 31 32 33 34 35 346 3T IF 3% 40
hy (eV)
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As shown in Figure 4.23, the sample JT7 had an absorption band at 325 nm. Whereas, the
absorption bands of the Ag deposited samples JT13, JT14, and JT15 were 340 nm, 370 nm
and 327 nm respectively. A dlight shifting in the absorption band towards the visible region
was observed with sample JT14 (2.4% wt% Ag) showing the highest shift and sample JT15
(3.5% wt% Ag) having the lowest shift. It can also be seen in Figure 4.23 that the optical
band gaps of samples JT7 without Ag was 3.18 €V, which was however narrowed to 2.94 eV
upon doping with metallic Ag for JT13. In the same way, the band gap energy of JT15 was
higher than JT13 and JT 14, but slightly lower than JT7. The band gap energy shifting due to
deposition of Ag onto supported TiO2 layer (JT7) in comparison with commercial powder
Degussa P25 is shown in Table 4.6.

Table 4.6: The estimated band gap energy of supported TiO2 and Ag doped TiO:2
nanocomposites in comparison with commercials powder Degussa P25

Samples Band gap energy (eV)
Commercial powder Degussa P25 3.20
JT7 3.18
JT13 2.98
JT14 2.94
JT15 3.08

Thus, a slight shift in the absorption bands and decrease in band gaps may be attributed to
surface plasmonic effect of the deposited Ag. Subsequently, this caused the e ectron transfer
from metallic Ag onto TiO> surface since pure Ag has alower Fermi level than that of TiO..
In addition, the reduction in the band gap energy of TiO2 nanocrystals was not only due to the
plasmonic effect of Ag alone but rather carbon species provided by PAN during the pyrolysis
process in the furnace. The shift observed for JT7 (PAN/TiO; at 350 °C for 3 hr) was 325 nm.
The presence of carbon in JT7 was confirmed by XRD, XPS and EDS analysis (see Figure
4.12, 4.15 and Table 4.1 ) The formation of Ti-O-C as established by FTIR (see Figure 4.11)
and XPS analysis (see Figure 4.15), further demonstrated the substitutional effect of oxygen

in the TiO. crystals with carbon. The substitutional effect relative to commercial powder
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Degussa P25 and PAN/TiO. samples may have resulted in the formation of absorption bands
in the binding energy region of 284.6 eV (see Figure 4.17). Therefore, the narrowing of band
gap energy of JT7 from 3.18 eV to 2.94 €V in the case of JT14 can be ascribed to the
combined effect of both C and Ag doping. The lowest absorption edge value and higher band
gap energy noticed in sample JT15 can be attributed to the presence of large non-
homogeneous silver clusters on the TiO2 layer, which could prevent or block light from
reaching the TiO, surface as evidenced in HRTEM shown in Figure 4.20d (JT15).
Furthermore, large silver clusters were probably responsible for non-absorption of light by
the samples as was seen in the UV-vis diffuse spectrometry. Pham and Lee, (2014) had
earlier observed that a high amount of Ag clusters on the TiO: lattice structure could retard
both the plasma resonance and electron-hole separation of TiO., and as well reduce visible
light penetration. The obtained band gap energy for the synthesised supported TiO2
nanocrystals (JT7) in this study is however lower than the reported value in the literature for a
typical commercia powder Degussa P25 anatase phase. The differences are ascribed to the
carbon precursors and nature of the polymer (PAN). Band gap energy values of 3.2 eV have
been reported in the literature for pure anatase phase (Leong et al., 2014; Wu et d., 2013; Ba-
Abbad et al., 2012). The band gap energy value of 2.94 eV obtained in this study for JT14
(2.4% Ag doped TiO2 nanocomposites) was greater than 3.26 eV reported for Ag doped TiO2
film prepared via sol-gel and photochemica impregnation method by Rodriguez-Gonzélez et
a., (2010). The differences may ascribed to the nature of titanium and Ag precursor,
calcination temperature and method of synthesis. Subrahmanyam et al., (2012) reported an
absorption peak of 420 nm for Ag doped TiO2 nanoparticles and a decreased in band gap
energy of unsupported TiO2 nanoparticles from 3.20 eV to 2.98 eV. The authors attributed
the shifting in absorption peak and reduction of band gap energy to the surface plasmonic
effect of Ag. However, the highest absorption band observed in this study was 370 nm, which
is lower than that reported by Subrahmanyam et a., (2012) and Suwarnkar et a., (2014). This

differences may be due to the amount of Ag doped, time of deposition or deposition method.

4.25 X-ray photoelectron spectroscopy (XPS) analysis of supported Ag doped TiO-

nanocomposites

In order to further confirm the nature of Ag deposited on the surface of supported carbond

doped TiO2 nanocrystals via the thermal evaporation technique, the as-synthesised sample

JT14 was further characterized using XPS. Sample JT14 was chosen among others due to its

highest photocatalytic activities under UV -light during the preliminary test using methylene
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blue as a model pollutants (see Section 4.4.3). Sample JT14 aso had the lowest band gap
among other catalysts. The detailed experimental protocol for the sample preparation as well
as instrumental conditions of analysis were described in section 3.2.3 and 3.4.7 respectively.
Figure 4.25 presents the general XPS measurement of sample JT14 while Figure 4.26 - 4.29
represents the high resolution XPS profiles of the individual elements such as Ag 3d, Ti 2p, O
1sand C 1s spectrarespectively.
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Figure 4.25: General XPS survey of JT14 superimposed on JT7 indicating elements
within the detection limit.
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Figure 4.26: High resolution XPS spectra of Ag 3d peaksin JT14
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Figure 4.27: High resolution XPS spectraof Ti 2p peak in JT14
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Figure 4.28: High resolution XPS spectra of O 1speaksin JT14
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Figure 4.29: High resolution XPS spectra of C 1speaksin JT14

The general XPS profile of Ag doped TiO. nanocomposites (Figure 4.25) revealed that the
prominent elements present on the surface of the sample were titanium, oxygen, carbon,

silver, chlorine and nitrogen. It was obvious that metallic Ag was located mainly on the
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surface of the nanocomposites The detailed explanation on the XPS anaysis of Ti, O, C
(shown in Figure 4.26 - 4.29) which constituted the undoped TiO2 nanocrystals (JT7) have
been provided in section 4.1.7. However, it is worth mentioning here that the XPS spectra of
Ti 2p shell of Agloaded carbon doped TiO2 nanocomposites (JT14) is quite different from Ti
2p spectra of ordinary supported carbon doped TiO. nanocrystals in the sense that only one
sharp peak of Ti 2p appeared in the former. Whereas, in the case of bare TiO, nanocrystals
(JT7), two different peaks which corresponded to Ti 2psz2 and Ti 2py2 orbital shells were
observed. Thus, the presence of one relatively sharp Ti 2p peak in Ag doped TiO2
nanocomposites showed that Ti existed in only one valency state, which is Ti*". The
appearance of only one sharp peak in Ti 2p suggested that a relatively small proportion of
TiO2 could have been distorted by Ag. In Figure 4.26, two peaks were observed in the
binding energy region of 368.5 and 374.5 eV, which corresponded to Ag 3ds2 and Ag 3dz2
respectively. The appearance of two sharp peaks broadly distributed in the binding energy
region of 368.5 and 374.5 eV indicated the presence of metallic Ag. The binding energy
values of 368.5 and 374.5 eV that were assigned to Ag 3ds2 and Ag 3ds2 have been reported
in the literature for a typical Ag® (Rodriguez-Gonzélez et a., 2010; Yu et a., 2011).
Furthermore, no peak corresponded to either AgO or Ag>O nanoclusters. The difference in
the binding energy as a result of the doublet splitting energy of Ag 3d orbital into 3ds> and
3ds2 was roughly 6.0 eV. This differential binding energy value revealed that a significant
amount of Ag in the zero valent state was deposited on the TiO2 surface. This result was in
accordance with the outcome of Dhabbe et a., (2014) who reported a differential binding
energy value of 5.97 eV between the peak of metallic Ag 3ds/2 and 3ds/2 located at 367.73 and
373.7 eV respectively. Thus, it is possible to suggest that reduced metalic silver particles
were successfully dispersed on the surface of the supported TiO> with no evidence of
chemical bond formation with TiOx. In spite of the deposition of Ag, the binding energy and
chemical state of Ti did not change. This indicates that silver deposition did not affect the Ti
2p shell.

4.2.6 Section summary

It can be seen in this section that different amount of metallic Ag was successfully deposited
on the TiOz layer under applied thermal evaporation conditions. High dispersion of Ag was
confirmed by HRTEM and a band gap shifts due to plasmonic effect of Ag was evidenced. In

spite of the deposition of different amount of Ag onto TiO: lattice structure, the anatase phase
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of TiO» was not affected. The next section focuses on the characterization of nano zero
valent iron particles.

4.3  Characterization of the synthesized nano zero valent iron particles

In this section, severa analytical techniques mentioned in section 4.1 were utilised to
characterise the prepared nano zero vaent iron particles. The results obtained via each
analysis are presented as follows:

4.3.1 HRSEM analysis of non-stabilised and stabilised nano zero valent iron particles
High resolution scanning electron microscopy (HRSEM) was used to monitor the crystal
distribution and the morphology of the JT16 and JT17 prepared via the modified borohydride
reduction method described in Section 3.2.4.1. and 3.2.4.2. The HRSEM analysis was
conducted according to the procedure described in section 3.4.2.. The HRSEM images of the
prepared non-stabilized (JT16) and polyethylene glycol-stabilised nano zero valent iron
particles (JT17) of different magnification is depicted in Figure 4.30.

k- Foh FHL
Tz

Figure 4.30. HRSEM micrograph of JT16 (a) at low magnification (b) high
magnification and JT 17 (c) at low magnification (d) high magnification
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The HRSEM images of sample JT16 at low and high magnification are shown in Figure 4.30
(a and b). While HRSEM images of sample JT17 at low and high magnifications are
represented in Figure 4.30 (c and d). The HRSEM results showed that the JT16 (a) did not
resemble a discrete particles but rather appeared in the form of agglomerated and densely
packed particles with uneven surface morphologies. The formation of agglomerated particles
may be as a result of high surface area and magnetostatic attractions among the individual
particles. In addition, the particles were deposited on one another forming nanoclusters,
which is evident in JT16 (b). Thus, the morphology of JT16 at high magnification was
irregular. On the other hand, JT17 (c and d) did not produce agglomerated nanoparticles.
Instead, the particles are threadlike forming long uniform wires or beads on a string
filaments. In spite of dominant chain-like morphology, the nanoparticles were still spherical
in nature (JT17). Thus, the formation of filamentous morphology may be due to the strong
intrinsic magnetostatic force of attraction between the Fe nanoparticles. The observed
structure in JT17 (c and d) may be also due to the stabilization effect of polyethylene glycol
which prevented the iron nanoparticles from agglomeration into clusters or being oxidised by
oxygen in air. These filamentous network of iron nanoparticles had been previously observed
and reported by others (Chingouaet al., 2012; Fan et a., 2010; Park et a., 2012).

4.3.2 HRTEM-SAED of non-stabilised and stabilised nano zero valent iron particles.
HRTEM and SAED analysis was performed on the synthesised nano zero valent iron
particles to determine the crystalline nature and perhaps particle size of the prepared samples.
The detailed experimental protocol for the synthesis of nano zero vaent iron particles viathe
borohydride reduction method is described in Section 3.2.4.1. and 3.2.4.2. respectively. The
HRTEM analysis was conducted according to the procedure described in section 3.4.3. The
HRTEM operated at 200 kV was employed to obtain the images (see Table 3.7). The
HRTEM images of samples JT16 and JT17 at different magnification are displayed in Figure
4.31.
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Figure 4.31: HRTEM micrograph of JT16 (a) at low magnification (b) high
magnification and JT 17 (c) at low magnification (d) high magnification

In the absence of polyethylene glycol (sample JT16 (a and b)), the unstabilized nanoparticles
were spherical with aslight linearity in the aggregated structure especially in Figure 4.31 (b).
The observed spherical morphology as well as linear network of aggregates confirmed the
observation in the HRSEM results (Figure. 4.30). In constrast, the HRTEM micrographs of
JT17, Figure 4.31 (c ) and (d) demonstrated clearly visible filamentous aggregates. It should
be noted that in the case of the stabilized particles the degree of particle agglomeration
observed in Figure 4.31 (c and d) was less compared to that displayed in Figure 4.31 (aand b)
(prepared without a stabilizer). This gives evidence of the stabilising effect of the
polyethylene glycol chains. The observed spherical and chain-like morphology has been
reported for atypical nZVI by several researchers ( Uzim et al., 2008; Xi et a., 2010). The
crystaline nature of the non-stabilized and stabilised nZV 1 particles was further examined by
SAED as shown in Figure 4.32.
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Figure4.32: SAED pattern of: (k1) JT16  (k2)JT17

The SAED pattern of non-stabilised and stabilised nZV1 in Figure 4.32 shows polycrystalline
nature of the nanoparticles by the bright homogeneous polymorphic ring with small bright
reflection of polycrystalline grains. The dotted lines with interplaner distance of 0.222 nm
according to image J software corresponded to the crystal plane crystal plane (110), which
indicates the formation of a typical nano zero vaent iron particles. This result is in
accordance with the findings of Jabeen et a., (2013) who synthesised nano zero vaent iron-
graphene composite. They found that the interplaner distance of the synthesised graphene
containing nano zero valent iron particles containing graphene was 0.202 nm which

corresponded to the crystal plane (110).

4.3.3 EDSanalysisof non-stabilized and stabilized nano zero valent iron

The EDS analysis was done to investigate the elemental composition of the non-stabilised
and stabilised nano zero valent iron particles. Detailed experimental protocol for the synthesis
of sample JT16 and JT17 via the modified borohydride reduction method is described in
Section 3.2.4.1. and 3.2.4.2. respectively. Sample JT16 and JT17 were coated with Au and Pd
prior to analysis to prevent charging, which often distorts imaging during measurement. The
detailed procedure was explained in Section 3.4.3. The weight percentage of each element
present in JT16 and JT17 is presented in Table 4.7.
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Table 4.7: Energy dispersive X-ray spectroscopy (EDS) spectrum of JT16 and JT17 in
weight percentage

Samples Elements (weight percentages)

Fe @) C Na B
JT16 69,32 26,99 - 1.66 2,03
JT17 71,92 22,74 534 - -

According to Table 4.7, it can be seen that both samples (JT16 and JT17) mostly contained
Fe and O in different proportion. No carbon peak was detected in sample JT16 but carbon
was present in JT17. The carbon peak in sample JT17 was linked mostly to the stabilising
agent (polyethylene glycol). The greater atomic percentage of Fe as shown in Table 4.7
suggested that Fe remains the most abundant and integral component of the nZV1. Apart from
the strong signals in the Fe region, other peaks such as Na and B were also identified in non-
stabilized nZV1 which may be ascribed to the reducing agent (NaBH4) used. These peaks (Na
and B) were however not detected in the stabilized nZVI, which may be due to the smaller
guantity of the individual element. The presence of Fe, O, and C on the surface of JT17 was
further confirmed by XPS (see Figure 4.34).

4.3.4 FTIR analysisof non-stabilized and stabilized nZVI

The structural elucidation and vibrational state of non-stabilised (JT16) and stabilised nZV1
particles (JT17) formed via modified borohydride reduction method were examined using
FTIR technique described in section 3.4.9. The FTIR spectra of both samples are shown in
Figure 4.33.
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Figure4.33: FTIR spectra of sasmpleJT16 and JT17

Figure 4.33 represents the FTIR spectra of sample JT16 and JT17 respectively. Only one
prominent absorption band was observed in JT16 at 573 cm?, which was also identified in
JT17, although the intensity was not as strong as in the case of JT16. The absorption peak at
573 cm™ observed in JT16 and and JT17 corresponds to the Fe-O bond. This absorption peak
(573 cm!, Fe-O) was also observed by Ayob et al., (2012) for polyacrylic acid stabilised
nano zero valent iron particles prepared using ultrasonic irradiation method. This prominent
peak has been widely reported for typical nano zero vaent iron particles (Madhavi et al.,
2013; Singh et a., 2011). The small absorption bands in the stabilized nZV1 at 3336 and 1680
cm? were ascribed to OH stretching and bending vibration of the surface adsorbed water
(Singh et a., 2011). The OH functional group may possibly have emanated from the
polyethylene glycol. The characteristics IR band at 1343 and 1448 cm™* were ascribed to C-H
bending vibration and aliphatic C-H stretching respectively. The absorption bands observed
at 1130 and 1252 cm? arise from C-O-H bend and C-O stretching vibrations of nZVI
particles in polyethylene glycol media according to Shameli et al., (2012). The observed
characteristics band at 822, 944 and 995 cm™* were ascribed to the binding of the nZVI to
isolated C-H, C-C-O or C-O-H groups on the polyethylene glycol. The presence of these
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functional groups further confirmed that the surface of nZVI had been stabilised with
polyethylene glycol.

4.35 X-ray diffraction analysis

An X-ray diffractometer with Cu-K radiation operated at 40 kV voltage and 40 mA current
was used to determine phase composition and particle size of the synthesised nano zero
valent iron nanoparticles. The detailed experimental procedure have been described in section
34.21 and 3.4.2.2. The iron nanoparticles were placed in a glass holder and the
diffractograms were run from 10° to 80 © at a scanning rate of 2 %/min as explained in section
3.4.1. The XRD diffractogram of freshly synthesised stabilised and non-stabilised nZV1 is
depicted in Figure 4.34.

3 2.10A

. a=IT16
_' b=JT17

Intensity (a.u)

P - 1.43A 1A7A

1 ir
T%,'Wﬁ#\w*,,'.y'l"‘hm,,.*" "| "'h.r..r'-h‘mj. mhh’f.ﬂf I'ﬁi’;ﬁwww I‘-"-m*‘“h b

. /|
e Mmoo a

I T

]
pal 41 6l 50

1 thetha degree

Figure4.34: XRD spectrum of sample: (a) JT16 and (b) JT17

The XRD spectra of both the non-stabilized (JT16) and polyethylene glycol stabilized nZV1
(JT17) are illustrated in Figure 4.34. The broad intense diffraction peak at 2 [values of
44.77° which correspond to reflection plane of 110 (2.01 A) revealed the formation of iron in
zero vaent state, which matched well with JCPDS (00-006-0696). The average particle size
was calculated using the Debye Scherer(s equation shown in equation (4.3) above. From the
calculation, it was revealed that the particle sizes of non-stabilized and stabilized nZV1 were

19.5 nm and 22.6 nm respectively. Similarly, diffraction peaks in both cases indicate the
NTT



crystalline nature of the nZV|1 particles. Apart from the broad diffraction peaks observed at 2
Cvalues of 44.77°, there were two additional low intensity diffraction peaks at 2 thetha value
of 65.2° and 82.6° in the stabilized nZV1. These diffraction peaks corresponded to areflection
plane 200 (1.43 A) and 211 (1.17 A). Therefore, the presence of the three prominent peaksin
the XRD pattern of the stabilized iron particles at a 2-thetha value of 44.7°, 65.2° and 82.6°
agrees with typical nano zero-valent iron particles. Furthermore, the core shell of the iron
nanoparticles is predominantly metallic [} Fe with body centre cubic (bcc) structure in zero
state and no other shell or peak corresponded to contain iron oxide (FeO; FexOs, FesO4). This
results corroborates the XPS analysis shown in (Figure 4.36 b), where metallic Fe in zero
state was observed at 707.5 eV. Kushwaha et al., (2014) had earlier shown that nano Fe
particles may have core[shell structure, Fe° (core) and iron oxides (shell). This result is in
accordance with the findings reported by Sun et al., (2012) who synthesised nano-Fe°
encapsulated in carbon spheres. They demonstrated the formation of a pure zero vaent iron
particles with a body-centered cubic (bcc) crystalline structure possessing crystal plane (110)
and (200) respectively. Jabeen et al., (2013); Singh et a., (2011) and Wang et a., (2015)
ascribed the observed diffraction peak at 45.1° to the formation of nano-Fe in zero valent
state. The differences in particle size of JT16 (19.5 nm) and JT17 (22.6) could be attributed to
the dtabilization effect of the polyethylene glycol which prevented rapid particle
agglomeration. The results agreed with the previous findings reported in the literature (Singh
et al., 2011; Sun et al., 2006; Xi et al., 2010).

4.3.6 XPSanalysis of Polyethylene glycol stabilized nano zero valent iron particles

XPS analysis of the polyethylene glycol-stabilized iron nanoparticles was done to examine
the surface composition of the samples. XPS PHI 5400 equipped with hemispherical sector
analyzer operated using AICK non -monochromated radiation with energy 1486.6 €V, at 300
W and 15 keV was used to examine the surface composition of the material. The detailed
instrumental conditions and measurements are described in Section 3.3.7.1. Figure 4.35
represents the full XPS profile of polyethylene glycol stabilized nano ZVI particles (JT17)
while Figure 4.36 - 4.38 depicts the photoelectron measurement of individual elements

present in the sample namely: Fe 2p, O 1sand C 1srespectively.
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In Figure 4.36, the peak located at 707.5 €V corresponded to Fe 2ps2 in the zero valent state.
Besides Fe in the nanoparticles, additional elements identified by the XPS included O 1s and
C 1s. The XPS profile of O 1s shown in Figure 4.37 revealed three prominent peaks in the
binding energy positions of 530.4, 531.6 and 532.8 eV respectively. The O 1s peak at 530.4
eV corresponded to OH group present in the polyethylene glycol chain while the observed
value in the binding energy region of 531.6 eV was assigned to O-C. The O-C suggests
bonding of oxygen to carbon which indicates the existence of carbon species from
polyethylene glycol in the sample JT17. The observed peak in the binding energy region of
532.8 eV was assigned to O in FeO, which confirmed the existence of Fe oxide particles. In
Figure 4.38, three different carbon peaks were located separately in the binding energy
region of 284.8, 286.4 and 288.0 eV , which corresponded to C-C, C=C and C-OH. The
carbon signals must be originating from the polyethylene glycol used a stabilizing agent. The
XPS spectrum of the JT17 agreed with the XRD result (see Figure 4.34), athough FeO was
not detected in the XRD probably due to its generally amorphous nature. Similar observation
on the presence of Fe® and iron oxides was reported by Xi et al., (2010) on nano zero valent
iron particles synthesised from FeCls.6H>0 and NaBHa4. The existence of zero valent iron in
the binding energy position of 706.99 or 707.5 eV has been widely reported in the literature
(Jabeen et al., 2013; Sun et al., 2006). The Cu shown in Figure 4.34 originated from the Cu
sample holder. Furthermore, it is worth mentioning that most elements identified in the EDS
anaysis (JT17) were also observed in the XPS spectra, which shows that two results

complement each other.

4.3.7 BET surfaceareaof JT16 and JT17

The surface area and pore size distribution patterns of sample JT16 and JT17 were
investigated using Micrometrics ASAP 2020 surface area and Porosity Analyzer. The
detailed experimental procedure for the synthesis of samples JT16 and JT17 haS been
described in Section 3.3.4.1 and 3.2.4.2. The BET analysis of the samples was conducted
according to the instrumental conditions described in Section 3.3.6.1. The results of N2
adsorption-desorption isotherm of JT16 and JT17 as well as pore size distribution are
presented in Figure 4.39 and 4.40.
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Figure 4.39: N2 adsor ption-desor ption isotherm plot of: (a) JT16 (b) JT17
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The BET surface area of JT16 and JT17 as obtained from N2 adsorption-desorption were
28.82 and 76.77 m?/g respectively. The BET surface area of JT17 was three time more than
JT16, which can be attributed to the use of polyethylene glycol as a stabilizer which
prevented aggregation of the individual particles (see HRSEM images shown in Figure 4.30
(c) and (d)). According to the International Union of Pure Applied Chemistry (IUPAC)
nomenclature, the adsorption isotherms of both samples were type IV isotherms. Sample
JT17 exhibited a strong H3 hysteresis loop characteristics of cylindrical shaped pores with
wider bodies, which is a characteristic of a mesoporous structure. The mesoporous structure
of sample JT17 exhibited a bimodal pore size distribution at relative pressure range of 0.46 -
1.0. The bimodal pore size distribution was not clearly defined in the case of JT16, which
may be as a result of agglomerations of individual particles. The obtained value was far
greater than BET surface area of 0.11 m?/g reported for commercia ZV1 (Xi et a., 2010). It
was observed from Figure 4.40 that the incremental pore area of JT16 and JT17 were 4.05
and 8.49 m?/g respectively. In addition, the pore sizes of JT16 and JT17 were closely related
with a narrow distribution range of 1.07 -10 nm and 1.22 [112.8 nm respectively. The two
samples (JT16 and JT17) had a maor peak located below 3 nm. This narrow pore size
distribution curve suggested that both samples had very even poresin the mesoporous region.
The narrow pore size distribution pattern can be linked to intra-agglomeration among the
particles. These results were similar to the findings of Sun et a., (2012) who reported
adsorption isotherm type IV of H3 hysteresis loop for typical nZVI encapsulated in
microcarbon spheres. Lastly, the HRSEM, HRTEM, EDS, XRD and XPS analysis
complement one another and confirmed the formation of nano zero valent iron particles.

4.3.8 Section summary

In this section, nano zero valent iron particles with higher specild surface area than the
commercial nZV1 reported in the literature due to the stabilising effect of polyethylene glycol
was synthesised using the modified borohydride reduction method. Both HRSEM, HRTEM,
XRD, and XPS anaysis demonstrated the formation of filamentous iron nanoparticlesin zero
valent state.
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4.4  Photocatalytic degradation of methylene blue by supported TiO2 nanocrystals
TiO2 photocatalyst has been widely utilised in the treatment of contaminated liquid either in
the powder or in immobilised form upon a rigid substrate materials. For instance, powder
TiO2 photocatalyst has high surface area, and is uniformly dispersed in the solution thus
enables easy interaction with the pollutants. On the other hand, the use of powder TiO- still
has some associated shortcomings which limits its industrial applications such as post-
separation and recovery after treatment, high electron-hole recombination rate, inhibition of
UV light penetration and interaction with the pollutants, which limits the catalytic efficiency.
Conversely, supported TiO. nanoparticles in spite of restricted surface area compared to
powder TiO2 do not require post-separation and there is no interferences with UV-light in a
photocatalytic reactor. Thus, the photocatalytic activity of the various supported TiO2
nanocrystals prepared by cacination a 8% PAN/DMF/TICls solution at different
temperatures (300 °C, 350 °C and 400 °C) for holding times ranging from 1-4 h (JT1-JT12)
using MB as a model pollutant under UV-light is presented. The PAN precursor acted as
binder between the stainless steel mesh and the TiO2 nanocrystals. The detailed synthesis
protocol and photocatalytic experimental set-up have been described in section 3.2.2 and
3.5.2 respectively. The supported TiO> nanocrystals with the highest photocatalytic activity
(JT7) was selected and different size of metallic Ag were deposited on JT7 (section 3.2.3).
The photocatal ytic activity of the Ag doped TiO2 nanocomposites (JT13-JT15) in comparison
with the optimum supported TiO> nanocrystals (JT7) were equaly evaluated and results
presented. Detailed information on the samples synthesis conditions and sample codes can be
found in Chapter three Table 3.2.

4.4.1 Effect of pyrolysistemperature on MB removal rate

It was shown that pyrolysis temperature had an effect on the characteristics of the synthesised
materials in section 4.1. In this study, TiO» photocatalysts supported on a stainless steel mesh
prepared by the sol-gel method were pyrolysed in afurnace at different temperatures (300 °C,
350 °C and 400 °C) for holding times ranging from 1 to 4 hr. The results of the effect of the
pyrolysis temperature used during preparation of the catalysts on the photocatalytic activity
toward MB by various supported catalysts (JT1-JT12) are presented in Figure 4.41. Figure
441 - 443 depict the MB remova rate using stainless steel mesh supported TiO-
nanocrystals pyrolysed at 300 °C, 350 °C and 400 °C for 1-4 hr. The photocatalytic
experiments were conducted in a self-designed 500 mL beaker photoreactor containing 50

mL of 10 ppm MB solution (pH 6.8) and 30 mg of the supported catalysts as described in
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Section 3.2.5. Prior to the photocatalytic measurements, control or blank experiments were
carried out on MB solution in the absence of the supported catalysts. The solution was
magnetically stirred under UV light in the absence or presence of catalyst in the dark for 6 h.
Furthermore, each catalyst was later exposed to UV light and the MB removal rate was
monitored for 6 h. The experiment was repeated twice (n= 2) and average experimental
values were determined. The obtained results are presented in Figure 4.41 - 4.43. The time
given in the legend represent the exposure time of each sample to UV light. While the label
on the X axis represents the conditions applied during the synthesis procedure.
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Figure 4.41: Percentage decolouration of MB by JT1-JT4. (MB concentration (10

mg/L), pH 6.8, catalyst dose 30 mg, UV lamp (9W), solution volume (50 mL), irradiation
time (1-6 h), stirring speed 150 rpm), number of replicates=2

Figure 4.41 represents both the control experiment and the photocatalytic activity of
supported TiO2 nanaocrystals prepared using pyrolysis at 300 °C for 1-4 h (JT1-JT4) and then
tested for photocatalytic activity using MB as amodel pollutant. The % MB decoloration was
estimated using the formula provided in section 3.2.5.6. The result in Figure 4.41 (TiO-
without UV) in the dark thus demonstrates clearly that only 4.4 % of the MB was decoloured
in the dark over 6 h due to adsorption of the dye onto the surface of the catalyst. Likewisein
Figure 4.42-4.43, the MB adsorption onto the catalyst monitored in the dark never exceeds
5.2 % of the initial concentration of MB. It is obvious that the high degree of elimination of
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MB achieved for the differently prepared samples was not based on adsorption phenomenon
only simply because the supported catalysts did not show a strong degree of adsorption
towards the target compound. No significant change was observed over the irradiation time
thus the result of adsorption can be considered negligible. In the same vein, the direct photo-
mineraization of the MB solution under UV irradiation in the absence of the supported
catalysts (Figure 4.41 - 4.43) indicates that only 5.2 % MB was decoloured at the end of 6 h,
which is not significant when compared to the amount of MB decoloured when irradiated by
UV light in the presence of the catalyst and can be considered negligible. The supported
catalyst prepared by pyrolysis at 300 °C for 3 h (JT3) had highest MB removal decolouration
percentage while the catalyst prepared at 4 h holding time (JT4) had the lowest value As
shown in Figure 4.41, with sample JT1, the percentage decolouration of MB increased from
15 % - 22 % with an increase in UV irradiation time up till 5 h and thereafter reduced at 6 h.
For JT2 and JT3, MB decolouration percentage increased from 16 % - 24 % and 18 %-28 %
respectively under the same conditions as JT1. On the contrary, the percentage decol ouration
of MB in the presence of JT4 under intense UV -light slightly increased from 14% -18%. This
value is however lower than that obtained with JT1-JT3. This showed that for the catalysts
prepared at 300 °C and holding time longer than 3 h with an UV exposure time of 5 h, the
MB decolouration efficiency decreased. The increment in the MB decolouration efficiency
correlated with the holding time for each catalyst and could be attributed to the time of
pyrolysis at 300 °C applied in the preparation of the catalyst. As a matter of fact, at 300 °C
most TiO2 nanocrystals were still embedded/ entrapped within the polymer as demonstrated
in the HRSEM/XRD results (see Figure 4.1 and 4.12). The lower MB decolouration
efficiency observed for JT4 can be attributed to weak adhesion between the catalyst and the
stainless steel mesh, which resulted in loss of most of the catalyst from the mesh during
photocatalyst. Only a small quantity was retained and that was perhaps responsible for its low
activity towards MB. Similar trends were observed in Figure 4.42 and 4.43. This shows that
the time of pyrolysis during catalyst preparation required careful control to remove sufficient
PAN to expose the catalyst but not to lose the adhesive PAN component completely.
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Figure 4.42: Percentage decolouration of MB by JT5-JT8. (MB concentration (10
mg/L), pH 6.8, catalyst dose 30 mg, UV lamp (9 W), solution volume (50 mL),
irradiation time (1-6 h), stirring speed 150 rpm, number of replicates=2

In Figure 4.42, the photocatalyst prepared at 350 °C showed relatively high removal of
approximately 70 % of the dye molecule compared to those prepared at 300 °C. The slight
decolouration in the absence of the catalyst is partially due to the interaction of the photonic
energy from UV light with the carbon-carbon bond in the MB resulting in chromophore
cleavage and mineralization. Furthermore, the MB decolouration efficiency observed for each
sample as the UV irradiation time increases from 1 - 5 h were as follows: JT5 (20.6 % - 56.2
%), JT6 (22.4 % - 62.6 %), JT7 (25.1 % - 66.7 %), and JT8 (9.3 % -15.1 %) respectively. Itis
obvious that sample JT7 had approximately 67 % MB decolouration efficiency after 5 h of
irradiation while sample JT8 had the lowest MB removal efficiency of 15.1%. Jia et al.
(2012) had earlier demonstrated that incident light of lower wavelength in the range of 253.7
and 289 nm possessed high photonic energy which was capable of decomposing the organic
carbon framework by itself. Additionally, organic dyes such as MB with two unsaturated
benzene rings structure that show strong absorption of short-wave UV light. Thus, exposure
of MB without catalyst to UV light of short wavelength obviously caused some MB removal.
In the case of TiO.in the dark, the decolouration of MB was ascribed to adsorption of the MB
onto TiO> due to surface attractive forces. The two control experiments showed that only
limited MB decolouration occurred in either case and the overal performance of the TiO»

catalyst did not depend on adsorption alone. Similar results have been reported in the
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literature on the performance of TiO. photocatalysts in the dark and under UV irradiation
alone (Ba-Abbad et al., 2012; Carlucci et a., 2014; Leong et a., 2014).
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Figure 4.43. Percentage decolouration of MB by JT9-JT12 (MB concentration (10
mg/L), pH 6.8, catalyst dose 30 mg, UV lamp (9 W), solution volume (50 mL),
irradiation time (1-6 h), stirring speed 150 rpm, number of replicates=2

In Figure 4.43, the photocatalyst prepared at 400 °C showed relatively low removal of
approximately 60% of the dye molecule compared to those prepared at 350 °C. According to
Figure 4.42 and 4.43, the MB decolouration percentage increased with an increase in UV
irradiation time till 5 h for catalyst JT5-JT8 and JT9-JT12 respectively. It should be pointed
out that, the percentage decolouration of MB by sample JT8 and JT12 was low compared to
other catalysts (JT5-JT7) and (JT9-JT11). Furthermore, the MB decolouration efficiency
observed for each sample as the UV irradiation time increases from 1- 5 h were as follows:
JT8 (9.3 % -15.1 %), JT9(20.2 % - 55.0 %), JT10 (24.3 % - 60.5 %), JT11(25.2 % - 64.2 %)
and JT12(8.9%-16.1%) respectively. Approximately 67% MB decolouration efficiency after
5 h of irradiation was observed for JT7 (350 °C for 3 h), which was similar to 64.2 % MB
decolouration efficiency obtained with sample JT11 (400 °C for 3 h) compared to 28 %
decolouration in the case of JT3 (300 °C for 3 h). The higher percentage MB decolouration
seen for catalysts made at 350 °C temperature may be due to improve crystallization of TiO>
and mesoporosity. The high photocatal ytic activity at 350 °C and 400 °C may also be linked
to the anatase nature of TiO. as evidence in the XRD results shown in Figure 4.13 and 4.14
respectively. Whereas, low MB decolouration efficiency observed with catalyst synthesised
NUU



at 300 °C (JT1-JT4), may be ascribed to the effect of incomplete decomposition of PAN as
evident in the TGA results (see Figure 4.9) causing low mesoporosity as noticed in BET

results (see Figure 4.19).

According to Figure 4.41 - 4.43, it can be seen that the percentage MB decolourized upon
exposure to UV light increased with an increase in holding time (1-3 h) during preparation
and pyrolysis temperature (300 °C [1400 °C). Thisindicates that photocatalytic activity of the
synthesised supported catalysts was dependent on both catalyst calcination temperature and
holding time. The percentage MB decolouration efficiency increased with an increase in UV
irradiation time in the following order; JT7 (350 °C) > JT 11 (400 °C) > JT3 (300 °C). The
supported TiO2 nanocrystals pyrolysed at 350°C for 3 h (JT7) exhibited greater activity while
TiO2 cacined at 300 °C for 3 h (JT3) had the least activity possibly due to high carbon
content as shown in Figure 4.8. It is noteworthy mentioning that, since no significant
increment was observed at 6 h, the optimum UV irradiation time was 5 h irrespective of the
catalyst and the calcination temperature. This may possibly due to diffusiona constraints and
change in pH or due to strong competition between MB and the degradation by-products. The
differences in the photocatalytic activity of the catalyst can also be due to different particle
size shown in Table 4.3. It is noteworthy mentioning that the pyrolysis temperature and not
holding time had a noticeable effect on the photocatalytic activity of the prepared TiO2
materias. In summary, TiO2 nanocrystals supported on a stainless steel calcined at 350°C for
3 h (JT7) exhibited the highest photocatal ytic activity towards MB than other conditions.

4.4.2 Comparison of photocatalytic activity of the supported photocatalyst at optimum
irradiation time

Critical analysis of Figure 4.41 - 4.43 indicates that the percentage MB decolourised by the
three samples JT3, JT7 and JT11 after 5 h were higher than other samples. Thus, Figure 4.44
represents the correllation between percentage MB decolourised and BET surface area at
optimum UV irradiation time of 5 h using JT3, JT7 and JT11 respectively.
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Figure 4.44: Comparison of percentage MB decolourised after 5 h irradiation time
using JT3,JT7 and JT11 (Experimental conditions same asin Figure 4.41-4.43)

According to Figure 4.45, sample JT3 with BET surface area of 107 m?/g had the lowest MB
decolouration efficiency of 28% after 5 h under UV light. Whereas, JT7 and JT11 with BET
surface area of 152 and 132 m?/g respectively had MB decolouration efficiency of ~70 % and
63% respectively. By and large, among the three catalysts, sample JT7 had higher
photocatalytic activity than others, where approximately 70 % MB molecules were
decolourised within 5 h. Also, the photocatalytic activity of the JT3, JT7 and JT11 was
dependent upon their BET surface area (see Figure 4.19 and Figure 4.45). The larger the
surface area, the more the number of active sites, and the better the photocatalytic activity.
Therefore, the difference in the percentage MB decol ourised was partially attributed to higher
surface area of 152 m?/g compared with TiO2 nanocrystals pyrolysed at 400 °C with surface
area of 132 m?/g as shown in Figure 4.45. The low photocatal ytic activity efficiency observed
at 400 °C was attributed to loss of the mesoporous surface area and decreased BET surface

area.

The differences in the percentage MB removed by JT3, JT7 and JT11 can also be explained
in terms of residual carbon content doped on the TiO- layer. The residua carbon content of
sample JT3, JT7 and JT11 with respect to percentage MB removed after 5 h exposure to UV
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light is shown in Figure 4.46. It can be seen that percentage MB removed was dependent on
the amount of carbonaceous species on the TiOz layer. It was found that the photocatal ytic
activity of sample JT7 with 8 % carbon content was the highest followed by JT11 and JT3
containing 4 % and 14 % carbonaceous species. This indicated that the optimum amount of

carbon content introduced more active sites on the sample JT7, which made catalyst to adsorb
more reactive species than sample JT3 and JT11.
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Figure 4.45: Comparison of the MB removal efficiency asfunction of carbon content
using JT3,JT7and JT11 (Experimental conditions sameasin Figure 4.41- 4.43)

The doping effect of the substituted carbon on sample JT7 created more active sites, and
prevented electronChole pairs recombination and hence improved the photocatal ytic activity.
On the other hand, excessive or under doping of TiO. with carbon resulted in high rate of
electronhole recombination and as such reduced the photocatalytic efficiency. Thus, the low
photocatal ytic activity of sample JT3 and JT11 compared to JT7 as shown in Figure 4.46 can
be attributed to excessive doping of sample JT3 or or under doping of JT11 with
carbonaceous species. Thus, photocatalytic activity of JT3, JT7 and JT11 was found to
depend on the carbon content, and JT7 with optimum dosage showed better photocatal ytic
performance than JT3 or JT11. Additionaly, the percentage MB removed by the JT7 and
JT11 within 5 h were closely related. This is due to the fact that the two materials are purely
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anatase phase, which have been reported to be more thermodynamicaly and
photocatal ytically active than other phases (Ahmed et a., 2011).

Previous studies conducted by Kuriechen and Murugesan, (2013) on the photocatalytic
activity of carbon-doped TiO> Nanoparticles using Azo dyes under Visible Light showed that
the photocatalytic performance of TiO> depends on the amount of carbon content. The
authors demonstrated that 5 % carbon-doped TiO- nanoparticles achieved 79 % decolouration
efficiency for azo dyes compared to 2.5 % or 7.5 % carbon doped TiO. nanoparticles that
managed to remove 59 % and 55 % respectively after 60 min. Zhao et a., (2009) ascribed a
sharp decrease in the photocatalytic activity of TiO. nanoparticles at higher calcination
temperature to excessive crystallite growth or collapse of hollow structures. Whereas, He et
al., (2014) demonstrated that TiO. nanoparticles heat-treated at 250 °C exhibit a greater
photocatal ytic activity than at 450 °C. He and colleague, (2014) attributed the observed high
photocatalytic activity to an improved crystallization process and reduced crystal defects.
Literature survey shows that TiO2 nanoparticles heat-treated at high temperature (400 1600
°C) usually have high photocatal ytic activity due to an increase of crystallite size and stability
of the anatase phase. Based on the results presented in Figure 4.45 and 4.46, pyrolysis
temperature and not the holding time had the most significant effect on the catalytic activity.
Thus, sample JT7 (supported TiO> nanocrystal prepared by calcination at 350 °C for 3 h)
which exhibited highest photocatalytic activity due to high BET surface area was selected for

the next set of experiments, in which silver was added as plasmonic metal.

4.4.3 Photocatalytic activity of supported Ag doped TiO> nanocomposites

The photocatal ytic activity of Ag doped TiO2 nanocomposites was evaluated using MB as a
model compound under UV irradiation at room temperature. The amount of metallic Ag
loaded on JT7 was varied with deposition time at constant current of 40 A according to the
procedure described in Section 3.2.3.The supported Ag doped TiO2 nanocomposites prepared
as afunction of deposition time were labelled as JT13 (1.8 % Ag), JT14 (2.4 % AQ) and JT15
(3.5 % AQ). For comparison purposes, undoped supported TiO2 nanocrystals (JT7) and Ag
loaded carbon doped TiO. nanocomposites (JT13-JT15) were subjected to the photocatal ytic
experiments. The detailed photocatal ysis procedure used to test JT7 and JT13-JT15 under UV
irradiation was described in Section 3.2.5. The residua concentration of MB was determined
using UV-vis spectrophotometry as described in Section 3.4.8. The results of the

photocatalytic removal was determined from the residual concentration of MB, and the
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percentage decolouration efficiency of MB by JT7, JT13-JT15 is represented in Figure 4.47
and 4.48.
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Figure 4.46: Photocatalytic activity of JT7 and JT13-JT15 using MB under UV
irradiation. Experimental conditions. Concentration of MB (10 mg/L), catalyst dose
0.35 mg, volume of MB 50 mL and irradiation time 5 h, number of replicates n=2
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Figure 4.47. Percentage MB decolourized using JT7, JT13-JT15. Experimental
conditions. Concentration of MB (10 mg/L), catalyst dose 0. 35 mg, volume of MB 50
mL, and irradiation time (1- 5 h) number of replicates n=2
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Prior to the photocatalytic experiment, sample JT7 was immersed in MB solution and
magnetically stirred in the dark for 5 h. At the end of 5 h interaction between the catalyst and
MB in the dark, about 3.3 % MB was removed (Figure 4.47 and 4.48), which was attributed
to the adsorption behaviour of the catalyst. By direct ultra-violet irradiation of MB solution
alone in the absence of JT7, only 59 % MB remova rate was achieved within 5 h of
treatment as discussed previously in Section 4.4.1 (see Figure 4.41 (14.43). The results of the
blank experiments demonstrated that no catalytic activity took place instead the slight MB
remova was ascribed to the adsorption behaviour of the catalyst and photolytic reaction
induced by UV. This observation has been reported by different studies on TiO>
photocatalysts (Carlucci et al., 2014; Jia et a., 2012; Leong et al., 2014). Generaly, the
mechanism of photocatalytic efficiency of TiO. nanocrystals is based on the excitation of
electrons from the valence band to conduction band upon UV-light irradiation. The
photogenerated electrons may be utilised in the degradation of MB. According to the results
shown in Figure 4.47 and 4.48, it can be seen that al UV irradiated samples possessed
photocatal ytic activity in the decolouration of MB compared to the blank experiments. It was
shown that the photocatalytic efficiency (MB decolouration efficiency) of sample JT7
increased with an increase in plasmonic Ag loading (JT13-JT15). Maximum MB
decolourization efficiency after 5 h by JT7 was approximately 67 %. While that obtained for
samples JT13, JT14 and JT15 were 73.4 %, 77.8 % and 68.4 % respectively. The trend of
percentage MB decolourized were: JT14 > JT13 > JI15 > JT7, which indicates that
sample JT14 (2.4 % Ag) had the highest percentage MB decol ourization efficiency of 77.7 %
after 5 h and sample JT7 (no Ag) had the lowest value. Thus, the optimum Ag loading on
sample JT14 enhanced the MB decolouration efficiency by 10.8 % relative to sample JT7.
The higher photocatalytic activity of JT13, JT14 and JT15 above JT7 could be explained in
terms of the differences in work function (1) value of Ag and TiO.. The work function of
TiO2 was 4.2 eV whereas that of Ag was 4.6 €V. With the deposition of Ag, an interfacial
layer was formed, which accelerated the transfer of electrons from TiO. to Ag. The
transferred electrons were trapped and separated by Ag on the TiO> surface region and thus
enhanced the photocatalytic activity by reducing or preventing recombination of holes and
electrons, because the Ag deposited on TiO2. may have created a Schottky energy barrier,
which could have reduced electron-hole recombination rate and produced more surface
hydroxyl radicals, and thus accelerated the photocatal ytic process. This was also evident from
the reduction of band energy of JT7 from 3.18 eV to 2.94 €V upon the deposition of Ag as as
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shown in Figure 4.24. Therefore, another possible reason for the higher photocatalytic
activity of sample JT13, JT14 and JT15 over JT7 could be due to the reduction of the band
gap energy of JT7 from 3.18 eV to 2.94 eV by surface plasmon metallic Ag (see Table 4.6).
Besides. Also, the MB decolouration efficiency of JT13 was dlightly higher than JT15. The
enhanced photocatalytic activity of JT13 and JT14 compared to JT15, may be linked to the
free electron from metallic Ag which acted as electron trappers and suppressed the electron-
hole pair recombination rate. The reduction in activity by sample JT15 could be linked to the
complete coverage of TiO surface with Ag as evident in the HRTEM (Figure 4.20 d) thus
shadowing the catalyst plus preventing UV irradiation of the surface. Furthermore, the higher
amount of Ag on the TiO surface may constitute a barrier for the dye to contact the surface
and act as recombination centre for most photo-generated holes thereby inhibiting interaction
between TiO, and MB. Furthermore, excessive Ag often enlarges the diffusiona distance
which would affect the formation and interaction of hydroxyl radicals and subsequently
decrease the photocatalytic activity (Cao et a., 2008). Studies have shown that too high an
amount of Ag particles on the TiO2 surface may possibly accelerate the hole capture, create
interfacial barriers, affect the charge separation and decrease the photocatalytic efficiency of
TiO2 (Subrahmanyam et al., 2012). It is possible to conclude from this study that, high
photocatalytic activity of supported Ag doped TiO- nanocomposites depends on the optimum
amount of silver (2.4 %) added as shown by these results.

4.4.4 Mineralization kinetics of MB

The mineraization kinetics of MB by JT7 and JT13-JT15 could be explained using the
Langmuir- Hinshelwood first-order kinetics model. The Langmuir[Hinshelwood first order
kinetic model demonstrated the relationship between the reaction rate constant and the
residual MB concentration for photocatalytic phenomenon taken place at the solidliquid
interface (Fenoll et al., 2015). The Langmuir-Hinshelwood kinetic model is shown in

eguation 4.5 below
p= 2t _ERRAE (I (4.5)
ge 1+ Cdye

r represents the rate of disappearance of MB, Cyye iS the equilibrium MB concentration, t
(reaction time), K stand for the equilibrium constant of the adsorption behaviour of the
catalysts, while k is the reaction rate constant. In the case of low MB concentration dye,
KCdye value become small and approach 1, which means KCdye can be ignored or

neglected. Thus, the integration of equation (5) taken into cognisance the assumptions with
NV R



respect to time t can be reduced to a pseudo first order kinetic equation (4.6) represented
below

C
[ _I
in == katll (4.6)

Where C, represents the initial concentration of MB and C was the concentration at different
time interval t, ka represents the first-order reaction rate constant (h'%), which is a product of
k.K. The pseudo first-order reaction rate constant depends only on the concentration of the
MB in solution at constant dosage of the cataysts. Figure 4.48 represents the graph of In C/C,
against theirradiation time.
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Figure 4.48: The kinetics of MB mineralization using supported TiO2 nanocrystals and
Ag deposited TiO2 nanocomposites. (Experimental conditions. MB concentration (10
mg/L), MB volume 50 mL, catalyst dose 0.35 mg and irradiation time 5 h, number of
replicates n=2

The photodecomposition reaction of MB of all catalysts demonstrated a linear relationship
between the MB concentration and irradiation time. The regression coefldient (R 2) value as
indicated in Table 4.7 was close to one (R?> > 0.98) signifying that the photo-oxidation
reaction of MB fitted well to pseudo-[rst order. Salehi et al., (2012) reported pseudo -first
order kinetics on the photocatalytic activity of MB by TiO> nanoparticles. Several other
authors have reported first-order kinetics for MB photominerdization using TiO2
nanoparticle and Ag doped TiO2 nanocomposites (Xu et a., 2012).
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Table 4.8: The photocatalytic reaction rate constant of MB: Initial concentration of
MB, 10 mg/L, catalyst dosage 30 mg, irradiation time5h

Catalysts Rate Rate Linear regression equation Regression
constant constant coefficient
(k) (h™) (k) (min) (R?)

JT7 0.1183 0.000197 InC/Co=-0.1183t 0.9903

JT13 0.2498 0.00416 InC/Co= -0.2498t 0.9940

JT14 0.3423 0.00571 INnC/Co=-0.3423t 0.9989

JT15 0.1960 0.00327 INnC/Co= -0.1960t 0.9878

According to the information provided in Table 4.7, it was noted that the photo degradation
rate constants of samples JT13, JT14 and JT15 were higher than undoped TiO. nanocrystals
without Ag (JT7). The apparent pseudo-first order reaction rate constant (k) for supported
TiO, nanocrystals was found to be 0.1183 h! or 1.97 x 10 min’, which however increased
with an increase in the loading of Ag upto an optimum of 2.4 %. The apparent degradation
rate constant of JT14 was 2.9 times greater than that obtained with JT7, which indicated that
the rate of decolouration of MB was faster using JT14 than JT7. The enhanced photocatal ytic
activity was linked to the electron trapping potential of Ag, which suppressed the photon-
generated hole and e- recombination rate. The obtained apparent rate constant (k) was higher
than to 0.0019 min reported by Kerkez and Boz, (2013) for the photocatalytic degradation
of MB with TiO2 nanorods. Apparently, sample JT15 did not substantially fitted pseudo-first
order kinetic plot as evidenced in the correlation coefficient value of 0.9878. The possible
reason for slight deviation from the pseudo-first order kinetics was explained in section 4.43.
However, the obtained rate constant in this study is lower than 0.024 min“* reported by Salehi
et a., (2012) on the photocatalytic performance of TiO> nanoparticles on MB. The lower
degradation rate constant in this study suggests slow photocatalytic kinetics. The possible
reasons for the different values may be ascribed to different experimental conditions such as
TiO2 dosage, UV lamp intensity, irradiation time, and wavelength and MB concentration
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amongst others. Nevertheless, the higher rate constant of 0.3423 h' or 5.705 x 10 min* for
Ag/TiO2 nanocomposites compared to ordinary supported TiO2 nanocrystals indicated the
potential for higher photocatal ytic performance by Ag deposition. Xu et a., (2012) attributed
the enhanced photocatalytic activity of Ag/TiO> film to strong local eectric field induced by
Agon TiO: film.

45  Chapter summary

In this chapter, a route is described in which TiO» photocatal yst was supported on a stainless
steel mesh synthesis using a sol-gel solution of 8 % PAN/DMF/TiCls. The influence of
pyrolysis temperature and holding time on the formation of nanocrystals was investigated.
Subsequently different amounts of metalic nano silver particles were deposited on the
optimum supported TiO- photocatalyst by the therma evaporation technique. Based on the

results obtained the following conclusions are drawn:

XRD analysis complemented by HRSEM, HRTEM, EDS, SAED, and XPS confirmed the
formation of a pure anatase TiO. phase. PAN precursor did not only act as a binder between
the stainless steel mesh and TiO2 nanocrystals but acted as a carbon doping source as shown
by EDS, TGA/DSC and XPS. Thus, the supported TiO. nanocrystals was rather termed
supported carbon doped TiO. nanocomposites according to EDS, XRD and XPS analysis.
Among the TiO- photocatalysts, TiO. nanocrystals prepared by calcination at 350 °C for 3 hr
exhibited higher activity compared to others due to higher mesoporosity and BET surface
area, good crystallinity and optimum carbon content as revealed by BET, XRD and EDS
anaysis. The weak or low photocatalytic activity of the catalyst prepared at 300° and 400 °C
for 3 h was due excess PAN at the lower temperature and too little carbon remaining at 400
°C. It was found that the TiO> crystals fell off at 400 °C and contributed to loss of catalyst.
The most influential parameter during the photocatalyst preparation was temperature and not
holding time. Furthermore, 2.4 % Ag doped TiO> nanocomposites demonstrated higher
photocatalytic activity than the supported TiO> nanocrystals without silver and enhanced the
MB decolouration efficiency by 10.3 %. The excellent photocatalytic activity of 2.4 % Ag
doped TiO2 nanocomposites was attributed to the coupling effect of Ag and C which
suppressed the band gap energy from 3.18 eV to 2.94 €V. The optimum supported carbon
doped TiO2 nanocrystals (JT7) and Ag/C co-doped TiO2 nanocomposites (JT14) described in
this chapter will be incorporated into the dielectric barrier discharge system in Chapter five.
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In addition, the synthesised nano zero valent iron particles had specific surface area than the
commercia nZV| reported in the literature due to the stabilising effet of polyethylene glycol.
The HRSEM, HRTEM, XRD and XPS analysis the formation of filamentous iron
nanoparticles in zero valent state. The stabilized nano zero valent iron particles will also be
incorporated to DBD in Chapter five to induce photo-Fenton reaction. The extent of
mineraization of bisphenol-A and 2-nitrophenol by the integrated system (DBD/supported
photocatalysts and DBD/nZV | will be evaluated.
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CHAPTER FIVE

DEGRADATION OF BPA OR 2-NP BY DIELECTRIC BARRIER DISCHARGE
SYSTEM: INFLUENCE OF SUPPORTED PHOTOCATALYSTSAND
STABILIZED NANO ZERO VALENT IRON PARTICLES

5 INTRODUCTION
This chapter focuses on the removal and degradation of bisphenol-A (BPA) and 2-

nitrophenol (2-NP) by dielectric barrier discharge (DBD) system, combined
DBD/photocatalysis and DBD/photo-Fenton induced process. The identified intermediate
compounds, the degradation pathways or routes followed by BPA or 2-NP via DBD aone
and the various combined systems are presented and discussed. Subsequently, the description
of the experimental data by pseudo-first order kinetic model as well as the quantification of
free reactive species responsible for the oxidation process are presented and discussed in this

chapter.

51 Background

The growing numbers of endocrine disruptors such as bisphenol-A and 2-nitrophenol and
their metabolites in the aquatic environment due to industrial activities, population growth
and individual consumption habits have attracted serious public concern. Thus, the removal
of these xenaobiotics from the environment, particularly water sources, has become necessary
considering their associated health effect on humans and aquatic species. As stated in Chapter
one, these contaminants are, toxic, stable, mobile and resistant to conventional wastewater
treatment techniques (WWTT) such as coagulation/flocculation, activated carbon adsorption,
ultrafiltration, precipitation, chlorination technology amongst others. Thus, development of
aternative advanced treatment techniques is worthy of exploring. Advanced oxidation
technologies such as dielectric barrier discharge (DBD) is considered effective in the
conversion of refractory emerging organic pollutants into inorganic compounds such as
carbon dioxide and water. According to the initial hypothesis, bisphenol-A and 2-nitrophenol
could not be completely decomposed with DBD aone as demonstrated in Section 5.2.
Therefore, combined advanced oxidation technologies such as DBD/supported photocatalysis
and DBD/photo-Fenton induced process were utilised to degrade BPA and 2-NP in water. It
is important to mention that, dielectric barrier discharge (DBD) system produces intense

ultraviolet (UV) light and hydrogen peroxide which are not effectively utilised. In order to
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properly maximise the UV-light and hydrogen peroxide being produced by the DBD system,
the stabilized nano zero valent iron particles was added to the DBD system to enhance the
mineralization efficiency of the contaminants (see Chapter three Section 3.2.7.6.). Similarly,
TiO2 nanocrystals and Ag doped TiO2> nanocomposites supported on a stainless steel mesh
were incorporated into the DBD system for the purpose of making the best use of the UV-
light. The influence of the following experimental parameters on degradation efficiency of
selected compounds was investigated: solution pH, initial pollutants concentration and
addition of radica scavengers. High pressure liquid chromatography and Liquid
chromatography mass spectrometry were used to quantify and identify the intermediate
degradation by-products. The next section focuses on the influence of different operating

parameters on the extent of degradation of BPA or 2-NP by the DBD system on its own.

5.2 Investigating the influence of different experimental parameterson the oxidation
rate of BPA or 2-NP via DBD discharge

5.2.1 Effect of initial pH on the removal of bisphenol-A or 2-nitrophenol

The pH of the solution is one of the important parameters that influences the oxidation of
organic compounds in advanced oxidation technologies such as DBD system. Solution pH
also affects the oxidative strength of the reactive species such as H20,, Os, "O and OH®°
amongst others. Based on this background, the influence of variation of solution pH in the
range of 3-12 on the removal of BPA or 2-NP by the DBD system was explored. The desired
solution pH value was adjusted by 0.5 M NaOH or 0.5 M H2SO4 solution (experimental
procedure and conditions have been described in section 3.2.8.1). The residua concentration
of BPA or 2-NP in agueous solution was determined using analytical techniques described in
Section 3.4.12. The results showing the influence of solution pH on the removal of BPA or 2-
NP are presented in Figures 5.1 and 5.2 respectively. Figure 5.1 (a) shows the effect of pH on
the removal of BPA degradation with time, (b) change in solution pH during the plasma
discharge experiment. While Table 5.11 shows the pseudo-first order kinetic constant (k),
correlation coefficient (R?) and maximum removal efficiency of BPA or 2-NP at 80 minutes

viaDBD discharge.
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Figure5.1: E ect of (a) theinitial pH value on the degradation of BPA (b) decreasein
solution pH values during DBD. Conditions: discharged voltage 8 kV, volume of BPA
15L; air flow rate 3 L/min; electrode (silver); electrolyte NaCl (50 g/L); concentration
of BPA (10 ppm), number of replicates n=2

While, Figure 5.2 represents () 2-NP degradation with treatment time (b) change in solution
pH during the DBD plasma discharge experiment.
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Figure 5.2: E ect of (a) theinitial pH value on the degradation of 2-NP (b) decrease in
solution pH values during DBD. Conditions: discharged voltage 8 kV; volume of 2-NP
15L; air flow rate 3 L/min; electrode (silver); electrolyte NaCl (50 g/L); concentration
of 2-NP (10 ppm), number of replicates n=2.
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Table 5.1. The rate constant and correlation coefficient at different pH values
(Experimental conditionsasin Figure5.1 and 5.2)

Pollutants pH Rate constant (mint)  Correlation
coefficient (R?)
3 0.0136 0.9896
BPA 6 0.0083 0.9888
9 0.0060 0.9877
12 0.0038 0.9589
0.0079 0.9878
2-NP 6 0.0062 0.9858
0.0038 0.9982
12 0.0016 0.9216

As shown in Figure 5.1 (), it can be seen that the removal efficiency of BPA was faster at
lower pH than at higher pH. The removal efficiency of BPA at pH 3, 6, 9 and 12 was found
to be 70.2 %, 57 %, 45 % and 28.1 % respectively after 120 minutes (Figure 5.1 (a)). A
similar trend was observed for 2-NP with the lowest removal efficiency observed at pH 12
and the highest at pH 3 (Figure 5.2 (a)). Besides, the removal efficiency of each pollutant by
DBD, the obtained experimental data obtained within 10-80 minutes at different pH values
were fitted to the pseudo-first order kinetic model (see Appendix 1-2). The obtained results
are shown in Table 5.1. From Table 5.1, it can be seen that the apparent reaction rate constant
(k) of BPA (k =0.0136 min'!, R?=0.9896) at low pH (pH 3) reduced to (k=0.0038 min,
R?=0.9589) at pH 12. Similarly, the apparent rate constant of 2-NP declined abruptly from
0.0079 min? (R?= 0. 9783) at pH 3 to 0.0016 min* (R?>=0.9116) at pH 12. This means that
acidic conditions favoured the removal and degradation of BPA rather than the akaline

medium.

At low pH, Oz is stable and remains the dominant species and as such was assummed to be
responsible for the mineralization of BPA or 2-NP in solution in the acidic conditions.
Instead of Os, OHC radicals with higher oxidation potentia in acidic conditions, or perhaps
H20,, were responsible for the observed high removal efficiency. Thisis becaused substantial
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amount of Os generated by the DBD escaped from the surface of the solution because the
DBD was not a closed system (see Figure 3.10). The open DBD system reduced the
concentration of Os interacting with the target compounds compared to OH°. The other
possibility may be due to the consumption of oxygen by nitrous (NO) and nitric oxide (NO32)
which consequently reduced the concentration of Os in the system (see Chapter two Section
2.4.1). The removal efficiency at different pH values can also be linked to the ionization
behaviour of the compounds in solution, which can aso be explained in terms of their acid
dissociation constant value. BPA exists in two forms in solution, as either anionic or
dianionic species, with different acidic dissociation constant values of pKal=9.59 and
pKa2=10.2 respectively. Whereas, the pKa value of 2-NP in solution is 6.80. At low pH
(when pH <pKa), the two compounds exist as molecular or undissociated species and due to
their hydrophobic nature at lower pH, the BPA or 2-NP molecules can readily diffuse into the
gas-water interface and react with the electrophilic OH°. Whereas at higher pH value (pH
>pKa), the compounds exist in ionic form due to the deprotonation of the hydroxyl group and
their highly hydrophilic nature. Thus, the possibilities of being attacked by OH° in the

solution is reduced, which in turn resulted in lower removal efficiency at higher pH.

In addition, studies have shown that OH® with higher electrophilic and oxidation potentials
attacked the organic pollutants at 10°-10° time faster than ozone (Rong et a., 2014).
However, due to the loss of a significant amount of Oz from the system, acidic conditions
favoured the generation of the hydroxyl radicals and were responsible for higher removal
efficiency than the alkaline region. It should be noted that the two pollutants exhibited
similar removal pattern at different pH values, with BPA having higher removal efficiency
than 2-NP. This was because BPA has several points of attack where OH°, Oz or H>O» can
abstract protons compared to 2-NP with only a few points of attack in the aromatic rings.
This showed that BPA was more susceptible to attack and decomposed faster than 2-NP in

solution.

Furthermore, the extent of removal of the non-coloured pollutant (BPA) was higher than a
coloured pollutant (2-NP) irrespective of the solution pH. This observation could be
attributed to the inhibitory effect of colour pigment on the formation of reactive species. Very
recently, Zhang et al., (2013) found that non-coloured pollutants such as phenol, microcystin-

LR degraded much faster than a coloured organic compound methyl orange. They argued that
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coloured organic pollutants inhibited UV-light produced by a plasma system thereby

affecting the formation of reactive speciesin solution.

At a higher pH (basic region), the formation of OH® was expected to predominate and
accelerate the oxidation of BPA or 2-NP molecules. On the other hand, lower removal
efficiency of both pollutants were observed. The most possible reason for low removal
efficiency under strongly akaline conditions (high pH) could perhaps be linked to the
generation of CO» during the oxidation of BPA or 2-NP, which perhaps formed carbonate
ions (CO3%) and HCOs'. These carbonate species (COz* and HCO3) are known as radical
scavengers and consume OH radicals owing to their high rate constant value. The decreasein
the amount of OH radicals in solution would then have affected the removal efficiency.
Similar observations were reported by Wang et a., (2007) who found that the OH® produced
viaradical-type chain reaction of Oz in the basic medium was consumed by carbonate species
and reduced the removal efficiency of phenol. Zhang et a., (2003) found that the H2O»
dissociated under alkaline conditions to hydroperoxyl radical (HO2-). The formation of
hydroperoxyl radical reduced the OHC in solution and affected the degradation rate of 4-NP.

The outcome of this study is however contrary to the findings reported by Lee et a., (2003)
and Tay et a., (2012) on BPA oxidation via ozonation process. The two authors found that
BPA degradation rate increased with the increase in solution pH from 2-12. The reason for
the inconsistency in the result reported by the two authors and the outcome of this study was
that, radical scavengers (t-BuOH) was added by those authors to scavenge and consume
available OHC. This action eliminated the stronger competition between OH° and Oz for the
organic pollutants. Thus, it was demonstrated that only Os reacted with BPA. Whereasin this
study, radical scavengers were not added to the DBD system to consume OH, thus creating
room for stronger competition among Oz, OH° and H2O» for the organic pollutants. It was
found that, at low pH, the concentration of OH° was higher than that of Oz due to significant
loss of Os from the open system. In addition, Ku et a., (2006) studied the influence of
solution pH over the range of 3-11 on the degradation of 2-NP by ozonation and the
combined UV-ozonation process. The authors found that akaline conditions favoured the
decomposition of 2-NP more than acidic or neutral conditions and attributed such to
conversion of dissolved ozone in the solution to OH°. Contrary to the results obtained by Ku
et a., (2006), under acidic conditions, in this study predominately OH® or H2O. favoured the

degradation of 2-NP, due to the loss of a significant amount of Os in the system. The
OMS



significant loss of Os facilitated the formation of H.O, and OH° under acidic conditionsin the

presence of UV light and favoured the decomposition of the two compounds.

Figure 5.1 (b) and 5.2 (b) represents variation in solution pH monitored during the oxidation
process. It was found in both cases that the initial pH values reduced significantly on
exposure to plasma discharge especially at higher pH values as the reaction time increases.
The decrease in the solution pH upon exposure to plasma generated viadry air may be due to
the formation of carboxylic and mineral acids. Furthermore, the release of NO2 by 2-
nitrophenol or phenolic fragments by bisphenol-A during the oxidation process may also
contribute to the solution acidity and low pH. The detailed reaction mechanisms involved in
the formation of nitrogen oxides (NO, NO»), nitrous and nitric acid during plasma discharge
in water and are shown in Chapter two Section 2.4.1. The presence of OH®° in the solution
may also have accelerated the formation of NO and NO» to HNO> and HNOs respectively,
thus contributed to the solution acidity index value. A similar decrease in solution pH of
sulfadiazine or carbamazepine was reported by Liu et a., (2012) upon exposure to plasma
and Rong et al., (2014). Such a decrease in pH was attributed to the formation of nitrogenous
oxides (NO, NO,), which dissolved in water forming nitrate ion (NOs-) and nitriteion (NOy).
Further reaction of the nitrate and nitrites ions formed nitric acid (HNOs), nitrous acid
(HNO2) and sometimes peroxynitrous acid (ONOOH). Based on the experimental data, the
optimal degradation pH for both compounds was found to be 3.0, thus subsequent

experiments were carried out at this pH value.

5.2.2 Effect of initial concentration of BPA or 2-NP

The influence of different initial concentration of BPA or 2-NP on the degradation efficiency
and yield in the range of 10 [130 mg/L under the optimal conditions of pH 3.0, discharge
voltage 8 kV, air flow rate 3 mL/min were investigated. The detailed experimental procedure
and conditions have been described in section 3.2.8.2. The residual concentration of BPA or
2-NP in agueous solution was analysed using HPLC technique described in section 3.4.12.
The removal efficiency and degradation yield of BPA as afunction of reaction timeis shown
in Figure 5.3 () and (b). Figure 5.4 (a) and (b) illustrates the degradation efficiency and 2-
NP degradation yield as afunction of reaction time.
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As shown in Figure 5.3 (a), the BPA removal efficiency after 80 minutes reaction time at 10
mg/L concentration and at pH 3 and discharge voltage 8 kV was 70.4 %, and however
reduced to 58.9 % as the BPA concentration was increased to 30 mg/L. Similar trends were
observed with 2-NP in Figure 5.4 (a), where the removal efficiency of 2-NP reduced
significantly from 57.6 % to 39.2 % as the concentration was increased at the applied
experimental conditions. As expected, the removal efficiency of BPA or 2-NP was greater at
lower concentration than at higher concentrations. According to Figure 5.3 (a) and 5.4 (a), it
can been seen that at every treatment time, the percentage removal efldiency of BPA or 2 -NP
decreases with an increase in the initia concentrations of the BPA or 2-NP. This could be
attributed to the relative number of BPA or 2-NP molecules competing with the DBD

generated reactive species during the plasma discharge.

On the other hand, at higher pollutant concentration, the number of BPA or 2-NP molecules
a the fixed conditions applied increased without a corresponding increase in the
concentration of the DBD generated free reactive species. As a result, the concentration of
available oxidant species was lower and could not effectively mineralize large numbers of
BPA or 2-NP molecules into harmless compounds. This resulted in lower removal efficiency
as seen at higher concentration of the pollutants. The other possibility for lower removal
efficiency could be due to the formation of refractory secondary transformation products at
higher pollutant concentrations, which may have strongly competed with the origina BPA or
2-NP compound for free reactive species (see Figure 5.17 and 5.30). The competition
between the intermediates and initial compound may have prevented further degradation of
the original compound and thus have caused the lower degradation efficiency. It is obvious
that the remova efficiency of BPA or 2-NP was strongly affected by the pollutant
concentration. This observation isin agreement with previous studies reported by researchers
on endocrine disruptors in the literature in spite of the differences in the configuration of the
DBD (Gao et a., 2013; Li et a., 2014; Rong and Sun, 2013).

Furthermore, the removal efficiency of BPA or 2-NP can equally be explained in terms of
degradation yield as shown in Figure 5.3 (b) and 5.4 (b), which represents the rate of
oxidation of the pollutants per unit energy consumed during the process as expressed in

equation (5.1)
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Where C(g/L) represents initial concentration of the pollutants, V is the volume of the
aqueous solution in Litre, P is the average power dissipated in kW, which is expressed as the
product of the discharge voltage (V) and applied current (A), t is the treatment time, while
the conversion (%) is the same as removal efficiency at each treatment time (Magureanu et
a., 2010).

According to equation (1), the degradation yield of BPA or 2-NP was estimated using
discharge voltage of 8 kV and applied current 5A. These values change during the oxidation
process and depended on the concentration of the pollutants. Figures 5.3 (b) and 5.4 (b)
illustrate the degradation yield of BPA and 2-NP at different initial concentrations. Contrary
to the trend observed in Figure 5.3 (a) and 5.4 (a), the degradation yield of BPA or 2-NP
increased with increasing pollutant concentrations. According to Figure 5.3 (b), the
degradation yield of 10 mg/L BPA solution after 80 minutes treatment time was 1.32 x 10
g/kWh, which however increased to 3.73 x 10* g/lkWh as concentration increased to 30
mg/L. Similarly, the degradation yield of 2-NP increased from 1.07 x 10* g/kWh to 2.48
% 10* g/kWh under the same reaction conditions. According to Figure 5.3 (b), the
degradation yield of 30 mg/L solution of BPA was 3 and 1.55 times greater than that obtained
with 10 mg/L and 20 mg/L solution of BPA under the applied experimental conditions.
Similarly, the degradation yield of 30 mg/L solution of 2-NP was 2.47 and 1.45 times greater
than that obtained using 10 mg/L and 20 mg/L solution of 2-NP under the same experimental
conditions. Contrary to observed trend in Figure 5.3 (a) and 5.4 (a), it is obvious that the
increase in the degradation yield at higher pollutant concentration did not depend on the
amount of free reactive speciesin the DBD but on the number of molecules taking part in the
reactions. It should be noted that, higher concentration of BPA or 2-NP implies higher
number BPA or 2-NP molecules, which means that a higher amount of energy is required to
achieve complete degradation. Contrary to what was obtained with removal efficiency at
higher concentration of BPA or 2-NP, it was found that increases in the concentration of BPA
or 2-NP resulted in the corresponding increase in the discharge energy and hence the

degradation yield. This observation supported previous investigation reported for different
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organic pollutants: 17 j-Estradiol (Gao et a., 2013), 4-chlorobenzoic acid (Lesage et al.,
2013), pentoxifylline (Magureanu et al. 2010). These authors attributed the increase in the
degradation yield with increasing concentration of organic pollutants to consumption of more
energy overtime by the DBD syetm

The obtained degradation yield in this study was lower than 17 x 10 and 15 x 10° g/kWh
reported for clofibric and phenol by Krause et al., (2009). At the same time, aso lower than
4.5 and 48 g/kWh for phenol and methylene blue reported by Grabowski et al., (2006) and
Grabowski et al., (2007) respectively. Lesage et al., (2013) reported degradation yield value
of 0.87 g/lkwWh and 0.16 g/kWh for 4-chlorobenzoice acid decomposed by DBD and gliding
arc discharge. It can be seen that different degradation yields were reported by different
researchers, and the yields depended on several factors such as the nature and structure of
organic pollutant, types of DBD, discharge power of the DBD, nature of the feed gas (air or
oxygen), and flow rate, amongst others (Magureanu et a. 2008). Thus, considering the fact
that the removal efficiency was faster and consumed less energy at alower concentration, 10

mg/L was selected as the optimal initial concentration for both compounds in this study.

5.2.3 Effect of the addition of radical scavengers

The presence of radical scavengers in solution affect the efficiency of advanced oxidation
technologies due to inhibition and consumptions of free radicals. Among radical scavengers
or inhibitors are inorganic species such as NaCOz, NaSOs, NaHCO3, NaB207, NaNOs,
C3H9OH, t-C4HoOH, NasPO4, and NaCl (Ahmed et al., 2011). In this study, the influence of
addition of 60 mg/L each of (NaCO3 (0.0006 mol/L), NaSO4 (0.0004 mol/L), NaCl (0.001
mol/L) on the removal rate of BPA or 2-NP in water by the DBD system was examined. The
detalled experimenta methodology has been provided in section 3.2.8.3. The residud
concentration of BPA or 2-NP in agueous solution was analysed using HPLC technique
described in Section 3.4.12. The results of the influence of radical scavengers such as
NaCO3, NaxSO4 and NaCl on the removal efficiency of BPA or 2-NP are presented in Figure
5.5 (@) and 5.6 (a). While Figure 5.5 (b) and 5.6 (b) illustrate the pseudo-first order kinetic
model plot of In (C/Co) against the reaction time for BPA or 2-NP respectively.
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Figure 5.6: Effect of (a) radical scavengers on the removal efficiency of 2-nitrophenol
and (b) degradation kinetics of different radical scavengers on 2-NP (Discharge voltage
8 kV; 2-NP concentration 10 mg/L; Volume of 2-NP, 15 L; radical scavengers
concentration 60 mg/L; air flow rate 3.0; electrolyte, NaCl (50 g/L); electrode (silver),

number of replicatesn=2

ONO



As shown in Figure 5.5 (@) and 5.6 (a), the BPA or 2-NP removal efficiency decreased in the
presence of NaoCOs and NaCl and dlightly increased in the presence of NaxSOa. The BPA
removal efficiency was 27.0 % and 40 % upon the addition of NaCl and NaxCOz3 after 80
minutes treatment time. Similarly, 2-NP removal efficiency was 22.1 % and 30.5 % under the
same conditions. On the other hand, with the addition of NaxSOs, the degradation efficiency
of BPA and 2-NP was 71.9 % and 61.6 % respectively. The addition of NaSOa4 dightly
enhanced the removal efficiency of BPA or 2-NP by 1.9 % and 2.0 % respectively.

Notably, among the three radical scavengers, NaxCOs considerably inhibited the removal
efficiency of BPA or 2-NP. The decrease in the removal efficiency gives an indication of a
rapid consumption and conversion of the hydroxyl radicals into non-active species by the
carbonate ionS in solution. In contrast, the slight improvement in the removal efficiency of
BPA or 2-NP upon NaSO4 could be attributed to the formation of SO4* due to reaction of
SO.% with the hydroxyl radicals. The formation of SOsC during the oxidation process is
shown in the equation (5.2)
SO +OHY ———— > SOs P+ OH oo, (5.2)
Manoj Kumar Reddy et al., (2013) had earlier reported that SO4 "~ with oxidation potential
of 2.6 V was more reactive than OH° with oxidation potential value of 2.8 V. Therefore, the
preference or selectivity for SOs” by BPA or 2-NP over OH° may be based on the
contribution of SO4" to the electron transfer reaction. This reaction occurred between the
pollutant and SO+* rather than with the OH®, which were perhaps involved in hydrogen
abstraction or addition reactions. Manoj Kumar Reddy et al., (2013) observed similar
selectivity behaviour of SO4 " over OH® by methylene blue during the oxidation process by
dielectric barrier discharge reactor, where Na;SO4 served as aradical scavenger. The increase

could also simply be as aresult of the presence of both OH° and SO, radicals in the system.

Furthermore, the experimental data obtained during investigation of the effect of radical
scavengers on BPA or 2-NP remova rate were further fitted into the pseudo-first order
kinetic plots asillustrated in Figure 5.5 (b) and 5.6 (b) respectively. Table 5.2 represents the

rate constant and correlation coefficient of the different radical scavengers.
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Table 5.2: The rate constant and correlation coefficient with different radical
scavengers (Experimental conditionsasin Figure 5.5 and 5.6)

Pollutants Radical scavengers Rate constant (mint)  Correlation
coefficient (R?)
NaSO4 0.0139 0.9434
BPA NaCl 0.0049 0.9512
N&COs 0.0031 0.9641
No addition 0.0136 0.9421
NaSOs 0.0083 0.9507
2-NP NaCl 0.0040 0.9204
NaCOs 0.0029 0.9041
No addition 0.0079 0.9393

According to Table 5.2, the apparent rate constant (k) of BPA in the presence of Na>SO4 was
0.0139 min, which was greater than 0.0049 min't and 0.0031 min! obtained with NaCl and
NaCOs. Similarly, the apparent degradation rate constant (k) for 2-NP upon the addition of
60 mg/L of NaSOs, NaCl and NaCOs were 0.0084 min?, 0.004 min?, 0.0029 min?
respectively. The obtained reaction rate constant (k) for NaxSO4 in the presence of BPA or 2-
NP was three and four times greater than that observed for NaCl and NaxCOs. The higher
BPA or 2-NP removal efficiency in the solution containing NaCl compared to NaxCO3z may
be linked to the formation of oxidative species such as Cl2[F+ or CIOH™ which are of higher
oxidation potential value than COs?. The reaction mechanism of formation of CIOH", is
shown in equation 5.3 [15.4.

Ci-+ OH — Ci'+ UH™ = CloH™ (5.3)
c + 00 = CLY— (5.4)
Thus, the remova efficiency of BPA or 2-NP by the DBD in the presence of radical
scavengers followed the order Na,SO4 > NaCl > NaxCO3. Zhu et al., (2007) aso found that
the removal rate of phenol oxidised via pulsed corona discharge decreased from 80 % to 30
% upon the addition of 60 mg/L radical scavenger Na.COs. The authors ascribed such a
significant reduction to rapid reaction between the carbonate ion and the OH radicals, which

resulted in the termination of the oxidation process. Wang et al., (2007) reported phenol
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removal efficiency of 63.2 % in the presence of 0.5 mmol/L NaCOs, and 77.5 % removal
efficiency in the absence of a radical scavenger by pulsed corona discharge. Zhang et al.,
(2003) reported that the addition of 10 mM sodium hydrogen carbonate (I1V) to a solution
containing 4-nitrophenol decreased the degradation rate constant of the compound by a factor
of 0.48 compared to 0.29 by Cl". The authors attributed the decrease in the degradation rate of
4-NP to a decrease in the concentration of OH° and consumption of H>O. by sodium
hydrogen carbonate (1V). This study shows that radical scavengers such as NaoCOs and NaCl
could influence the removal efficiency of BPA or 2-NP in water.

The next section focuses on the incorporation of the supported carbon doped TiO-
nanocrystals (JT7) and Ag doped TiO. nanocomposites (JT14) into the DBD reactor using
the optimum conditions of solution pH and initial pollutant concentration established in
Sections 5.2.1 and 5.2.2.

53 Degradation of BPA or 2-NP by combined DBD and supported TiO2 or Ag
doped TiOz2 photocatalyst

The objective of this section of the study was to assess the removal and degradation
efficiency of BPA or 2-NP by DBD combined with supported TiO2 nanocrystals (JT7) or Ag
doped TiO2 nanocomposites (JT14). Based on the results presented in Chapter four Section
4.4.3 on the photocatalytic activities of Ag doped TiO2 nanocomposites on MB, the optimal
supported catalysts were incorporated into the DBD reactor to enhance the BPA or 2-NP
mineraization efficiency. In this regard, the removal efficiency of BPA or 2-NP in agueous
solution was investigated using six different approaches. The experiment was conducted
using the optimum solution pH and initial concentration of the pollutant obtained in Section
5.2.1 and 5.2.2. The residual concentration of BPA or 2-NP in agueous solution was
determined using gradient elution method described in Section 3.4.12. The detailed
experimental procedure and conditions have been described in Section 3.2.9. The remova
efficiency of BPA or 2-NP via DBD aone or DBD with supported photocatalysts are
represented in Figure 5.7 (a) and (b) respectively.
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Figure 5.7. Removal efficiency of (a) BPA (b) 2-NP by combined DBD and supported
carbon doped TiO2 (JT7) and Ag loaded carbon doped TiO2 nanocomposites (JT14).
(Experimental conditions, BPA or 2-NP volume 1.5 L; BPA or 2-NP concentration 10
mg/L; discharged voltage 8 kV; air flow rate 3 mL/min; solution pH 3; electrode
(silver); NaCl electrolyte concentration 50 g/L; mass of supported TiO2 catalyst 0.8 g;
mass of commercial TiO2 (0.8 g), number of replicates n=2
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