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Abstract

The global lack of clean water for human sanitation and other purposes has become an
emerging dilemma for human beings. The presence of organic pollutants in wastewater
produced by textile industries, leather manufacturing and chemical industries is an
alarming matter for a safe environment and human health. For the last decades,
conventional methods have been applied for the purification of water but due to
industrialization these methods fall short. Advanced oxidation processes and their
reliable application in degradation of many contaminants have been reported as a
potential method to reduce and/or alleviate this problem. Lately, it has been assumed
that incorporation of some metal nanoparticles such as magnetite nanoparticles as
photocatalyst for Fenton reaction could improve the degradation efficiency of
contaminants. Core/shell nanoparticles, are extensively studied because of their wide

applications in the biomedical, drug delivery, electronics fields and water treatment.

The current study is centred on the synthesis of silver-doped Fe;04/SiO,/TiO,
photocatalyst. Magnetically separable Fe304/SiO,/TiO, composite with core-shell
structure were synthesized by the deposition of uniform anatase TiO, NPs on
Fe304/Si0O, by using titanium butoxide (TBOT) as titanium source. Then, the silver is
doped on TiO; layer by hydrothermal method. Integration of magnetic nanoparticles
was suggested to avoid the post separation difficulties associated with the powder form
of the TiO; catalyst, increase of the surface area and adsorption properties. Lastly and
most importantly magnetic nanoparticles upsurge the production of hydroxyl groups or

reduced charge recombination.

The as synthesized catalysts were characterized using Transmission Electron

Microscopy, X-ray Diffraction; Infra-red Spectroscopy, Scanning Electron Microscope
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and Energy Dispersive Spectroscopy. Other characterization techniques include
Vibrating Sample Magnetometry, Brunauer Emmett Teller analysis and
Thermogravimetric analysis. The average size of the particles size is 72 nm.
Furthermore the photocatalytic performances of the magnetic catalysts were assessed in
comparison with that commercial titanium dioxide for the degradation of methylene
blue using photochemical reactor under ultra violet light. The results showed that the
photocatalytic activity was enhanced using Fe304/SiO,/TiO; and Ag-Fesz04/SiO,/TiO,

compared with that for Fe3O,4, commercial titanium dioxide powder.

TEOS Ti(OBu): AgNO:s
—— e —
Ice bath, 2h 25°C, 2h 196°C. 24h
Fes0s Fe304/Si02 Fe304/Si02/Ti02 Ag-Fea04/5i02Ti02
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Chapter 1: Introduction

Water is a basic need, as stipulated in 27(1) b of the South African constitution; where it
states that everyone has the right to sufficient water, yet some people are still deprived
of this need. South Africa is a water scarce country and various strategies are being
formulated to try and preserve the water still available. According to the World Bank,
South Africa has an annual average rainfall of 495 mm in depth. According to UN
statistics, of the 51 million people in South Africa, about 60% live in urban areas and
the remaining 40% constitutes people in rural areas. The country depends on 77%
surface water, 9% groundwater and 14% recycled water. However, the population’s

dependence on water is not evenly distributed.

Numerous industries use pigments and dyes for the colouring of their products such as
paper, rubber, plastics, leather, cosmetics, pharmaceuticals, textiles and food to name a
few (Nandhini, et al., 2012). Research has shown that over 15% of the total production
of dyes is lost untreated in effluents posing a threat to the health and general well-being

of man and animals ( Houas , et al., 2001).

These dyes form part of the undesirable substances found in wastewater effluents from
the textile, printing and food and cosmetics industries. Due to the low biodegradability
of dyes, conventional biological treatment processes do not effectively treat dye
wastewater (Akpan & Hameed, 2009). The same dyes, pharmaceuticals and hormones
designed to stimulate a physiological response in humans, plants, and animals pose a
significant threat to the aquatic environment due to their intrinsic lipophilic nature,
tendency to interact with living tissues, and continued comprehensive use ( Dalrymple,

et al., 2007). When these compounds are present in liquid effluents, they can be
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disastrous because their presence may pose a threat to the immediate recipients (Akpan

& Hameed, 2009).

Dyes may be defined as substances that produce colour when applied to a substrate by
temporarily changing the crystal structure of the coloured substances (Chequer, et al.,
2013). They adhere to compatible surfaces by solution, by forming covalent bond or
complexes with salts or metals, by physical adsorption or by mechanical retention,
(Bafana, et al., 2011). Dyes are categorized according to their chemical structures,
application and the groups of atoms (chromophores) present. The chromophores are
diverse functional groups determining the colour and the behaviour of the dyes, such as
arilmethane, azo, methane, nitro, and anthraquinone amongst others (Chequer, et al.,

2013).

The current study focuses on methylene blue; an azo dye as a model compound to
evaluate the effectiveness of the synthesized magnetite titanium dioxide catalyst for the
degradation of methylene blue. Methylene blue forms a large fraction of dyes used in
textile industries and has shown the possibility of endocrine disruption in aquatic life

(Soriano, et al., 2014).

Methylene blue is cationic dye used in industries such as the textile industry for a
variety of purposes. It is a heterocyclic aromatic chemical compound with a molecular

formula C16H18N3SCI

N
NS
3\ S NI

CHs Cl CHs

Figure 1.1: Structure of Methylene Blue, ( Umoren , et al., 2013)
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This dye gives a blue solution when mixed with water, and has been reported to be toxic
or induce endocrine disruption in aquatic organisms when persistent in water (Soriano ,
et al., 2014). Throughout a chemical or biological reaction pathway, these dye
compounds not only deplete the dissolved oxygen in water bodies, they also release
toxic compounds that threaten aquatic life ( Umoren , et al., 2013). It can also cause eye
burns which may be responsible for permanent injury to the eyes of both human and
animals. Upon inhalation, it can give rise to short periods of rapid or difficult breathing
whereas ingestion through the mouth causes gastrointestinal tract irritation, producing a
burning sensation and may cause nausea, vomiting, profuse sweating, mental confusion
and methemoglobinemia (Rafatullah, et al., 2010). It is thus crucial to control the
amount of methylene blue used and thereby eventually eliminate the presence of such

dyes in water and which are subsequently released into the environment.

The need for novel processes, economical, easily available and highly effective
processes for the degradation of dye deposits in water is crucial and various methods
have been investigated for the application on industrial effluents in the future (Garg , et
al.,, 2003). Several methods have been investigated which include, ultrasonic
decomposition (Shimizu, et al., 2007; Wu & Chern, 2006), electrocoagulation (Golder,
et al., 2005; Ma, et al., 2009); advanced chemical oxidation (Height, et al., 2006;
Tayade, et al., 2007; Sannino, et al., 2013) and chemical coagulation (Lee, et al., 1999;
Chakrabarti & Dutta, 2004) however the current study focuses on advanced oxidation

processes.
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Advanced Oxidation Processes

Advanced Oxidation Processes (AOP) has been reported to have been effectively
applied to purify refractory pollutants found in industrial wastewater, (Saggioro, et al.,
2011). According to Ollis, (1993), AOPs aqueous phase oxidation processes which are
based primarily on the intermediacy of the hydroxyl radical in the mechanism(s)
resulting in the destruction of the target pollutant or xenobiotic or contaminant
compound. AOPs have been reported to degrade high loading of organic compounds in

high saline conditions over the years (Neyens & Baeyens, 2003; Bacardit, et al., 2007).

AOPs not only convert chemical pollutants but offer complete mineralization of some
compounds, improve organoleptic properties of the treated water and ensure the low
consumption of energy more so than other methods ( Herney-Ramirez, et al., 2010).
AOPs work under ambient conditions to generate hydroxyl radicals and have different
reacting systems such as electrochemical oxidation, chemical oxidation processes using
hydrogen peroxide, ozone, combined ozone and hydrogen peroxide, hypochlorite,
Fenton's reagent, and ultra-violet enhanced oxidation (Pignatello, et al., 2006; Hussein,
2011). A number of AOPs use hydrogen peroxide as the main oxidizing agent, which is
a reagent more efficient than gaseous oxygen concerning the contaminants’
mineralization, allowing also the diminution of the residence time in the oxidation

process, especially when focusing on dangerous polluting compounds.

Hydrogen peroxide (H,0O,) is said to be environmental friendly, because it produces
water and oxygen when decomposed ( Herney-Ramirez, et al., 2010). Amidst the
processes mentioned above using H,O, as an oxidant, the photo-Fenton has received
vast attention (Khataee, et al., 2009; Klavarioti, et al., 2009). However conventional

homogeneous Fenton processes have a number of disadvantages limiting their extensive
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application - these include the generation of huge amounts of iron sludge, narrow pH
range (pH 2-3), difficulty in recycling catalysts and deactivation by the iron
complexation reagents (Liu, et al., 2014; Zhou, et al., 2015). These drawbacks have led

to the development of heterogeneous catalysts for the Fenton processes.

To address these issues, heterogeneous Fenton oxidation based on various iron catalysts
has been developed over the past few years (Soon & Hameed 2011; Sun et al. 2012).
These disadvantages led to several attempts which have been made to develop solid
supports for the active iron species. Scientists have turned to heterogeneous catalysts
because they offer complete mineralization of the organic pollutants. The use of solid
supports also allows for easy separation of the catalysts from the treated wastewater,

while preventing secondary metal ion pollution (Colmenares & Luque, 2014).

The current study directs its focus on Fenton's reagent and ultraviolet enhanced
oxidation using iron oxide and titanium dioxide. According to Barbusinski (2009)
Fenton’s reagent is a reaction in which organic substrates are oxidized by iron (II) and
hydrogen peroxide. This reaction may be enhanced using ultra-violet light and may be
used in the combination of semiconductors such as in photocatalytic systems ( Lodha ,

etal., 2011).
The major advantages of the photocatalytic oxidation process are as follows:

e Firstly, it offers a good route for the use of broadly available renewable and
pollution-free solar energy.

e Secondly, this process does not have waste disposal problems.

e Thirdly, the photocatalytic process is a non-selective oxidation process for most
organic pollutants; therefore, it can destroy a variety of hazardous organic

compounds in different influents.
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e Fourthly, it can transform organic pollutants into innocuous products by redox
reactions and complete the mineralization of the organic pollutants, (Liu, 2012)
e Fifthly, it is inexpensive, (Xie & Li, 2006). Thus, the photocatalytic degradation

of environmental pollutants is an interesting topic for study.

Catalysis

Catalysis defines the acceleration of a chemical reaction with the aid of a catalyst and
can be classified into two types; homogeneous and heterogeneous catalysts.
Homogeneous catalysts are present in the same phase as reactants and products, usually
liquid, while heterogeneous catalysts are present in a different phase, usually the solid
and liquid or gaseous phase. Homogeneous catalysts are effective with high yields,
however they are time consuming and expensive because catalysts cannot be recovered.
Heterogenizing catalyst is one of the efficient ways to overcome the post separation
challenge associated with homogeneous catalysts. This is done by entrapment or
embedding molecules on solid supports such as alumina, silica or ceria (Polshettiwar, et
al., 2011). This makes catalysts and reaction mixture in heterogeneous systems can be
easily separated by simple filtration and can be reused thus saving costs, making
heterogeneous catalysts more applicable in industry ( Xia, et al., 2005). This study
focuses on use of magnetic titanium dioxide catalyst easily recovered using an external

magnet.
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Photocatalysis

Photocatalysis is the speeding up of a photoreaction in the presence of a catalyst.
Recently the photocatalysis technique has been widely applied due to the increase of
persistent dyes and other organics in water which conventional methods cannot degrade
( Kulkarni & Thakur, 2014). Photocatalysis employs semiconductors to increase its
effectiveness and activity. The process of operation of the semiconductor of the photo-

excitation of the semiconductor is illustrated below;

0,+¢ 0y (1)

0, + H* HO» (2)

In this way, electron/hole recombination can be successfully prevented and prolong the

lifetime of the holes. HO, can lead to the formation of H,O»

HO, + e HO,  (3)

HO, + H" H,0O, (4)

Photogenerated holes can react with adsorbed water molecules (or hydroxide anions) to

give hydroxyl radicals:

H,O +h* HO + H" (5)

Upon photo-excitation of the semiconductor, electron/hole pairs are created, through the
excitation of an electron from the valence band to the conduction band. At this point in
the process both oxidative and reductive processes can occur at/or near the surface of
the photo- excited semiconductor particle. In aerated aqueous suspensions, oxygen is
able to obtain electrons from the conduction band forming superoxide ions (O;") and its

protonated form, the hydroperoxyl radical ( Kulkarni & Thakur, 2014).
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The combination of Fenton processes and photocatalysis can not only increase the total
efficiency of the degradation but also has the advantage of treating large quantities of
wastewater, especially with electro-catalysis, biodegradation, and wetland technology (
Zheng, et al., 2013). Chemistry and other fields have turned to nanotechnology to
further increase the effectiveness and efficiency of existing conventional and new

systems.

Nanotechnology

Nanotechnology was introduced by Nobel laureate, Richard P. Feynman, during his
now famous 1959 lecture “There’s Plenty of Room at the Bottom,” ( Feynman, 1960).
Since the talk there have been many revolutionary developments in physics, chemistry,
and biology that have demonstrated Feynman’s ideas of manipulating matter on an
extremely small scale, the level of molecules and atoms. Nanotechnology refers to
matter observed on a nanometer scale which offers novelty to materials compared to
those observed on a bulk scale (Allhoff, et al., 2010). It holds out the promise of
immense improvements in  manufacturing technologies, electronics, tele-
communications, health and even environmental remediation (Kim, et al., 2003). It
involves the production and utilization of a diverse array of nanomaterials, which
include structures and devices ranging in size from 1 to 100 nm and displays unique
properties not found in bulk-sized materials (Dutta, et al., 2008; Wang, et al., 2010).
Nanotechnology offers materials great tunable properties varying from electrical,
magnetic, conductive catalytic, mechanical and chemical properties, allowing materials

to be applied in a variety of fields.
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This study employs silver doped magnetite titanium oxide nanoparticles for the
degradation of methylene blue at laboratory scale. This method offers the advantages of
simplicity, low cost, and low reaction temperatures; in addition, it is environment-
friendly as it produces no by-product effluents. The as-synthesized catalyst would not
completely replace existing conventional systems for now, however it can be a
supplementary method. The catalyst is a core-shell structure with iron oxide as the core,
silica comprising the insulator, a linker between the magnetic core and the titanium

dioxide and silver forming the outermost shell.

Iron oxide

Iron is amongst the most used transition metals for incorporation in wastewater
treatment catalysts ( Chen, et al., 2009). Iron oxide has found great attention in the
catalysis and adsorbent chemistry due to its unique properties, such as extremely small
size, surface modifiability, high surface-area-to-volume ratio, great biocompatibility and
excellent magnetic properties ( Xu , et al., 2012). For these unique properties it has
found applications in gene therapy, targeted drug delivery (Kronick, et al., 1986),
biochemical sensing, ultra-sensitive disease detection, high throughput genetic

screening, and rapid toxicity cleansing (Cheng, et al., 2005; Gu, et al., 2006).

Iron oxide has been incorporated in composites either as a core or a shell ( Wang, et al.,
2009) and in other cases as alloys ( Harraz, et al., 2014). Extensive literature suggests
that the use of iron for water purification offers several advantages both in the presence
of ultra violet, visible light and in the absence of either (Andreozzi, et al., 1999; Legube
& Leitner, 1999). The iron oxide nanoparticles show remarkable new phenomena such
as superparamagnetism, high saturation field, high field irreversibility, extra anisotropy

contributions or shifted loops after field cooling.
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The superparamagnetism of iron oxide is also advantageous for the post separation step
after the degradation process is complete, is easily functionalized and is biocompatible (
Tartaj , et al., 2003). Nanometer-size iron oxide particles offer increased surface to
volume atoms ratio causing the surface properties to dominate the nanostructure.
Secondly, sufficiently small magnetic nanoparticles show superparamagnetic behaviour
and require reduced temperatures to activate reaction hence lowering energy

consumption, ( Chin & Yaacob, 2007).

When water is treated in the absence of light, ferrous salt is reacted with hydrogen
peroxide (H,O,) in the aqueous phase, resulting in the formation of hydroxyl radicals,

(Chong, et al., 2010) as shown below: (reaction 1)

Fe?* (aq) + H,0, Fe** (ag) + OH + HO® (1)

The Fe?* can be reverted back to Fe** via (reaction 2) and yield more radicals:

Fe** (ag) + H.0, Fe’* (ag) + HOO™ + H' ()

By using UV-visible radiation during the process, degradation rates are increased
significantly. This process is called photo-Fenton, the ion Fe (1) oxidized to Fe (111) in
the Fenton reaction and is reduced back to Fe (II) by the radiation. This occurs by the

following steps (reaction 3) and (reaction 4) (Hernandez-Rodriguez, et al., 2014)

Fe** (aq) + H,0 [Fe (OH)]*" + H* (3)

[Fe (OH)]*" + hv Fe?* + HO' (4)

The use of iron oxide is said to avoid the post separation difficulties associated with the
powder catalysts, it upsurges the production of hydroxyl groups or reduced charge
recombination and increases the surface area and adsorption properties of the catalyst (

Song & Gao, 2007).
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Silica dioxide (SiO,)

Silica has received increased attention due to its abundance, easy availability and low
cost (Rafatullaha, et al., 2010). The silica coating is applied between the iron oxide core
and the titanium shell to link the two layers of the catalyst. Moreover silica was chosen
as a spacer to separate the magnetic core and TiO; shell due to its undeviating surface
and deposition chemistry compatible with both of these oxide materials (Linley, et al.,
2013). It also prevents the oxidation of the iron oxide core by the titanium dioxide shell

which would reduce its magnetism.

The passive shell over the magnetic core does not merely prevent charge exchange
between the magnetic support and the photocatalytic shell but also impedes the
undesirable doping of titanium dioxide during strengthening of the catalyst or during
calcination. Furthermore silica does not only act as a linker but also increases the
surface area, improves the photocatalytic activity and facilitates the separation and

recovery of the catalyst ( Harraz, et al., 2014).

The shell can also modify the charge, stability and dispersibility of the magnetic core
and improve its thermal stability and the acid resistance of magnetic core in a corrosive
solution (Cheng, et al., 2012). Additionally the presence of a silica (SiO;) layer between
TiO; shell and Fe3O4 nanoparticles increases the lifetime of photogenerated holes which
in turn, increases the photoreactivity of the magnetic core (Gad-Allah, et al., 2007,

Pang, et al., 2012)
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Titanium dioxide (TiO,)

Among the photocatalysts, titanium dioxide (TiO) is a semiconductor material which is
extensively used due to its superior photoreactivity, long-term stability, non-toxicity,
low operating cost, and radically low level of energy consumption (Beydoun, et al.,
2002; Valencia, et al.,, 2010; Huang, et al., 2011). The photocatalytic activity of
TiO, depends on various parameters, including surface area, crystallinity, impurities and
density of the surface hydroxyl groups. Generally, TiO, could be used as a photocatalyst
in anatase and rutile crystal structures, the anatase phase displaying much higher
activity than the rutile structure ( Harraz, et al., 2014). Titanium shows a novel
photoinduced superhydrophilic phenomenon and hence the interest in its application in

water treatment and purification systems ( Fujishima, et al., 2000).

Photo-Fenton processes have been studied for many years and the technology has
improved and advanced since its introduction, (Pouran, et al., 2015). Titanium dioxide
(TiO,) bandgap energy (Eg) = 3.2 eV, means that it absorbs radiation below 390 nm, for
photoexcitation ( Kumar & Bansal, 2013). According to Chong et al. (2010) it is the
most active photocatalyst under the photon energy of 300 nm< | < 390 nm and remains
stable after repeated catalytic cycles. The table below summarizes the bandgaps of iron

oxide and titanium dioxide.

The narrower bandgap of the iron oxides is thought to lead to an increase in the
incidence of electron-hole recombination, lowering photoactivity, hence the
incorporation of titanium to reduce this phenomenon. When this catalyst is directly used
for organic matter degradation it causes slurry ( Ehrampoush, et al., 2011). The present
work incorporates silica coated iron oxide nanoparticles to avoid post separation

difficulty while also increasing the catalyst’s lifespan.
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Table 1.1: Conduction band potentials, valence band and bandgap energies of titanium
dioxide (TiO,), magnetite (Fe30,4), maghemite (y-Fe;O3) and hematite(o-Fe304)
(Beydoun, et al., 2002).

Material TiO, Fes04 v-Fe;0; a-Fe304
Conduction band potential (V) -0.04 0.17 0.29 0.21
Valence band potential (V) 3.16 0.27 2.59 2.42
Band gap energy (eV) 3.20 0.10 2.30 2.20

The TiO, catalyst in nano-dimensions allows a large surface area-to-volume ratio,
increased surface energy due to quantum confinement and can therefore further promote
the efficient charge separation and trapping at the physical surface (Nagaveni, et al.,
2004). In 2008 Siddiquey et al. (2008) reported that the light opaqueness of nanoscale
TiO, catalysts also enhanced oxidation capability compared to the bulk TiO, catalysts,

thus increasing the interest in nanosized titania.

During the photocatalytic process, TiO; absorbs photons which promote electrons from
the valence band to the conduction band, generating electron-hole pairs. The electron in
the conduction band reacts with oxygen dissolved in water, and the hole in the valence
reacts with OH" or H,O species, which are absorbed on the surface of TiO,, yielding a
hydroxyl radical ( Kumar & Bansal, 2013). Moreover when the catalyst is in contact
with the azo dye, the dye adsorbs on the surface of TiO; shell and undergoes successive
oxidation steps, leading to decolorization and formation of intermediates, such as
aliphatic and aromatic acids. The intermediates are further oxidized to lower molar mass
molecules and ultimately, to CO; and inorganic ions, such as ammonium, nitrate and

sulphate. (Stylidi, et al., 2003).
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Oxidation-reduction reactions that occur during photocatalytic process are below (

Chong, et al., 2010):

1. Photoexcitation

TiO, + hv e+h" (1)
2. Charge-carrier trapping of electrons

ecB err (2

3. Charge-carrier trapping of h*

h've h'=  (3)

4. Electron- hole recombination

etr +h've (h'1R)

ecg theat (4)
N —

5. Photoexcited e” scavenging

(O2)ags + € 0 (5)

6. Oxidation of hydroxyls

OH +h* OH- (6)

7. Photodegradation by OHe

R- H + OH* R*+H,0 (7)

—
8. Direct photoholes
R+h" ——> R" intermediate(s)/ final products (8)

9. Protonation of superoxides

O+ + OH- HOO- (9)

10. Co-scavevenging of e’

HOO- + ¢ HO, (10)

11. Formation of H,0,

HOO™ + H* H,0, (11)
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The reactions that occur during the oxidation process of TiO, can also be summarized

with the diagram below.

Energy level 92
£
hv> AE reduction
02'
Solid catalyst
H*+ ‘:OH
oxidation

Figure 1.2: Schematic representation of photo catalysis process occurring on the
semiconductor materials; where VB: Valence Band and CB: Conduction Band (Xu, et

al., 2014).
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Silver-deposition

The surface doping effect is synergetic to the charge separation process and the
photocatalytic results are explained on the basis of a mechanism involving efficient
separation of electron—hole pairs induced by silver-ions (Ag*). TiO, has a high bandgap
(Eg > 3.2 eV) and is excited only by UV light (4 < 390 nm) to inject electrons into the
conduction band and to leave holes in the valence band (Sobana, et al., 2006).
According to Arabatzis et al. (2003) silver particles can act as an electron trap, assisting
with electron—hole separation, thereby enhancing quantum efficiency and favouring the

oxidation of dye substrates.

In noble metals, the decrease in size below the electron means a free path (the distance
which the electron travels between scattering collisions with the lattice centres) gives
rise to intense absorption in the visible-near-UV region ( Tartaj , et al., 2003) and
modifies the surface properties of photocatalysts, ( Sobana, et al., 2006). Silver particles
also facilitate electron excitation by creating a local electrical field and increasing the
total surface of the titanium dioxide shell (Sclafania & Herrmann, 1998). Silver
nanoparticles deposited on the TiO; surface acts as sites where electrons accumulate.
Silver deposits also improve the separation of electrons and holes on the modified TiO,
surface, therefore allowing increased efficient channelling of the charge carriers into
useful reduction and oxidation reactions rather than recombination reactions (

Vamathevan , et al., 2002).

Amongst other noble metals; silver is predominantly suitable for industrial applications
because of its relatively low price and the ease of the synthesis of Ag/TiO, (Wodka, et
al., 2010).The modified surface properties of the TiO, photocatalyst, improves the

attraction affinity of cationic dye towards the TiO,/Ag surface due to the increased
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number of electron traps (Carp, et al., 2004). Additionally, silver nanoparticles further
shorten the diffusion distance, increase the specific surface area, and improve quantum
size effect as the particles are <10 nm in diameter. On the other hand, as dosage levels
of silver exceed optimum loading, silver can act as electron-hole recombination centres
which are detrimental to the photocatalytic activity ( Chen, et al., 2009) thus careful

doping has to be employed for optimum results to be attained.
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Problem statement

Water scarcity is an increasing crisis and more people are deprived of clean water each
day. Water sources are tainted with industrial effluents and other industrial activities
become part of water supplies. Methylene blue forms part of the contaminants found in
textile industry effluents. Commercial titanium dioxide powder has been used for the
degradation of methylene however it causes slurries making it difficult to separate it
from the reaction mixture. The need for an easily separated, efficient, cost-effective,

speedy, environmentally and user friendly catalysts is essential.

Aim and objectives

The aim of this study is to degrade methylene blue dye using Ag-Fe304/SiO2/TiO, under

ultra-violet light. The objectives of the study were as follows:

e Synthesize Ag-Fe3;04/SiO,/TiO, nanocomposite

e Evaluate the catalytic performance of the as-synthesized nanocomposites for the

photodegradation of methylene blue

e Compare as-synthesized nanocomposites to commercial titanium dioxide

powder

e Optimize the reaction conditions to determine the best conditions for the

degradation of MB.
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Thesis layout

Chapter 1, summarizes the problem identification, research approach and an outline of the

catalytic process studied

Chapter 2 provides a clear state of the art and focuses on the contribution silver doped
magnetite titanium dioxide nanocomposite has made in catalytic degradation of organic
pollutants.

Chapter 3 gives descriptive experimental methods followed to obtain the nanocomposite.

Chapter 4 shows the characterization of the as-synthesized nanocomposites. It represents

the results obtained from the characterization techniques and discusses the observations.
Chapter 5 demonstrates the evaluation of the as- synthesized nanocomposites’ catalytic
performance for the degradation of methylene blue. It also represents and discusses the

results obtained.

Chapter 6 is the conclusion of the current study and also outlines the future prospective of

the study.

Chapter 7 presents the references used to write the current study.
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Chapter 2: Literature Review

This chapter highlights the methods that have been applied for water purification and
specifically evaluates the methods used for the degradation of methylene blue. It gives
information about homogeneous catalysts and their shortcomings. It also highlights and
elaborates on the use of the heterogeneous catalyst used in the current paper. This
chapter provides details on synthetic techniques that are used develop heterogeneous

catalyst and factors that affect photocatalytic activities of synthesized catalysts.

The quality and abundance of water is an indication of the way of life within the
community through which it flows. Adequate supply of fresh drinking water is a human
basic need, yet some people are deprived of this ( Swaminathan, et al., 2013). The
change in population growth, climate patterns, microbial growth and rapid development
of industrialization have become a critical issue worldwide and key sources that we tap

for drinking water are being tainted with pollution (Cundy, et al., 2008).

With the changes in the environment and increased pollution rates, global natural
resources are slowly becoming limited and as such the use and reuse of water is
becoming an accelerating issue. There is a need for effective, less costly and clean
methods for treating a wide range of textile wastewater pollutants in order to conserve
the climate, environment and save lives for future generations (Deb & Majumdar,

2013).
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Review of general methods and systems used to control

contaminants in water

Currently there are various conventional methods used for the decolouration and
degradation of dyes from wastewater, however each of them have their limitations and
hence multiple studies have been reported to improve these methods. The technologies
can be divided into three categories: biological, chemical and physical ( Robinson, et
al., 2001). These technologies include primary (adsorption, flocculation), secondary
(biological methods) and chemical processes i.e. chlorination, ozonation (Mohabansi, et
al., 2011). Other methods include reverse osmosis, distillation, filtration and advanced

oxidation processes.

Coagulation and electrocoagulation

According to Mollah, et al., (2001) coagulation is a process in which the charged
particles in colloidal suspension are neutralized by mutual collision with counter ions
and are agglomerated, followed by sedimentation. In contrast electrocoagulation is a
process by which coagulants are produced in situ by the electro-oxidation of sacrificing
anodes followed by the formation of aluminium or iron hydroxide flocculation which
destabilizes and aggregates the suspended particles or precipitates and adsorbs dissolved
contaminants ( Deb & Majumdar, 2013). Electrocoagulation (EC) consists of electrodes

(anodes and cathodes).

EC employs a direct current source between the metal electrodes submerged in
electrolytes. The electric current causes the suspension of the metal plates into the
wastewater thereby degrading the contaminants. This technology uses aluminium and

iron as common electrode material because they are effective and cheap ( de Carvalho,
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et al., 2015). Numerous researchers have been used this technology ( Kobya, et al.,

2003), (Inan, et al., 2004).

Ozonation

Ozone is a very strong oxidant and virucide. According to the United States
Environmental Protection Agency, ozone is formed when oxygen (O,) molecules are
dissociated by an energy source into oxygen atoms and subsequently collide with an
oxygen molecule to form an unstable gas, ozone (Os). Ozone decomposes rapidly
producing several free radicals including OHe (hydroxyl), HOze, HO4* and O,
(superoxide). These radicals have great oxidizing capacity; which reacts instantly with
any organic compounds present in water, like dyes and bacteria ( Garcia-Morales, et al.,
2013). In particular, it is an effective decolourizing technique which acts by attacking
the double bond usually allied with colour in wastewater. It has a stronger oxidation
potential than that of chlorine and hydrogen peroxide (Su, et al, 2013). A number of
studies have been conducted on the use of ozone as a degradation agent; the
decolourization and degradation of azo dyes ( Peralta-Zamora, et al., 1999; Turhan &
Ozturkcan, 2013). Furthermore the disinfection by-products resulting from the ozone

treatment of polluted surface water have been conducted ( Huang, et al., 2005).

Filtration

The process of filtration involves the flow of water through a porous, fibrous or granular
medium that captures the solids in its matrix or retains them on its surface (Madaeni,

1999). During this process the media selectively restrict the passage pollutants such as
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organics, turbidity, nutrients, microorganisms, and oxygen depleting pollutants,
inorganics, and metal ions, permitting relatively clear water through (Mulder,
1997).Filtration has the ability to remove larger matter and small hazardous chemicals
the same as it is able to rid water of the larger compound materials, like salt, while
selectively removing much smaller and dangerous chemicals, like chlorine and
pesticides. This process also uses less energy than reverse osmosis and distillation
however it is not appealing to industries due to its low selectivity of dyes (Al- Bastaki &

Banat, 2004).

Reverse Osmosis

Reverse osmosis refers to a process of water purification that has been used primarily
for the desalination of seawater. It adopts the principle of osmosis where two solutions
of different concentrations are separated by a semi-permeable membrane. The water
migrates from the low concentration to the higher concentration until both sides have
the same concentration. However in reverse osmosis pressure is applied to the system to
overthrow the natural flow of water to move from higher to lower concentration in so

doing retaining bulkier salt molecules (Binnie, et al., 2002).

This process usually uses membranes of polyamide-based materials to resist biological
degradation; however they are prone to chemical degradation. Therefore with an ideal
membrane that resists both biological and chemical degradation on applying
desalination, pre-treatment is required to prevent water hardening chemicals from
making a hard mineral on the membrane as this would reduce the membrane

effectiveness (Vigneswaran, et al., 1991).
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Distillation

Distillation is a process that uses the principle of chemicals that vaporize at different
temperatures. During this process wastewater is heated until its boiling point and the
temperature is kept at a constant to vaporize the water, while barring other undesirable
elements from vaporizing (Kiss, 2014). In this way all the chemicals with higher boiling
points cannot escape the container, therefore forming sediment. The vaporized water is

directed using tubes into a different container where it is cold and condenses to water.

This process has been used for several decades because it takes advantage of solar
energy; which is an infinite source making this method of water purification cheaper
(Sampathkumar, et al., 2010). However solar energy is efficient for smaller amounts of
water and takes a long time because it requires multiple distillations to ensure
significant water purity. Banat et al used this process for the removal of MB in

wastewater (Banat , et al., 2005).

Biological Methods

Bio-treatment is cheaper and environmentally friendlier (Sudha, et al., 2014). A number
of researchers developed enzyme systems for the decolourization and mineralization of
azo dyes under certain environmental conditions. These enzymes (which include azo
reductases, hydrogenase, laccase and peroxidase), reduce dyes and further mineralize

them into simpler compounds (Stolz, 2001).

Bacteria, yeasts and fungi are amongst the microorganisms used for this purpose (Fu &
Viraraghavan, 2001; Forgacsa, et al.,, 2004). These treatment technologies require
microorganisms to be resistant to the toxic effects of dyes and other contaminants
present in wastewater and to have the ability for organisms to excrete active enzymes

that aid the decolourization process. Bacteria have been used for the degradation of
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synthetic dyes in wastewater. Jafari, et al., (2012) used Candida tropicalis JKS2 coupled

with photocatalytic (UV/TiO,) for the treatment of Reactive Black 5 (RB5).

Table 2.2: Outlines the advantages and disadvantages of physical/chemical methods

(Zille, et al., 2005; Robinson, et al., 2001)

Treatment methods

Advantages

Disadvantages

Electrocoagulation/

Cost-effective

Sludge production

coagulation

Ozonation Used in a gaseous state | Has a short half-life -
and therefore has no | approximately 20 minutes
volume limitations

Filtration Can be used universally | Produces slurries

for all dyes

Biological methods

Environmentally friendly

and cost-effective

May form  by-products,

require secondary treatment

Irradiation

Can be

applied at lab scale

successfully

Requires a large amount of

dissolved oxygen

lon-exchange

Stable adsorbent and has

the ability to redevelop

Cannot effectively remove

all dyes

Fenton’s reagent

Effective decolourisation

Sludge production

of all dyes
Activated Carbon Applicable to a wide | Expensive
variety of dyes
Silica gel Removes basic dyes Cannot be used for

commercial use, due to side

reaction

Photochemical

No sludge formation

Produces by-products
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Semiconductors

Semiconductors can be described as materials with electrical conductivity halfway
between that of insulators and metals. Semiconductor-supported photocatalysis has
received significant interest amongst advanced oxidation processes (AOP) for
application on a large scale as a wastewater purification method (Comparelli, et al.,
2005). This type of photocatalytic procedure has been extensively studied, mainly due
to its ability to degrade a high number of refractory chemicals in gaseous or aqueous
systems, through rather inexpensive procedures. When semiconductors are photo-
excited, charge separation takes place initiating the oxidation of organic compounds

(Curri, et al., 2003).

This process takes advantage of the strong reactivity of hydroxyl radicals in driving
oxidation processes, ultimately leading to the extensive mineralization of a variety of
environmental pollutants. To enhance the oxidation process the semiconductor materials
are nano-sized, thus increasing potential for gaining charge-separation, which elevates
performances even with immobilized photocatalysts ( Banerjee, et al., 2012). This is
due to increased surface-to-volume ratio as compared to the bulk materials ( Comparell,
et al., 2005). Titanium dioxide is one of the most studied semiconductors due to its
superior photoreactivity, long-term stability, non-toxicity, low operating cost, and
radically low level of energy consumption when using this method (Beydoun, et al.,
2002; Valencia, et al., 2010). Other semiconductors include zinc oxide (ZnO), cadmium
sulphide (CdS) ( Soltani, et al., 2013), and tin oxide (SnO;) (Naje, et al, 2013). The
diagram below summarizes the difference in the bandgap energies of insulators,

semiconductors and conductors.
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Figure 2.3: Bandgap energies of (a) insulators (b) semiconductors and (c) conductors

Properties of Titanium dioxide

Titanium dioxide, also known as titania, has received increasing attention due to its
proven ability to function as a photocatalyst and facilitate important environmentally
beneficial reactions, such as water splitting to generate hydrogen and treatment of
polluted air and water (Hanaor & Sorrell, 2011). It has increased interest because of its
non-toxicity, low cost, relatively high chemical stability and the possibility of using
sunlight as a source of irradiation (Zhang & Gao, 2009). Daneshvar, et al., 2004),
regarded TiO, as an efficient photocatalyst for the degradation of various pollutants

because of its fast electron transfer to molecular oxygen.

The oxygen vacancies act as electron donors, thus TiO, is an n-type semiconductor, in
contrast with p-type semiconductors which contain electron acceptors and where the
charge carriers are holes rather than electrons (Kim, et al., 1996). Substoichiometric

TiO; is regarded as both a poor insulator and a modest semiconductor; the electrical
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properties of TiO, can be controlled by oxygen vacancies (Tang, et al., 2009).
According to Lu, et al., (2007), the electrical conductivity can be improved by
increasing the number of oxygen vacancies in the crystal thereby obtaining a non-
stoichiometric titanium dioxide, TiO,, depending on its application. Titanium dioxide

has three known structures under ambient conditions: anatase, rutile and brookite.

Anatase

Anatase is one of the tetragonal structures with a distortion of the TiOg octahedron
larger than that of the rutile phase (Gupta & Tripathi, 2011) resulting in a less
orthorhombic symmetry (Thompson & Yates, Jr, 2006). It is considered a metastable
structure of titanium and exhibits exceptional photocatalytic activities. Anatase TiO, has
a larger bandgap than rutile TiO; and can raise the valence band maximum to higher
energy levels relative to the redox potential of adsorbed molecules ( Luttrell, et al.,
2014). According to Muscat, et al., (2002) the anatase phase is more stable than the
rutile at 0 K, the energy difference between these two phases is small (~2- 10 kJ/mol).
At high temperatures anatase may be transformed to the rutile phase (Hanaor & Sorrell,
2011). The heat treatment increases the crystallinity of anatase titanium. Since the
activity of amorphous titania is insignificant, an anatase powder with a high degree of
crystallinity and high surface area is important to increase the photocatalytic activity,

(Ohtani, et al., 1997).

Rutile

Rutile TiO; has a tetragonal structure and contains six atoms per unit cell (Gupta &
Tripathi, 2011). A slight distortion from the orthorhombic structure occurs, and the unit
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cell is where the unit cell is stretched past a cubic shape (Thompson & Yates, Jr, 2006).
The rutile structure is the most stable and also the most studied. TiO, can be synthesized
as single crystals, powders, ceramics and thin films. It can be formed from anatase and
brookite structures after reaching a particular particle size, with the rutile phase being
more stable than anatase at particle sizes. In general, it is found that the rutile form of
TiO, is less photoactive than anatase, (Henderson, 2011). Sclafani, et al., (1990),
concluded that the rutile phase can be active or inactive, depending on its preparation

conditions.

Brookite

According to Bokhimi, et al., (1999) the brookite phase of TiO, is an orthorhombic
crystal system. It has a cell unit made of eight formula units of titanium dioxide and is
formed by edge-sharing TiOg octahedra. The brookite phase is the least dense of the
three forms, has a larger cell volume. It is more complicated and seldom used for

experimental investigations, (Thompson & Yates, Jr, 2006).

Figure 2.4: TiOg polyhedral for TiO; (a) rutile, (b) brookite and (c) anatase phases,
(Landmann, et al., 2012).
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Magnetism in materials

Materials are categorized according to their response to an externally applied magnetic
field. Different forms of magnetism can be identified by the orientation of the magnetic
moments. There are five basic types of magnetism; ferromagnetism,
antiferromagnetism, ferrimagnetism, diamagnetism and paramagnetism (Poole, Jr. &
Owens , 2003). When a magnetic field is applied to the material, the atomic current
loops created by the orbital motion of electrons counter the applied field ( Stefanita,
2008). This type of repulsion is diamagnetism and very weak, therefore the effects of
the current loops can be suppressed by any magnetic behaviour which a material may
display. Materials with filled electronic subshells, show diamagnetism and have
negative susceptibility (y < 0) and weakly repel an applied magnetic field. In materials
with a net magnetic moment or a long-range ordering of magnetic moments, the effects

of atomic current loops are overcome (Jana, et al., 2004).

All other types of magnetic behaviour observed in materials show paramagnetism due
to unpaired electrons in the 3d or 4f shells of each atom. These materials’ magnetic
moments have no long-range order and have positive magnetic susceptibility (y=0) (
Jana, et al., 2004). Different magnetic states can arise from iron atoms; iron as an
element possesses a strong magnetic moment due to four unpaired electrons in its 3d
orbital. In the paramagnetic state, the individual atomic magnetic moments are
randomly aligned with respect to each zero net magnetic moment. In the presence of an
external magnetic field, some of these moments will align, and the crystal gains a small

net magnetic moment.

In a ferromagnetic crystal, all the individual moments are aligned even without an
external field. Ferromagnetic materials are known as hard magnets (Kahn, et al., 1988).

Ferrimagnetic crystals have an antiparallel arrangement of two types of atoms with
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different strengths. When these antiparallel magnetic moments are of the same
magnitude, then the crystal is antiferromagnetic with no net magnetic moment below a
certain characteristic temperature, known as the Neel temperature (e.g., FesO, and
FesS4). Above the Neel temperature (Ty) thermal energy is adequate to cause the equal
and oppositely aligned atomic moments to randomly alter, leading to a loss of their long

range order, exhibiting paramagnetic behaviour.

In nanotechnology the particle size reduction leads to the formation of single-domain
particles resulting in the phenomenon of superparamagnetism. Xuan, et al., (2009),
described superparamagnetism as the responsiveness of material to an applied magnetic
field without retaining any magnetism after the applied magnetic field has been
removed. With the superparamagnetic property, capillary blockage by aggregations
formed by residual magnetism after removal of the applied field will be avoided. With
synthesis of nanoparticles, particles of about 10nm are likely to display

superparamagnetic behaviour.
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Figure 2.5: Illustration of various arrangements of individual atomic maganetic
moments that constitute(a) paramagnetic, (b) ferromagnetic (c) ferrimagnetic and (d)

antiferromagnetic materials (Poole, Jr. & Owens , 2003).

Iron oxide

Iron oxides exist in many forms in nature, with maghemite (y-Fe;O3), magnetite
(Fe304), and hematite (a-Fe,03) being probably the most common (Islam, et al., 2012).
The iron atom has a strong magnetic moment due to four unpaired electrons in its 3d

orbitals ( Teja & Koh, 2009). Hematite polymorph has a rhombohedral-hexagonal,
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prototype corundum structures and maghemite cubic spinel structure (Chirita &
Grozescu , 2009). Hematite is paramagnetic at temperatures above its Curie
temperature of 956 K, weakly ferromagnetic at room temperature and at 260 K (the
Morin temperature, TM) undergoes phase transition to an antiferromagnetic state
(Dronskowski, 2001). The magnetic behaviour of hematite depends on particle size,

crystallinity and on the extent of cation substitution (Raming, et al., 2002).

Maghemite is ferrimagnetic at room temperature, unstable at high temperatures, and
loses its susceptibility with time, (Dronskowski, 2001). In time, at room-temperature,
maghemite turns into a hematite crystalline structure. It differs from the inverse spinel
structure of magnetite (which is ferromagnetic at room temperature) through vacancies
on the cation sublattice (Chirita & Grozescu , 2009). Magnetite nanoparticles are
superparamagnetic at room temperature however their magnetic properties depend
strongly on the synthesis methods used (Chapline & Wang, 2005). The magnetic
properties depend on crystal morphology because it affects coercivity in the order:
spheres<cubes<octahedra in line with an increase in the number of magnetic axes along

this series of shapes (Margulies, et al., 1997).
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Figure 2.6: Crystal structures of (a) hematite and (b) magnetite, (Teja & Koh, 2009).
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In the current study the incorporation assists with the catalyst separation from treated
water. This approach is suitable because it may prevent the agglomeration of the
catalyst particles during recovery and increase the durability of the catalysts, ( Xuan, et

al., 2009).

Reviews on titanium dioxide based catalysts

The current paper investigates degradation of methylene blue (azo dye) using silver
doped magnetite titanium dioxide nanoparticles for the degradation of methylene blue.
In the 1960s Honda and Fujishima were the first to discover the electrochemical
photolysis of water using TiO; as an electrode (Fujishima & Honda, 1972). For the past
20 years titania has been used by several researchers for water treatment application
with different modifications (Sclafani & Herrmann , 1998), with the aim of enhancing

its photoactivity.
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Table 2.3: Reviews different catalyst types, the organic pollutants and their degradation

rates
Catalyst type Organic pollutant  Degradation rate/ Reference
percentage
TiO,/Si02/Fez04 Remazole Complete Gad-Allah,
decolourization and etal., 2009
golden yellow G., L . ’
remazole brilliant blue degradation in 45min
R, and
reactive orange 16
nanoTiO,/Fe30y Methyl blue Efficient Li,etal,
composite particles 2009
Commercial TiO, Methylene blue Commercial Chin, et al.,
catalyst photocatalyst  showed 2010
TiO,/halloysite nanotube Im;ye_rt photocatalytic
composite activity
TiO,/SiO,/Fez04 Methylene blue 95.3% in 45minutes Hu, et al.,
2011
Fes04/Si0,/TiO, organic ~50% in 120min Ruzmanova,
nanoparticles compounds of olive etal., 2013
mill wastewater
Fe304/Si0,/TiO, Fluorsein, orange 1l and - Chen, et al.,
nanoparticles red under visible and 2001
UV irradiation
TiO,/UV Alizarin, crocein orange Complete Lachheb, et
G, methyle red, congo mineralization into  al., 2002
red and methylene blue  harmless ions
Fe304/Si0, /TiO, Methylene blue, red Good adsorption and  Kurinobu,
basic dye, blue basic photolytic et al., 2007
dye, nonylphenol, and decomposition
octylphenol, under UV
v-Fe,03@SiO))n@TiO,  Methylene blue 80% in 80min Wang, et
al., 2009
Fe;0,@TiO, Hollow Rhodamine B 89.6% in 120min Xuan, et al.,
Spheres 2009
TiO,/SIO,@Fe304 Rhodamine B 98.1% in 60 minutes Liu, etal.,
2011
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Titanium dioxide

nanoparticles

Fes04/Si0,/TiO,  core—

shell structure
Fe304/Si02/TiOg

Ti02/8i02/COF6204
nanoparticles

CdS-TiO2/Fe;04

GO—NiFBzO4
G-TiO,
ZnO-GRs

Zn0O-C
Zn0-SiO,
ZnO particles

Ag-TiO, particles

Ag-TiO; thin films
Ag-TiO,

Pure TiO,
Ag- TiOz
Ag-Fe304/Si02/Ti02

1wt%- Pt, Au and Pd
deposited TiO2

Ag or Pd/-TiO,/CNTs

2-chlorophenal,

2,4-dichlorophenol and
2,4,6-trichlorophenol

Rhodamine B

2-chlorophenol

Methylene blue

Reactive Brilliant Red
X-3B dye

Methylene blue

Methylene blue

Methylene blue

Methylene blue

Methylene blue

Eosin Y. under UV
radiation

Sucrose

Salycylic acid

Methyl orange
Rhodamine B

Humic acid, oxalic acid
and formic acid

Direct diazo  dyes,
direct red 23 and direct
blue 53

Leather dye, acid green
16

Methylene blue

99%

98%

92% after 90min
80% in 120 minutes

97.2% after 3hours

98.3% in 40min

78.9%

Stable for 8 cycles
100% in 90min
60%

20%
90%

76%
74%

Enhanced activity

effective
effective

6%
50%

Good
activity

degradation

High
efficiency

photonic

92% in 4hours, silver
showing best activity

Ba-Abbad,
etal., 2012

Cheng, et
al., 2012

Rashid, et
al., 2015
Harraz, et
al., 2014

Dong, et al.
2013

Liu, et al.,
2013

Liu, et al.,
2013

Fan, et al.,
2012

Shen, et al.,
2008

Chakrabarti,
et al., 2004

Vamathevan
, etal., 2002

Arabatzis, et
al., 2003

Sung-Suh,
etal., 2004

Seery , et
al., 2007

Sobana, et
al., 2006

Sakthivel, et
al., 2004

Hintsho, et
al., 2014
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Titanium dioxide photocatalyst has been applied for the degradation of a number of
dyes as indicated in the table above. The catalyst has proven to be a good and effective
catalyst. To overcome the post separation difficulty incurred from powder TiO,, solid
supports, metals or silica has been incorporated in the photocatalyst. The results have
shown to maintain good activity under ultra-violet and/ or visible light and even without
irradiation; however UV irradiation has presented the best results. The doping of the
silver nanoparticles on the TiO, layer extents the region of the light spectrum the
catalyst can absorb in. This makes it possible to use it under visible light. Zinc oxide is
one of the photocatalysts used, however TiO, has reported most due to its superior
photoreactivity, long-term stability, non-toxicity, low operating cost, and radically low

level of energy consumption (Valencia, et al., 2010).

Synthetic Techniques

Micro emulsion

The micro emulsion is described as an isotropic and thermo-dynamically stable single-
phase system made up of three components; water, oil, and an amphiphilic molecule
(surfactant) (Santra, et al., 2001). The surfactant molecule lowers the interfacial tension
between water and oil resulting in the formation of a transparent solution. The
nanodroplets (either water or oil) present in the bulk oil or water phase serve as a
nanoreactor for the synthesis of nanoparticles. The size and shape of the microemulsion
droplets are determined by the water to surfactant ratio, and are governed by factors
such as concentration of reactants (especially surfactant) and flexibility of the surfactant
film (Teja & Koh, 2009). The water in the microemulsions may be substituted with

other polar solvents; moreover microemulsions offer convenient templates for
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nanoparticle synthesis and a low cost synthetic process, (Margulis-Goshen & Magdassi,
2012). With this binary system, different structures can be formed ranging from
(inverted) spherical and cylindrical micelles to lamellar phases and continuous
microemulsions, which may coexist with predominantly oil or aqueous phases, (Wu, et
al., 2008). This method has also been used for the synthesis of bimetallic nanoparticles,
(Zhang & Chan, 2003), and quantum dots (Darbandi, et al., 2005). Chin & Yaacob,
(2007), reported the synthesis of magnetic iron oxide nanoparticles using the w/o
microemulsion method and Massart’s procedure. The particles produced by the
microemulsion method showed smaller particle sizes (less than 10 nm), higher in

saturation magnetization.

Recently Wongwailikhit et al, used the W/O microemulsion for the synthesis of Iron
(111) oxide, Fe,O3 using a standard solution of n-heptane as oil phase, and water and
sodium bis (2-ethylhexyl) sulfosuccinate as the surfactant. Iron (111) chloride was used
as a starting material and ammonium hydroxide as a precipitating agent. Particle sizes
were dependent on the water content, and increased with water content resulting in an

average particle size smaller than 100nm, ( Wongwailikhit & Horwongsakul, 2011).

Co-precipitation

The co-precipitation technique can be considered the most efficient and simple chemical
route for the synthesis of magnetic particles. Metal oxide particles (either Fe3O4 or
vFe,O3) can also be prepared by an aging stoichiometric mixture of the two metal ions
in an aqueous medium, (Laurent, et al., 2008). The chemical reaction of the preparation

of magnetite may be summarized as (McBain, et al., 2008)
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Fe?* +2Fe® +80H° ——>  Fe304+ 4H,0 (1)

Controlling the pH, ionic strength and particle size can be tunable to less than 15 nm
(Tartaj, et al., 2005), which is governed by Kkinetic factors, moreover complete
precipitation of Fe;O, is expected at a pH between 8 and 14. Magnetic oxides oxidize

when exposed to oxygen and hence should be avoided.
FesO4 + 2H" _— 'YFezo;g + F82+ +H,0 (2)

The size and shape of the iron oxide NPs depends on the type of salt used (such as
chlorides, sulfates, nitrates, perchlorates, etc.), the ferric and ferrous ions ratio, the
reaction temperature, the PH value, ionic strength of the media, and the other reaction
parameters (e.g. stirring rate, dropping speed of basic solution). Co-precipitation was
often employed, but this method presents low control of the particle shape, broad
distribution of sizes and particles tend to aggregate due to large surface to volume ratio
to reduce their surface energy (Kim, et al., 2001; Tartaj, et al., 2005; Wu , et al., 2008).
The suspension of nanoparticles can be stabilized by adding anionic surfactants as
dispersing agents (Lin, et al., 2005). Co-precipitation methods are commonly
inexpensive, have high product yields and particle surfaces are easily treated (Majewski

& Thierry, 2007).

The co-precipitation method was applied for the synthesis of iron oxide nanoparticles
for the removal of procion dye, yielding FesO4 with a mean diameter of 5-20 nm and
capable of removing 24.40% of the dye in 30 minutes (Hariani, et al., 2013).
Sequentially this method has been used for magnetic oxide preparations by Mascolo, et
al., (2013) resulting in supermagnetic nanoparticles and lower saturation magnetization
depending on the particle size (Kandpal, et al., 2014), obtaining 20-22nm particle sizes

respectively.
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Hydrothermal treatment

Hydrothermal synthesis is a process that is performed in aqueous media in reactors or
an autoclave, where the temperatures and pressure are elevated higher than 200 °C and
2000 psi respectively (Suchanek & Riman, 2006; Laurent, et al., 2008). The
temperature and pressure limits can spread beyond 1000°C and 500 MPa, (Roy, 1994).
The ionic product (Kw) has a maximum value of about 250-300 °C and hydrothermal
synthesis is generally carried out below 300 °C. Since water is the most used solvent for
this synthesis, its critical temperature and pressure of water are 374 °C and 22.1 MPa,
respectively. Under supercritical conditions solvent properties for many compounds,
such as dielectric constant and solubility, change intensely (Hayashi & Hakuta, 2010).
The technique requires that starting materials should be as pure, fine and homogeneous

as possible and have an accurately known composition (Somiya & Roy, 2000).

Hydrothermal synthesis performed at supercritical water gives a favourable reaction
field for particle formation, due to the enhancement of the reaction rate and large
supersaturation based on the nucleation theory, owing to the lowering of the solubility.
The reaction rate is improved more than 103 times than conventional hydrothermal
conditions because the dielectric constant is lowered to (<10) yielding high crystalline

products (Hakuta, et al., 2003).

A surfactant free, one-step hydrothermal process was used by Wang, et al., (2003)
synthesizing highly crystalline Fe;O4 nanopowders. The resultant nanoscale Fe;O4
powder (40 nm) obtained at 140 °C for 6 h possessed a saturation magnetization of 85.8
emug™, a little lower than that of the correspondent bulk FesO4 (92 emug™). Zheng, et
al., (2006), reported the preparation of 27nm Fe30,4 nanoparticles via a hydrothermal

route in the presence of a surfactant, sodium bis (2-ethylhexyl) sulfosuccinate and
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exhibited superparamagnetic behaviour at room temperature. A hydrothermal synthetic
route seems to be the optimal method for controlling the particle sizes and morphology

of iron oxide nanoparticles ( Wu, et al., 2008).

Sol-gel method

The sol-gel method can be described as the hydrolysis and condensation of metal
alkoxide precursors or alkoxides, leading to oxides dispersed in a sol (Teja & Koh,
2009). The sol is then dried or gelled. The particles agglomerate to clusters and
eventually form interconnected chains (Lam, et al., 2008). According to Hench & West,
(1990) three tactics can be used to make sol-gel monoliths: method 1; hydrolysis and
polycondensation of alkoxide or nitrate precursors followed by hypercritical drying of
gels; method 2; hydrolysis and polycondensation of alkoxide precursors followed by
aging and drying under ambient atmospheres; method 3; gelation of a solution of

colloidal powders.

The reaction usually takes place at room temperature, in water or organic solvents,
acidic and basic; with acidic and basic solutions forming a polymeric gel and colloidal
gel respectively (Coradin, et al., 2006; Lam, et al., 2008). The sol-gel process is
generally useful for the production of silica, glass, and ceramic materials because of its
ability to produce pure and homogenous products at mild conditions (Rahman &
Padavettan, 2012). Aerogels have been limited for use as insulating materials or wide
gap materials due to the chemical systems used for gel formation (Nahar & Arachchige,
2013). This method has been applied for the synthesis of metal oxides and nanosized

metals, heteroelement and fused bimetallic particles (Gubin, et al., 2005).
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The sol-gel method offers the possibility for obtaining pure amorphous phases,
monodispersity, and good control of the particle size. By tailoring experimental
conditions, materials with predetermined structures can be attained. Additionally the
microstructure and the homogeneity of the reaction products can be controlled, and
there is a possibility of embedding molecules, which maintain their stability and
properties within the sol-gel matrix (Raileanu, et al., 2005). This technique has been
used by several researchers. Li, et al., (2009) used the sol-gel technique for the
synthesis of superparamagnetic TiO,/Fe;O, composite whose photocatalytic activity
increased with increased TiO, content while decreasing the magnetization saturation. It
has also been used for the synthesis of graphene—titania composites (Liu, et al., 2013),
and novel magnetic photocatalyst by direct deposition of nanosized TiO, crystals onto a

magnetic core (Watson, et al., 2002; Gad-Allah, et al., 2008).

Table 2.4: Outlines the properties of different synthetic methods (Lu, et al., 2007).

Synthetic Synthesis Reaction Reaction Size Shape Yield Solvent
Method temp period distribution control
(O

Micro- complicated, 20-50 hours relatively good Low organic
emulsion ambient narrow compound

conditions
Co- simple, 20- 90 minutes  relatively not High water
precipitation  ambient narrow good

conditions
Hydrothermal simple, high 220 hours ca. very narrow very Medium water-
synthesis pressure days good ethanol
Sol-gel simple T <100 narrow Good High water
method ambient acids and

bases
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Factors affecting photocatalytic activity

The photocatalytic performance of the catalyst is influenced by several factors; extrinsic
and intrinsic. The intrinsic factors include crystal structure, crystallinity and the
morphology (Xia, et al., 2008) particle size, surface hydroxyls, and surface area (Tia, et
al., 2011; Behnajady, et al., 2008). The extrinsic parameters are temperature, light

intensity, n pH, reaction time, catalyst loading and initial concentration of pollutant.

Extrinsic parameters

Extrinsic factors are those that are not part of the reaction but are an external influence

towards the reaction by either improving or decreasing the end result.

Temperature

To enhance the photocatalytic activity of TiO, catalyst, usually heat treatment is a useful
method (Yu, et al., 2006). Yu, et al., (2000) revealed that photocatalytic activity
increased after thermal treatment due to the increase in oxygen adsorbed on the catalyst
surface. Additionally Sato, et al., (1984) made a similar observation suggesting that
improved photocatalytic activity was obtained after calcination due to release of lattice
oxygen from TiO,, Heat treatment of TiO, catalyst facilitates the transformation of

amorphous TiO; into a more photoactive crystalline phase.

However caution needs to be taken as very high temperatures and prolonged heat

treatment times may lead to a decrease in the catalyst’s surface area (due to sintering

58



and crystal growth) and loss of hydroxyl groups; consequently leading to a decrease in
photocatalytic activity. Moreover the decrease in the activity may also be ascribed to the
interaction of the magnetic core and titanium dioxide coating, leading to a decrease in
the magnetic properties of the prepared photocatalyst (Beydoun & Amal, 2002; Watson,

et al., 2002).

Reaction temperature is also an important process parameter, usually photocatalytic
systems are operated at room temperature (Gogate & Pandit, 2004). In the range of 20—
80°C, usually weak dependence of the degradation rates on temperature has been
observed (Herney-Ramirez, et al., 2010; Andreozzi, et al., 1999). According to Casbeer,
et al., (2012) temperature alters the crystal structure of the photocatalyst, therefore the
surface defects are changed, which decreases the reaction of the recombination of
electron/hole pairs, eventually improving photocatalytic activity. However, heating
above 80°C requires cooling as this may reduce the rate of reaction leading to the
decrease in the adsorption of pollutant on the catalyst surface, ( Herrmann, 1999). The
degradation of azo-dye acid black 1 between a temperature range 30-75°C was
investigated by Sum, et al., (2005). Their findings showed enhanced total organic
carbon removal in the first 30 minutes of the reaction was attributed to the increase of
the collision frequency of molecules on the surface of the catalyst under the range of the

studied temperature.

Initial concentration

The most critical factor governing photodegradation of organic pollutants is the
formation of hydroxyl radicals on the catalyst’s surface and their interaction with the
dye. High initial concentration of dyes show low degradation efficiency and hence
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dilutions are necessary (Gogate & Pandit, 2004). In highly concentrated effluents an
increased number of dye molecules are adsorbed on the catalyst surface, covering most
active sites. Additionally, concentrated dye solution decreases the path length of photon
entering the pollutant solution (Mills, et al., 1993). The light is absorbed by the
pollutant, shielding it from reaching the catalyst and reducing the formation of hydroxyl

radicals leading to decreased photocatalytic activity (Harraz, et al., 2014).

The solar photocatalytic degradation of acid brown 14 using ZnO and TiO, was reported
by Sakthivel, et al., (2003). The degradation reaction was carried out varying initial
concentration (2x10*to 6x10* mol I'Y). The rate of degradation increases with the
increase in the concentration. However increase in concentration exceeding the

optimum concentration (5x10—4 mol 1'% led to a noticeable decrease in the rate of dye.

Similarly (Harraz, et al., 2014), examined the effect of initial concentration of MB from
100 to 250 ppm with a constant catalyst loading 0.165 g/L at pH 9 for 40 min irradiation
time. With increasing initial concentration more dye molecules were adsorbed on the
catalyst surface covering all active sites thus a further increase lead to a decrease in the
photodegradation. Rashid, et al., (2015), conveyed complete mineralization of 25 mg/L
2-chlorophenol (2-CP) within 130 min while 97.2 % degradation of 50 mg/L 2-CP

could be achieved after three hours (Rashid, et al., 2015).

The concentration of dye molecules is affected by the available catalyst active sites and
thus the concentration of dye should increase with increasing catalyst loading for

optimal results.
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Catalyst Loading

Catalyst loading plays a major role in photocatalytic degradation as it is the absorbent of
the dye molecules. The increase in catalyst loading increases the surface area, thus
increasing active sites and formation of hydroxyl radicals responsible for the
degradation (Harraz, et al., 2014). However when catalyst loading exceeds the optimal
value it becomes detrimental to the photodegradation reaction. The catalyst particles
tend to aggregate, decreasing the surface area, and increasing light scattering (Toor , et
al., 2005) causing difficulty in light penetration through the solution. Increased catalyst
concentration decreases photo absorption which sequentially reduces the dye adsorption

onto the catalyst surface thus reducing the reaction rates (Epling & Lin, 2002).

The photocatalytic degradation of methylene blue using titanium oxide (TiO;) was
reported by Madhu, et al., (2009). The effect of photocatalyst loading was investigated
between 0.025 to 0.15wt. % at pH 7 and 27°C under atmospheric pressure conditions.
The degradation rate increased from 0.025% to 0.1wt. % catalyst loading, and decreased
when the catalyst was increased thereafter, showing that loading above optimal loading

negatively affects the photodegradation performance.

Light source

The light source used for the degradation of the organic pollutants is essential as it
determines performance of the catalyst used. The threshold wavelength corresponds to
the band gap energy for the semiconductor catalyst; e.g. for the TiO, catalyst having a

band gap energy of 3.02 eV, thus the ideal wavelength is at 400 nm (Gogate & Pandit,
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2004) i.e. UV light region. Sunlight and visible light has also been used as an effective

light source as reported by, Muruganandham, et al., (2006); Epling & Lin, (2002).

The degradation of sulforhodamine-B in aqueous TiO, dispersions was investigated
under three lighting regimes: UV light, visible and sunlight. The results revealed that
UV and sunlight showed better degradation efficiency compared to visible light (Fang ,

et al., 2007).

pH

The pH of the dye solution also has an important effect on the photocatalytic
performance and the stability of the catalyst during the degradation process. pH effect is
typically dependent on the point charge of the semiconductor used in the degradation
reaction (electrostatic interaction of the catalyst with the pollutant) and on the type of
pollutant used in the study (Gogate & Pandit, 2004). According to Saien, et al., (2010)
titanium dioxide has an amphoteric character with a zero point charge pH of 6.25; its
surface is positively charged under acidic conditions and negatively charged under
alkaline conditions. The maximum oxidizing capacity of the titania is at lower pH
however the reaction rate is known to decrease at low pH due to excess H*. The
adsorption of the pollutant and photocatalytic performance is enhanced near the zPc of

the catalyst (Subramanian, et al., 2000).

The effect of pH is not only dependent on surface charge, but also on the generation of
hydroxyl free radicals. Piscopo, et al., (2001), studied the degradation of benzamide
(BA) and para-hydroxybenzoic acid (4-HBZ) using TiO, in a pH range of 3-11 and

chloride anions (range 0-0.8 mol /l). The degradation rate of 4-HBZ increased with
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decreasing pH, but BA was affected by the chloride anions concentration. It is evident
that different dyes have different activity in a photocatalytic reaction. Some can be
degraded at a high and others at a low pH. This phenomenon is dependent on the nature

of the pollutant being investigated (Akpan & Hameed, 2009).

Intrinsic parameters

Intrinsic factors are those that are not part of the reaction but are an internal influence on

the reaction by either improving or decreasing the end result.

Particle size and surface area

Various effects influence the particle size of as-synthesized catalyst. Nanotechnology
has been used to improve the surface area for enhanced photodegradation performance.
It has been thus assumed and proven that the smaller the particle size, the more the
surface area increases and thus more surface hydroxyls are available to degrade organic
pollutants. Xu, et al., (1999) conducted a study of the effect which particle size has on
photocatalytic performance during a degradation reaction. The results showed an
increased adsorption rate and adsorbability of methylene blue in a suspended aqueous
solution with decreased TiO; particle sizes, especially when the particle size is less than
30 nm. Multiple researchers have proven similar results (Gribb & Banfield, 1997, Shi,

et al., 2000).
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Surface morphology

Surface morphology also has a great influence on catalyst effectiveness. Crystalline
morphology has been reported to have enhanced photodegradation performance
compared to amorphous morphologies. Heat treatment has been used to transform

amorphous titania to crystalline titania, (Xuan, et al., 2009).
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Chapter 3: Materials and Methodologies

This chapter presents the materials, methods and schematic diagrams used of the

synthesis of Ag-Fe;04/SiO,/TiO, nanocomposite.

Materials

The chemicals were used as received without any further purification.

Table 3.5: Chemicals used and respective suppliers

Chemical Supplier Purity
Ethanol Sigma- Aldrich 99.9%
Ethylene glycol Sigma- Aldrich 99.8%, anhydrous
Titanium Isopropoxide Aldrich Chemical company 99.99%
Potassium nitrate Kimix 99%
Potassium hydroxide Sigma- Aldrich 99.9%
Iron (I1) sulphate heptahydrate Saarchem-Holpro Analytic 99.9%
Ammonia Sigma-Aldrich 99%
Tetraethyl orthosilicate Sigma Adrich 99.9%
Oleyalamine Aldrich Chemistry 70%
Silver nitrate Sigma- Aldrich 99%
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Methodologies

The synthetic methods used in the current study are presented below.

Synthesis of iron oxide nanoparticles

Iron oxide nanoparticles were synthesized using a method previously reported by
(Girginova, et al., 2010). An Fe(ll) solution was prepared by using 5g of FeSO,4.7H,0
and dissolved in 35ml of distilled water in a 50ml round bottom flask under nitrogen. In
a separate flask 0.4053g of KNO3 and 2.8075¢g of KOH were dissolved in 15ml water(
solution b) at 90°C in an oil bath . Solution b was added dropwise for 5 minutes into the
Fe(Il) under nitrogen yielding a black solution. The solution was maintained in the bath
at 90°C for an hour to ensure homogeneity of the solution, and was left overnight at the

same temperature.

After 15 hours the nanoparticles were separated magnetically and washed with 30ml

water six times

( ‘.\ .

FeS0,.7H,0 + H,0 (sol a) KNO3 + KOH + H:0 (50l b) sol a+sol b

Figure 3.7: Synthesis of Fe304
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Synthesis of silica coating (FesO4/SiO,) nanoparticles

Iron oxide nanoparticles were cooated with silica to create an insulating layer on the

surface in a similar fashion like that reported by (Girginova, et al., 2010).

Around 0.6g of the asynthesized particles were dispersed in 450ml ethanol and
sonicated in an icebath forl5 minutes. To the mixture 36ml ammonia and 1.2ml of
TEOS were added and the suspension allowed to sonicated for further 2hours in an ice

bath. The particles were collected, washed and dried.

i

Nanoparticles separated

Ammania +
TEOS

Mnps and
sthanol mixture magnetically

Figure 3.8: Synthesis of Fe304/SiO;

Synthesis of titanium dioxide iron oxide (Fe;0./SiO,/TiO,)

nanoparticles

The silica coated iron oxide nanoparticleswere coated with titanium dioxide which acts

as the photo- catalytic layer of the catalyst to aid the degradation of methylene blue.
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These particles were synthesized using a sol- gel techniques. About 0.3g of silica coated
iron oxide nanoparticles were disseminated in a solution 3ml of titanium (IV) butoxide
and 105ml ethanol and sonicated for 10 minutes.The mixture was stirred and to this 6ml
of water and ethanol solution (1:5 v/v) was added dropwise. The suspension was
allowed to stir for 2 hours at room temperature. The particles were collected and washed
several times with water and ethanol. The resulting particles were dried and calcined at
450°C at a rate of 8°C/ min for 2 hours under nitrogen in order to change the amorphous

titanium dioxide into a photoactive crystalline phase.

R
Particles collected and dried
Mnps dispersed
TBOT and thanol Addition of water and
mixure ethanal mixture

Figure 3.9: Synthesis of Fe304/SiO,/TiO,
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Synthesis of silver doped magnetite titanium dioxide (Ag-
Fe;04/Si0,/TiO,) nanoparticles

The Fe304/ SiO,/TiO, nanoparticles were doped with silver to increase the catalyst’s

photocatalyic activity.

In a round bottom flask, 0.2g of asynthesized nanoparticles were dispersed in 0.4ml
olylamine and 17ml of ethylene glycol and sonicated for half an hour. The suspension
was transferred into an autoclave, stirred and heated at 196°C for 24 hours. The
resulting particles were collected and washed with water and ethanol several times.

The particles were dried and calcined at 450°C for 2 hours.

Fe304/Si02/Ti0; in olylamine and Nanopaxﬁcle§
ethylene glycol Thermal treatment separated magnetically

196°C, 24 hours

S —.

Figure 3.10: Synthesis of Ag-Fe304/SiO,/TiO;
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Chapter 4: Characterization Technigques

This chapter shows the characterization of the as-synthesized nanocomposites. It represents
the results obtained from the following characterization techniques; Fourier- Transform
infrared spectroscopy, High- resolution transmission microscopy, scanning electron
microscopy, X-ray diffraction, Brauneur Emmett Teller analysis, thermogravimetric

analysis and differential scanning calorimetry and discusses the observations.

Fourier- Transform Infrared Spectroscopy

FT- IR is a technique used to analyse and identify unknown materials; it gives
information about the quality or consistency of a sample and the amount of components
in a mixture/ sample. This is done by passing infra-red radiation through a sample. The

sample absorbs some of the infrared radiation and some of it is transmitted.

The resulting spectrum represents the molecular absorption and transmission, creating a
molecular fingerprint characteristic of the sample of interest. This technique holds great

reliability because no two samples can have the same fingerprint.

Sample preparation

The samples were in powder form and did not require preparation. The samples were
dried completely and were ready to be run. The catalysts were characterized using the

Perkin Elmer Spectrum Two, at a scanning range of 400 -4000 cm™.
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Figure 4.11: FT-IR spectra of Fe;04and Fe304/SiO;
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Figure 4.12: FT-IR spectra of Fe304/SiO,/TiO, and Ag-Fe304/Si0,/TiO,
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The FT-IR spectra (fig 4.1) show the functional groups present in the as-synthesized
FesO,4 and Fe30,4/SiO, core- shell structure. In all curves in figure 4.1, the bands at
around 1620 and 3430 cm™* can be assigned to the H-O-H stretching modes and
bending vibration of the free or adsorbed water, respectively. The band at 547 cm™* the
Fe-O, is related to bending vibration, while it shifted towards 565 cm™ after the iron
oxide particles were coated with silica. After the iron oxide nanoparticles were coated
with silica, a band of Si—O-Si is observed at about 1004-1033 cm™ which is associated
with the motion of oxygen in the Si-O-Si antisymmetric stretch, due to the asymmetric
stretching bonds of Si-O-Si in SiO,. The band at 790 cm™" is assigned to the Si-O-Si
symmetric stretch, while the band at 451 cm™* corresponds to the Si-O-Si or O-Si-O

bending modes. The band at 578 cm ™ is for Si-O-Fe.

At 964cm™ there is a Si-O symmetric stretch. This peak disappeared after
immobilization of titanium dioxide on Fe304/SiO,. Figure 4.2 shows Fe-O shifted
towards higher wavenumbers after the titanium dioxide coating appearing at around 584
cm'and a Ti-O- Ti stretching vibrations at about 747- 766 cm™. The wide peak around
3342- 3500cm™ may be attributed to Ti-OH and Ti-O bonds, similar to that reported by
(Luntraru, et al., 2011). These results show that the surface modification of Fe304/SiO,
with TiO, was successful. The silver doped sample showed a stretching vibrations of
Ti-O-Ti around 583-718cm™. This alteration of bands shows the presence of the
magnetite titanium dioxide core- shell support on which the silver nanoparticles are

doped.
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High Resolution Scanning Electron Microscopy

The specimen is bombarded by a convergent electron beam to an energy range 0.1-30
keV (Radetic, 2011), which is scanned across the surface. This electron beam produces
several types of signals, which are emitted from the area of the specimen where the
electron beam is impinging. These signals are detected and the intensity of the signals
(one at a time) is amplified and used as the intensity of a pixel on an image when
presented as an image. The scanning electron microscope gives information about the
chemical composition, surface topography, crystal structure and properties on a local
scale of the sample being analysed (Borjesson, 2006). A scanning electron microscope
is usually coupled with energy dispersive spectroscopy (EDX) to analyse the elemental

composition of the sample of interest.

Sample Preparation for SEM

The sample was prepared as follows; because oxides are not conductive and have to be
prepared well to increase their conductivity. A carbon grid was pasted on a sample
stand; the samples were mounted on the grid, paying special attention to ensuring a
uniform layer. The samples were spin coated using gold/ palladium to reduce thermal
damage, prevent charge build-up on electrical insulating samples, and increase the

secondary electron signal necessary for topographic examination (Gruber, 2013)

According to De Gree (2015), the gold/ palladium coating is attained through the use of
an electric field and argon gas. The electric field removes an electron from the argon,
giving off charged ions, which are attracted to negatively charged gold/palladium foil.

As they settle onto the gold/palladium, the argon ions expel gold/ palladium atoms,
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which fall onto the specimen, forming a thin conductive coating. Furthermore the
preparation also removes water from the species which would give unclear images when
present during the imaging. The analysis was done using a Zeiss Auriga field e mission
gun (FEG) SEM, operated at 5 keV. The EDX spectra were collected at 20keV using

a silicon solid-state drift detector.

The results obtained from SEM are presented from figure 4.3- 4.7 and are shown below.
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Figure 4.13: (a) Scanning electron micrograph and (b) EDX of Fe304
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Figure 4.14: (a) Scanning electron micrograph and (b) EDX of Fe304/SiO;

The micrographs shows cubic agglomerated iron oxide nanoparticles and this may be
due to the superparamagnetism of the nanoparticles. EDX analysis was performed to
determine the composition of the nanoparticles. The EDX spectrum shown in figure
4.3(a) represents the as- synthesized iron oxide particles consisting of Fe and O
elements, the carbon is from the carbon grid on which the sample is mounted and the

potassium was used in the starting chemicals.

Figure 4.4 presents the micrographs of Fe;O, after the coating process with silica (Gad-
Allah, et al., 2007). Figure 4.4 shows the nanoparticles were agglomerated even after
coating with silica, to preserve their magnetism. The roughness of the silica layer
indicates that the silica shell was successfully coated with the core iron oxide
nanoparticles. It is clear from the images that there is a clear difference between the iron

oxide core and the silica shell which appears as a halo lining on the interface of the shell
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which confirms the presence of the silica layer. This is also confirmed by the EDX

presented in figure 4.4(a).

1L i
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Figure 4.15: (a) Scanning electron micrograph and (b) EDX of calcined

Fe304/SiOZ/Ti02

Figure 4.5 shows the SEM image and EDX of Fe304/SiO,/TiO, core and shell
nanostructures. The calcined nanoparticles show less agglomeration than the uncalcined
samples. This can be explained as follows: during the heat treatment, the iron oxide core
may be partially oxidized by the titanium shell, hence decreasing the magnetic
properties of the core and hence the dispersion was observed (Watson, et al., 2002). The
particle size is increased slightly due to the multilayers on the magnetic core. Figure

4.5(a) confirms the successful coating with TiO,,
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Figure 4.16: (a) Scanning Electron Micrograph and (b) EDX of calcined

F6304/Si02/Ti02

Figure 4.6 shows the micrograph of uncalcined titanium dioxide coated iron oxide

nanoparticles. The particles are agglomerated which confirm that the core was

successively coated with SiO, and TiO,
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Figure 4.17: (a) Scanning Electron Micrograph and (b) EDX of Ag-Fe304/SiO,/TiO,
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Figure 4.7 presented the SEM image of Ag-Fe304/Si0O,/TiO, particles; it is clear that Ag
nanoparticles were formed on the surfaces of TiO,/SiO,/Fe3O4 and have spherical
morphologies. The particles also show coarse surfaces which could be attributed to the
silver coating. The EDX spectrum in figure 4.7a shows that the composition of the

obtained core- shell structure consisted of Fe, Si, Ti and Ag elements.

High Resolution Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a microscope used to directly image
nanomaterials to obtain their quantitative measures of particle and/or grain size, size
distribution, and morphology. TEM operates using a focused beam of electrons through
the sample of interest, producing an image of the transmission of these electrons. TEM
imaging has a significantly higher resolution (by a factor of about 1000) than light-

based imaging techniques; hence it is preferred for nano-sized structures.

Sample Preparation

All the samples were prepared in ethanol. An adequate volume of ethanol was used to
disperse the samples by sonicating them for five minutes or more to ensure the
dispersion of the nanoparticles in ethanol. Then drops of samples were drawn on a
carbon coated copper grid. The grids were put under a white light to evaporate the
ethanol from the sample, the samples were placed on a sample holder and analysed.
This analysis was done using FEI Technai G°20 Field Emission Gun (FEG)-TEM
operated at 200kV, coupled with Electron dispersive X-ray spectroscopy (EDAX SiLi

detector) for elemental analysis.
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The TEM images of the asynthesized nanocomposites are shown below
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Figure 4.18: TEM images, corresponding SAED and EDX of Fe30O4
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Figure 19: TEM images, corresponding SAED and EDX of Fe304/SiO;

The HRTEM images of Fe3O4 magnetic nanoparticles (Fig.4.8) were cubic shaped with
a size of about 56nm. The Fe3O, nanoparticles appear to be aggregated to minimize the
total surface energy (Wu, et al., 2008). The magnetite nanoparticles have two
advantages for the final composite particle product. The total magnetic force exerted by

the particles in a magnetic field is strong due to the simultaneous magnetization of the
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many smaller particles. This phenomenon allows for substantial magnetic moment,
resulting in quick separation even after loading with SiO, and TiO,. The EDX shows
that both iron and oxygen are present in the nanoparticles confirming that the magnetite
nanoparticles were successfully obtained. The copper is from the grid used to hold the

sample.

The TEM image of silica-coated iron oxide nanoparticles (Fig. 4.9) shows that the iron
oxide core appears clearly darker than the silica shell which may be attributed to the fact
that the iron oxide core has a much higher density than the silica shell. The images show
that the Fe3O4 nanoparticles were fully encapsulated within the SiO, shell. The mean
size of Fe304/SiO; core-shell nanoparticles were roughly 66nm. The silica shell is 11nm
thick. The Fe304/SiO, core-shell nanoparticles were cubic in shape. This could be
owing to the dispersing status of magnetic nanoparticles related to their surface charge
density which led to the formation of Fe3O4/SiO, core- shell nanoparticles of a number
of morphologies and structures (Rao, et al., 2005). The EDX also shows the presence of
silica in the as-synthesized nanoparticles which confirmed the Fe;04/SiO, core-shell

structure.
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Figure 4.20: TEM images, corresponding SAED and EDX of Fe304/SiO,/TiO,
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Figure 4.21: TEM images, corresponding SAED and EDX of Ag-Fe304/SiO,/TiO,

The Fe304/ SiO, /TiO; (fig.4.10) were calcined at 450°C for two hours. It is obvious that
the TiO, shell possesses a rough consistency after heat treatment due to the
crystallization of the amorphous TiO; shell and the coalescence of small particles to big

particles (Song & Gao, 2007. It is also evident from the HRTEM images that the core-
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shell structure was obtained. The particles had a size of around 74nm, almost the same
size as that obtained by (Pang, et al., 2012) which could mean the titanium dioxide layer

was approximately 17nm.

Figure 4.11 shows inhomogeneity of the core- shell morphology of Ag-FesO4/ SiO,
ITiO2 and varying size distribution of the silver particles on the surface of the magnetite
titanium dioxide core-shell structure. There are a large number of silver particles with
an average diameter of approximately 61nm which are doped on the crystalline titanium
dioxide shell. The as-synthesized silver nanoparticles have similar particle size as
reported by Pastoriza-Santos, et al., (2000) and smaller particle size than that reported

by (Vamathevan , et al., 2002; Hermann, et al., 1988) 125nm and 400nm respectively.

The selected area electron diffraction (SAED) patterns of Fe3O4 NPs displayed in figure
4.8(c) confirm a typical magnetite crystalline structure (Ge, et al., 2009). Figure 4.10(c)
clearly shows a ring diffraction pattern characteristic of anatase TiO,. The first four
rings of the diffraction pattern of figure 4.10 correspond to (101), (004), (200), and
(105) indices, starting from the centre ring (Linley, et al., 2013). Theses indices are

discussed further in XRD.
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X-ray Diffraction

X-ray diffraction was used to determine the phase structure of the samples such as the
crystallinity of the catalyst, measure their size and their average spacing layers/ rows of
atoms. The diffractogram was recorded in the low-angle incident mode to increase
sensitivity to the surface. The analysis was performed using a BRUKER AXS
(Germany), D8 Advance diffractometer. The measuring parameters were set to 40kV,

30mA with a rate of 2°/ min and ran at the 26 range (10- 80°).

200

Intensity (a.u)

20 40 60 80 100
2theta (degrees)

Figure 4.22: XRD patterns of (a) iron oxide, (b) Fe304/SiO,, (c) Fe304/SiO,/TiO, and

(d) Ag-Fe;04/SiO/TiO,
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The iron oxide and silica coated nanoparticles show diffraction peaks at 30.1°, 35.5°,
43.14°, 53.35°, 57.03°, 62.63° and 78.9°. The results show the main phases of magnetic

core are pure magnetite with cubic spinel structure.

The silica coated nanoparticles have a bit of a decrease in the width of the peaks and
this could be attributed to the coating layer. The coating of the SiO, layer does not
change the structure of Fe3O4 (Fig. 4.12b). However there are no relevant peaks of SiO,
detected in the XRD patterns, which could indicate that SiO, form a very thin
membrane on the surface of magnetite particles but doesn’t show coalescence from

larger crystals (Chen , et al., 2001).

Fig 4.12(c) show a great shift in the diffraction peaks due to the titanium dioxide
coating on the magnetite nanoparticles. The diffractogram still maintains the peaks due
to the iron oxide but the intensity of the Fe;O, peak dramatically diminishes compared
with that of pure Fe3O,, and shifted more to higher 26 than that observed in (a). The
peaks around 25.3°, 37.87°, 48.12° 55.05°, 68.93°, 70.20° correspond to anatase TiO; as

previously reported by Pang, et al., (2012); Shi, et al., (2012).

Figure 4.12(d) shows the silver doped magnetite titania nanoparticles, the peaks
corresponding to anatase titanium dioxide are found in the material with additional
peaks due to the silver doping. The peak at 32.42° was attributed to brookite phase
titanium dioxide. The patterns displayed on figure 4.12(d) show Ag peak at 38" which
corresponds to the 111 indices which overlaps with the 004 peak of anatase phase
titanium dioxide (Liang, et al., 2011). The overlapping of the diffraction peaks of silver
with that of anatase titanium dioxide and the intensity of the peaks has decreased to a
certain extent, and confirms that the silver particles have been doped successfully on the

titanium dioxide shell, (Sobana, et al., 2006). All the peaks are indexed with a face
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centred cubic (fcc) single crystal, which indicates that the products were Ag, with good

purity, which can be referenced to Ag powder from JCPDS 04-0783.

The diffractogram shows no other diffraction patterns characteristic of the silver
nanoparticles because they are expected to be below the visibility limit of the X-ray
diffraction instrument. The crystallite size was determined from the diffraction peak

broadening using the following equation:
D= KJ/ fcos

Where: A is the wavelength, 0 is the Bragg’s angle, B is the full-width at half maximum

Table 4.6: XRD patterns of as-synthesized photocatalysts, indices and d- spacing
values.

Sample Peaks Indices d-spacing (nm)
Fes04 30.4° 220 2.94
35.6° 311, 2.52
43.2° 400 2.09
53.8° 422 1.70
57.2° 511 1.61
62.9° 400 1.48
Fe304/SiO; 15-20° 5.91-4.40
Fe304/Si0,/TiO, 254° 101 3.51
37.8° 004 2.38
48.1° 200 1.89
54.1° 105 1.69
55.2° 211 1.66
68.8° 116 1.36
70.3° 220 1.34
Ag-Fe304/SiO,/TIO, | 38.2° 111 2.37
44 .4° 200 2.04
64.5° 220 1.45
72.27° 311 1.31
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Brauneur Emmett Teller Analysis

BET studies the adhesion of gas atoms and molecules on the surface of a material to
measure its surface and porosity. This analysis is carried out by exposing the materials
to gas and the amount adsorbed depends on the surface exposed, temperature, gas
pressure and strength. The data obtained gives information about the pore size
distribution, density, pore volume of the solids and their surface areas (Tan , et al.,
2012). Nitrogen gas is usually used for this analysis due to its strong interaction with
most solids and its availability. The measurement is established from the gas physically
adsorbed on the sample surface. The volume of gas is defined by Langmuir isotherms

assuming a monolayer of gas molecules on the surface.

qKp

Ul | 7R 1LY

where a is the amount of gas adsorbed in 1 g of sample (mol/g), p is partial pressure of
the gas, q is the amount of active centres in 1 g of sample (mol/g), and K is equilibrium

coefficient of adsorption.

However for samples where gas molecules are adsorbed in more than one layer, the

BET isotherm is applicable:

P 1 po€=D
p0  amC amC'’

Where p, is tension of saturated vapour at particular temperature, C is the constant
including adsorption and condensation heat and a, is the amount of gas adsorbed in 1g

of sample in a monolayer (mol/g).
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The surface area of the solid is assessed from the capacity of the measured monolayer
capacity and the cross-sectional area of the molecule being used as a probe. The surface

area is determined by the following equation:

Asp= NA - am - o,

Where Ay, is the specific surface area, Na is the Avogadro constant, and ¢ is the area of

the sample covered by one molecule of the adsorbing gas ( Sirc, et al., 2012).

The determined values of the specific surface area are dependent on the adsorbing gas
used; lower values are obtained with larger molecules. Adsorption studies use either
nitrogen or argon gas (Thommes, 2010). The solid surface is usually cooled to maintain
strong interaction between the gaseous and solid phases. A known amount of nitrogen
gas is released slowly into the sample cell, while maintaining relative pressures less

than atmospheric pressure by controlling conditions of the partial vacuum.

Sample Preparation

The sample preparation in BET is one of the important steps. All the samples must be
degassed prior to analysis to obtain meaningful results. Degassing of solids is essential
to reach a distinct intermediate state to remove volatile molecules physisorbed and also

by alteration on the samples due to ageing and surface changes (Sing, 2001).
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N, adsorption-desorption isotherms
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Figure 4.23: Nitrogen adsorption-desorption isotherms and corresponding pore size

distributions of (a) FesO4 (b) Fes04/SiO, () FesO4/SiOx/TiO, (d) Ag-Fes04/SiOx/TiO,
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Figure 4.13 shows the adsorption—desorption isotherm of all synthesized photocatalysts.
The isotherms of Fe;0, and Fe;04/SiO;, nanoparticles were the type Il patterns which
correspond to a monolayer formation with distinct H3 hysteresis loops. The
Fe304/Si0,/TiO, sample and the silver doped titania photocatalyst gave type IV
isotherms, which explains the formation of a monolayer followed by a multilayer with
H2 and H4 hysteresis loops associated with the presence of micropores and mesopores
according to the IUPAC classification. The bimodal pores allow for rapid diffusion of
reactants and products during the photocatalytic process which will in turn increase the
photocatalytic reaction (Liu, et al., 2011). The pore size distributions were determined
by the Barrett-Joyner-Halenda (BJH) method from the adsorption branch of the
isotherm. The average pore width of Fe;O, and Fe30./SiO, nanoparticles were found to
be 2.54nm and 2.49 nm respectively. After the coating with titanium dioxide the
average pore width increased to 2.72nm. The Ag-Fes;04/SiO,/TiO, particles have an
average pore size of 2.249nm. The increase of pore size/ volume correspondingly
enhances dye absorption quantity and ultraviolet absorption area, which can

successfully improve the photocatalytic efficiency.

Table 4.7: BET surface area of the as-synthesized phototocatalysts

Photocatalyst Surface area (m?/g)
FesO, 9.82

Fe304/SiO; 11.92
Fes04/SiO,/TiO, 48.02
Ag-Fe;04/Si0./TiO, 14.54
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The BET specific surface area of Fe;O4 and Fe;0,4/SiO, nanoparticles were found to be
9.82m?%/g and 11.97m?/g respectively. It is observed that the surface area decreased after
the titanium dioxide catalyst was doped with silver. The decrease in the surface area of
Ag-Fe;04/Si0y/TiO, particles may be due to the blocking of fine capillaries of the

parent TiO, surface by metal film islands (Sakthivel, et al., 2004).

Thermogravimetric Analysis and Differential Scanning

Calorimetry

Thermogravimetric Analysis (TGA)

TGA measures the magnitude and rate of change in the weight of a sample as a function
of time or temperature in a fixed atmosphere and heat rate usually under synthetic air or

nitrogen.

Differential Scanning Calorimetry (DSC)

DSC is the measurement of the change in the heat flow rate to the sample and to a
reference sample whilst subjected to a controlled temperature program (Ho6hne, et al.,
2013). The measurement of heat not only includes integral heat of reaction or transition
but also the determination of partial heat developed at a selected temperature interval.
These values are important for kinetic evaluations, determination of crystallinity and

purity of the sample of study.
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The samples were evaluated as powder and no further preparation was needed.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of the
samples was carried out using a Perkin Elmer Simultaneous Thermal Analyzer (STA
600) by heating the sample from 50 to 600 °C with the heating rate of 10 °C/min in the

flow of compressed air (19.8 mL/min).

—n—TGAFe 0,
—8—=D5CFe O,
100_ L LI v L] v T T L] v T d L]
4 - 20
95 -
90 - L10 =
—
85 4 -
= 1 -0 =
= 804 =
er J =
a (=]
= 151 =10 —
| =]
70 - E
] L 20 =
65 -
60 —— T 30
0 100 200 300 400 500 600
Sample temperature (°C)

Figure 4.24: TGA and DSC graphs of Fe304
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Figure 4.26: TGA and DSC graphs of Ag-Fez04/SiO,/TiO,
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The total weight loss in the whole temperature range presented in figure 4.14 and 4.16 is
7.1%, 12.3 % for Fe;04 and Ag-Fe304/SiO,/TiO, respectively. There are three regions
of weight loss; the first stage is from room temperature to 150 °C of weight loss upon
heating which is due to the physisorbed water on the iron oxide. The second stage
occurs approximately from 150 500 °C and is due to the removal of strongly bound
water or surface hydroxyl groups from the catalyst. The third stage mass loss is less
than 0.5% and is from 500 to 750 °C. Apart from the observed loss of water due to
heating no other thermal degradation was observed, confirming phase and chemical
purity of the obtained nanoparticles (Jadhav & Patil, 2014). Thus it is clear that amounts
of adsorbed water or surface hydroxyl groups are much higher in Fe3O, and

Fe304/Si0,/TiO, than Ag-Fe;04/Si0,/TiO, ( Nagaveni, et al., 2004).

The DSC graphs for all three catalysts showed similar profiles; however the Ag-
Fe304/Si0,/TiO, nanocomposite showed very slow dehydroxylation and crystallization
processes showing a broad peak at a slightly higher temperature. This is an indication
that silver slows down the phase transformation and shifts phase transformation
temperature to high temperature ( Nagaveni, et al., 2004). Diffuse reflectance spectrum
of the TiO, sample shows an absorption edge at approximately 403 nm, which is
generally ascribed to charge-transfer from the valence band (mainly formed by 2p
orbitals of the oxide anions) to the conduction band (mainly formed by 3d, t2g orbitals

of the Ti*" cations).
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Chapter 5: Results and Discussions

This chapter evaluates the catalytic performance of the as- synthesized nanocomposites’ in
comparison to that of commercial titanium dioxide powder for the degradation of MB under

and in the absence of UV irradiation. It also represents and discusses the results obtained.

Photodegradation Studies

The prepared samples were weighed and added into 40 mL of methylene blue solutions
(1x 10 * M standard solution). The mixed solutions were illuminated under a UV lamp
in the photochemical reactor (with characteristic wavelength at 365 nm). During
experiments 0.2ml samples were taken at different time intervals (5; 10; 15; 30; 60 and
120 min) and diluted with 1.8ml of water to make 2ml solutions. Then, the time-
dependent absorbance changes of the solution were measured at the wavelength

between 400 and 800 nm (using a Wirsam Scientific, GBC 920 UV-Vis Spectrometer).

The as-synthesized catalyst was tested for its photocatalytic activity on methylene blue
dye. A standard solution of methylene blue (40ml of 1x 10 M) and 0.01g catalyst was

used for the photodegradation studies for evaluation using a ultra-violet spectrometer.

The concentration of dye was determined using the initial calibration curve which was
recorded after spectrophotometric measurement of methylene blue solution absorbance
for dye standard concentration(1x 10 2 M, 5x 10 * M, 2.5x 10 *M, 1.25x 10 *M ) at
the specific wavelength corresponding to the maximum absorption of dye. The

photodegradation process is illustrated below:
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Figure 5.27: Photodegradation process of MB

Figure 5.28: Reaction setup
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The pictures presented in figure 5.1 and 5.2 show the setup used for the degradation of

MB; where the solution was exposed to UV light and samples drawn at different time

intervals.

Figure 5.29: Separation method with external magnet

The picture presented above shows the separation method of the catalyst from water.
The picture in a shows the catalyst suspended in water, b) shows 15s after a magnet was
placed on the flask to recover the catalyst and c) 30seconds after the exposure to the
external magnet. This confirms how easy the as-synthesized nanocomposite can be

separated from a reaction.
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Figure 5.30: MB samples drawn after 5 min, 10 min, 15 min, 30 min, 60min and

120min from left to right respectively.

Ultraviolet spectra
The samples drawn from the reaction mixture were analysed using UV-Vis

spectrometer in the range 400- 800nm. The absorbance of each sample solution was

considered as a measure of the amount of MB concentration.
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Figure 5.31: UV spectra of the photodegradation process over time using (a) blank, (b)
Fes304, (C) Fes04/SiO/TIO, (d) Ag-Fes04/SiOL/TiO;, (e), Commercial TiO,, (f) Com

TiO, (no UV irradiation) and (g) Fe304/SiO,/TiO, (no UV irradiation)
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Figure 5.32: UV spectra of the photodegradation process over time using

Commercial TiO, (Degussa P25 titanium dioxide), which is known to be the best
photocatalyst commercially available, was used as a reference to qualitatively assess the
photocatalytic performance of the as-synthesized samples. Figure 5.5 shows the
degradation of methylene under UV light in the presence of Fe304, Fe304/SiO,/TiO;,
and Ag-Fe304/SiO./TiO, and in the absence of a catalyst. A rapid decrease in the
absorption of methylene blue was observed at 664nm. The degradation rate is fast at the

beginning of the reaction and then became slow. A sharp decrease of the major
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absorption band within 30 min indicates that this sample exhibits excellent

photocatalytic activity for the degradation of MB.

In the absence of a catalyst the degradation rate shows the same phenomenon however
the degradation of the dye maintains the same rate even after 30min, suggesting the
addition of catalysts increases the degradation of MB. The photocatalytic activity of Ag-
coated Fe304/TiO; nanoparticles is much higher than that of Degussa P25 titania, Fe3O4
and the Fe304/TiO, nanoparticles. The deposition of metallic Ag nanoparticles on the
surface of the Fe;O4/TiO, nanocomposites increases the photocatalytic activity, which
indicates that the Ag-TiO, heterojunction can improve electron-charge separation

efficiency.

In order to investigate the efficiencies of mineralization for MB in these three catalysts,
photocatalytic performance was also measured during the reaction. The figures above
show degradation efficiencies of dye waste water after 2hrs. From these results, it is
noteworthy that the Ag-coated Fe3O4/SiO,/TiO, microspheres are the strongest at

mineralizing MB among the catalysts.
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Figure 5.33: Degradation percentage of MB dye over time
The degradation was calculated using the formula

Co—-Cf

%degradation= x 100

Where C, is the initial concentration

Cs is the final concentration

The maximum MB degradation efficiency for the Ag coated Fe3O4/TiO, nanoparticles
is about 81%, and complete disappearance of colour in 15min and good activity of
silver doped titanium dioxide catalyst have been reported by (Sung-Suh, et al., 2004;
Sobana, et al., 2006. The Fe304 and Fe304/SiO,/TiO, reached 92% and 77.8% in 60 and

30 minutes respectively. This proved that the titanium dioxide shell improved the
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photocatalytic performance of Fe3O,4 nanoparticles. The commercial TiO; catalyst under
UV irradiation showed 85.5% degradation of MB dye after 60min, which is less than
that achieved by Fe;O4. The Fe304/SiO,/TiO, catalyst and commercial TiO, in the
absence of UV irradiation, only achieved 49.6 and 14.3% degradation of MB after two
hours showing that the use of UV light also enhances the photodegradability of MB dye.
It is also evident that the as-synthesized catalyst had better photocatalytic activity than

commercial TiO, and this has also been reported (Gao,et al., 2003; Shi, et al., 2012).
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Chapter 6: Conclusions, future work and

recommendations

Conclusion

A silver doped magnetite titanium dioxide nanocomposite was successfully synthesized
using sol-gel and hydrothermal techniques. The as-synthesized catalysts were characteri
zed using FTIR, SEM, TEM, XRD, BET, TGA, and UV. The TEM measurements show
ed cubic shaped particles and spherical shaped Ag particles whose average size were 66
nm, 74nm and 61nm for Fe30,4, Fe304/SiO,/TiO, and Ag-Fez04/SiO,/TiO,. The syntheti
¢ techniques which were used were fast and give uniform distribution of crystallites of F

e304/Si0,/TiO, confirmed by XRD studies.

The catalysts were evaluated for their photocatalytic performance for the degradation of
a standard methylene blue solution. The as-synthesized catalysts showed good degradati
on activities compared to commercial P25 TiO,. Their performance showed degradation
efficiency in the order Ag-Fe304/SiO,/TiO,> Fe304/SiO,/TiO, > Fes04> Degussa P25 T
i0,. Silver nanoparticles on the TiO2 surface behave as sites for electron accumulation;
increasing the electron-whole separation (reducing recombination reactions). This prom
otes efficient channelling of charge carriers into useful reduction and oxidation reaction

s enhancing photocatalytic activity.

Furthermore the nanocomposite maintained good magnetic properties and could be sepa
rated easily from reaction mixture making use of an external magnet. The photocatalysts
was recovered without any or negligible mass loss. The results of the present work and

the referenced literature show that photocatalytic treatment of textile industry waste-wat
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er is a promising tool for the decolourization and possible demineralisation of coloured

wastewaters.

Future work and recommendations

The future work is to investigate the reusability and application of the catalyst for other
dyes under varied reaction conditions such as MB solution concentration, catalyst
loading. Silver deposition on the TiO, layer is suggested to decrease the bandgap of
TiOthus enhancing the photocatalytic performance of the nanocomposite. The bandgap
studies of the nanocomposite and varying the Fe304/SiO./TiO, and Ag ratios. The
catalysts synthesized in the study can also be evaluated for photocatalytic activity using

visible light instead of ultra-violet irradiation.
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