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Abstract

High surface area materials were synthesized in order to support titanium dioxide (TiO;) photo-
catalysts with the aim of enhancing the overall photo-catalytic properties of the catalyst.
Mesoporous silica dioxide (SBA-15), multi-walled carbon nanotubes (CNTS), and silica dioxide
coated multi-walled carbon nanotubes (SBA-CNTSs) were prepared using a sol-gel method with
structure directing agents (surfactants) to ensure mesoporosity and maximize the available
surface area. A loading of 10 wt. % TiO, was chosen to study the effects of the supports, SBA-
15, CNTs and 30 wt. % SBA-CNT composite respectively. Physical and chemical properties of
the materials were evaluated with Transmission electron microscope (TEM); high resolution
electron microscope (HRTEM); scanning electron microscope (SEM); powder x-ray diffraction
(XRD); thermo-gravimetric analysis (TGA); Nitrogen (N;) sorption; Raman spectroscopy; UV-

Vis Diffuse reflectance spectroscopy; Fluorescence spectroscopy; and UV-Vis spectroscopy.

Photo-catalytic properties of the materials were tested using a 10 mg L™ methylene blue (MB)
dye solution. The best photo-catalytically performing material (10 wt. % TiO,/SBA-CNT) was
identified and regarded as an optimum catalyst composite for further studies to be conducted.
The effect of TiO, loading (5 and 20 wt. % TiO, on SBA-CNT composite) was studied, and the
physical-chemical properties of the catalyst were further evaluated and tested on MB de-
colorization experiments. The activity of the most efficient catalyst in the MB test was further
evaluated on the degradation of 2-chloro-4-methylphenoxyacetic acid (MCPA) herbicide, a
known real-world refractory organic pollutant. High performance liquid chromatography
(HPLC) with a DAD detector was employed for the quantitative analysis of the herbicide
degradation.

The study of different substrates showed that the efficiency of the photo-catalyst was highly
influenced by the pollutant structure as opposed to the physical-chemical properties of the

catalyst system.



Additionally, these studies showed that composites of TiO, with electron trapping species such
as CNTs reduce one of the core problems associated with TiO, semiconductor which is electron
— hole recombination rate. Plus the composite offer the advantage of using the catalyst under
visible light energy and the catalyst can be employed to degrade organic pollutants in solution
medium.

Keywords:

Titanium Dioxide, ordered mesoporous silica, carbon nanotube, carbon nanotube metal oxide

nanocomposites, photo-catalysis, methylene blue, MCPA.
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Chapter 1
Introduction

Clean water and sanitation are a basic need and fundamental right (United Nations Resolution
64/292) for all human kind [1]. The World Health Organization (WHO)/UNICEF Joint
Monitoring Programme defined basic sanitation as “the lowest cost technology ensuring hygienic
excreta and sewage disposal, a clean and healthy living environment both at home and in the
neighbourhood of all users” [2]. The definition points to the significance of safe, accessible and
sustainable waters. It has been reported, statistically, that the world population is expected to
reach up to 9.3 billion in the next three centuries, with the global consumption of water doubling
every 20 years, which is more than twice the rate of human population growth [1, 3].
Furthermore, the Solar Disinfection of Drinking Water (SODISWATER) project reported that
globally a billion people lack access to safe water while 2.6 billion people have no access to
basic sanitation [4]. These numbers are expected to grow rapidly over the coming years as a

result of population growth, pollution and persistent water contamination.

1.1 Background

Water contamination is mainly attributed to anthropogenic activities either through
industrialization, commercial endeavours, or from domestic activities [5]. Industrial wastewater
effluents such as dyes, pharmaceuticals, oils plus various hydrocarbons, and metals are amongst
the largest contributors to aquatic body contamination. Agricultural pesticides can and often do
find their way into surface, ground, and drinking waters over time, especially after their use for
agricultural purposes [6, 7]. The variety of pollutants, the different levels of toxicity and
persistence can present risk to the health of the ecosystem and humans in general [8]. As such,
degrading them into less toxic or completely mineralized products is crucial. Various methods
have been proposed and studied as means of de-polluting water bodies, such as, adsorption,
membrane filtration, ion exchange, and chemical coagulation amongst others. However, these

methods have limitations.



For instance adsorption and coagulation methods simply transform the target pollutants into
different phases that are still not completely destroyed [9], while sedimentation, filtration, and
chemical treatment methods operate at high costs and are likely to generate toxic secondary
pollutants [10]. These drawbacks require additional treatment and increases cost in recycling
water. On the other hand the most common and widely used disinfection process, chlorination, is

reported to produce by-products that are mutagenic and carcinogenic [11-13].

A promising route that can be low cost with less negative effects is nanotechnology in the form
of Heterogeneous Photo-catalytic Oxidation (HPO). This method has gained favor over the other
methods because of its ability to destroy a wide range of pollutants over time. The technology
involves use of a hydrophilic semiconductor such as nano titanium dioxide (TiO,) as the catalyst,
UV light and/or visible light as the energy source and an oxidizing agent such as oxygen or air
[8, 14]. HPO becomes even more affordable and advantageous when sunlight is used as the
source of irradiation. Figure 1.1 illustrates the basic principle in photo-catalytic oxidation

reactions in an aqueous solution.
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Figure 1.1  Schematic diagram of TiO, nanoparticle photo-catalyst.

The principle is believed to be that a semiconductor (TiO,) surface is excited by light irradiation

through photons (hv) that are equal or higher in energy than the catalyst band gap energy (AE).



The excitation promotes an electron from the valence band to the conduction band, and then
generates an electron-hole pair which undertakes either one or both the photo-oxidation or photo-
reduction route. These routes may undergo a series of reactions before eventually producing
hydroxyl radicals and oxidative holes, which are species important in photo-induced reactions
[10, 15]. This route effectively degrades persistent organic pollutants while producing more

biologically degradable and less toxic by-products such as CO, and H,0 [8, 16].

It is important to note that there are several other heterogeneous photo-catalyst semiconductors
such as Zn0O,, ZnS, WQOg3, and SrTiO3 to name a few [17], although TiO; has received much
research attention as a photo-catalyst semiconductor. The interesting physical and chemical
properties of TiO, afford it to be tailored during synthesis at a molecular level and thus enhance
its photo-catalytic efficiency, especially under visible light irradiation. The possibilities of using
green chemistry principles to fabricate an effective TiO, catalyst make it even more interesting to
study. In this study the fabrication, modification effects and use of a visible region active TiO,
nano-catalyst semiconductor photo-catalyst is investigated. This is to degrade and mineralize
methylene blue as the model dye for industrial effluents and 4-chloro-2-methylphenoxy acetic
acid (MCPA) herbicide as a refractory pollutant generated from the agricultural industry.
Selective herbicide MCPA is commonly used for control of annual perennial weeds in cereal,

grassland and turf throughout the year worldwide.

1.2 Problem Statement

Water scarcity and pollution are global concerns that call for innovative methods for the
preservation and de-pollution of water resources. Main causes of water pollution are attributed to
commercial and industrial activities, which release wastewaters that may contain dyestuffs,
agricultural pesticides or other types of organic or inorganic pollutants. These pollutants can find
their way to surface, ground, or drinking waters over time. Organic pollutants are of growing
concern because there are hundreds of new chemicals being produced on a regular basis for
various commercial reasons (emerging organic pollutants), or can be persistent within the

environment.



1.3 Aims and Objectives

The aim of this project was to develop inexpensive nanomaterials which would effectively
degrade toxic dyestuffs (methylene blue) and pesticides such as MCPA through heterogeneous
photo-catalysis using modified anatase titanium dioxide (TiO,) photo-catalyst, that can operate in

the visible region of the spectrum.

To achieve the aim, the objectives were carried out as follows:

1. Synthesize and modify supporting frameworks for titania nano-particles.

2. Synthesize mesoporous anatase phase TiO, catalysts using sol-gel chemistry.

3. Synthesize nano-composites of TiO, particles on different supports (multi-walled carbo
nanotubs (MWCNTSs), ordered mesoporous silica (SBA-15) and SBA-15 coated
MWCNTS).

4. Characterize the synthesized materials and investigate their physical and chemical
properties.

5. Evaluate the activity of the photo-catalysts on the degradation of the organic pollutants of
interest (methylene blue and MCPA).

1.4 Research Approach

Sol-gel methods assisted by surfactants were used to prepare mesoporous TiO,, supports and
TiO, composites. Physical and chemical properties of the materials were studied before
conducting photo-catalytic tests. This study will focus on the characteristics of the supports and
the catalyst materials prepared by the sol-gel methods. The photo-catalytic experiments were
employed to understand the influence of the physical and chemical properties of materials during

heterogeneous oxidation catalysis.



1.5 Research Scope

The work within the thesis focuses on material preparation, characterization and modifications.
Materials will only be prepared through the sol-gel methods. Photo-catalytic studies will evaluate
the degradation efficiency of the various catalysts before and after irradiation with visible light.
The operating parameters such as pH, catalyst concentration and pollutant concentration will be

optimized during the degradation of the organic pesticide.
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Chapter 2
Literature Review

2.1 General Introduction to Titanium Dioxide

Titanium Dioxide (TiOy) is amongst the most widely studied metal oxides, it t is a simple, well
characterized and inexpensive semiconductor [1]. It has intriguing properties that make it an
ideal photo-catalyst. It is a very chemically stable material which can generate highly oxidizing
(photo-generated) holes. This relatively high surface area semiconductor, with a band gap of 3.0
— 3.4 eV, can be considered nontoxic and is widely available, since its parent metal, titanium (Ti)
is the world’s fourth most abundant metal and the ninth most abundant element [2]. Ti is found

in almost all rocks and sediments; it is also present in plants, natural waters and animals [3].

Titanium ore refers to a natural or industrial resource that can be used as raw (feedstock) material
to produce titanium dioxide or titanium metal. The most common ores for TiO, production are
mined from nature as ilmenite, rutile, anatase, titanomagnetite and leucoxene [4, 3]. Rutile and
ilmenite are the most economic minerals for TiO,, with ilmenite contributing about 91% of the
world’s use of titanium minerals. It is interesting to note that only 5% of the mined minerals

contribute to metal production, while 95% contributes to titanium dioxide (TiO) pigment [5].

South Africa (SA) is reported to be the second largest producer of titanium containing minerals
in the globe after Australia. Countries such as Sri Lanka, USA and India also contribute to the
production of more than half of the world’s titanium from ilmenite and rutile [5]. The South
African Richards Bay Mine (RBM) employs the dredge mining operation to extract and separate
TiO, minerals. Approximately 95% of the TiO, mineral concentrates are sold from SA to the
international markets [5, 3]. Further processes following either the sulphate or the chloride
process would be considered to produce the TiO, pigments, or alternatively the Kroll process to
produce the titanium metal [3, 6, 7].



Ti metals are widely used in the chemical, petrochemical and the heat exchanger industries.
Commercially, Ti metal is used in tennis rackets, electronics, jewelry, and as an artificial hip in
the medical sector [3]. Whereas TiO; has found use in various industries such as, the food
industry where TiO; is used as a food coloring agent [8], and the textile industry where TiO, is
used to dye synthetic fibers. In the pharmaceutical sectors, TiO, is used as a block for UV
radiation in sunscreens, and it is also used as a pigment for various pills and syrups [9]. Several
cosmetic and personnel care products such as ointments, toothpaste, shampoos, lipsticks, hair
dyes and lotions amongst others, contain TiO,. TiO, is also used as a pigmentation agent for

paper and printing inks because of its whitening properties and opacifying ability [0].

Current research developments on TiO, include the development of nano-structured titanium
dioxide materials. These materials are developed for applications in energy, cancer treatment,
self-cleaning surfaces and clothes, environmental remediation studies, water treatment and
catalysis. TiO, nano-particles are the most studied materials in photo-catalytic studies because
the particles can break down organic compounds and destroys various water microorganisms
[11-13].

2.1.1  Crystalline Structure of Titanium Dioxide

TiO, exists in different crystalline forms, the common forms are rutile (band gap 3.0 eV) and
anatase (band gap 3.2 eV). Anatase is the most stable form, and can be transformed to rutile by
heating to temperatures above 600 ‘C [14]. Most studies have shown that brookite, a third
thermodynamically stable crystalline form of TiO,, is the least common and studied form [15,
16, 2, 17-19, 12]. In all TiO, crystals, the basic building block consists of a titanium atom
clustered by six oxygen atoms (TiOg) in a distorted octahedral configuration. The stacking of the
octahedral building blocks results in a three-fold coordinated oxygen atoms. The distinctive
feature in these crystals is the modes of arrangement and links of the TiOg octahedra [20, 4].
Figure 2.1 illustrates the three major crystalline forms of TiO; resulting from the TiOg octahedra
arrangement. The most employed and photoactive commercial TiO, is Degussa P25, it
constitutes approximately 25% rutile and 75% anatase. P25 has been employed a lot in photo-

catalytic studies and it has been suggested as reference material for such studies [15].
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Figure 2.1  TiOg octahedra arrangement in anatase (a), brookite (b) and rutile (c) [4].

The different phases of titania can be differentiated through characterization techniques such as
powder X-ray diffraction (XRD) and/or Raman spectroscopy. For instance, with XRD,
characteristic peaks of the phases of titania are well known and can be found within readily
accessible databases, such as the Joint Committee on Powder Diffraction Standards (JCPDS),
International Center for Diffraction Data. Anatase titania is identified by an intense diffraction
peak at approximately 20 = 26°, rutile phase gives off sharp diffractions at 20 = 28 and 55° and
brookite diffracts intensely at 20 = 25°. JCPDS cards 21-1272, 21-1276 and 03-0380 are
available for anatase, rutile and brookite respectively. Raman spectroscopy complements XRD
through vibration modes which are typical for characteristic phase of metals. The experimental
section (Chapter 3, section 3.7) will give more information on the instruments and descriptions
for their use. Industrially, TiO, powders are common, however, current research and

development is focused on nano-structural designs, properties and preparation methods.

2.2 Morphology and Synthetic Approaches to Nanostructured Titanium

Dioxide

TiO, nanostructures can be prepared in the form of powder [21], thin films [22], or crystals.
Powder and thin film forms can be built up from crystallites in the nanometer (10° m) to
micrometer (10° m) range. Nanosized crystallites usually form agglomerated particles.
Nanostructure shapes are not limited to nanoparticles but also includes nanofibres, nanotubes,

nanocombs, nanorings, nanosprings, nanobelts, nanosheets and nanorods [23].
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Various synthestic routes exist amongst the gas phase route and the solution route. The gas phase
route includes techniques such as the chemical vapor deposition (CVD), physical vapor
deposition (PVD) and spray pyrolysis deposition (SPD). In the solution route, methods such as
(co-) precipitation, solvothermal, electrochemical synthesis and the sol-gel methods are common
[2]. The solution methods, especially sol gel, are more advantageous because they offer control
over stoichiometry, produces homogeneous material, and allow for formation of complex shapes

and composite materials unsupported or supported on various substrates [2, 17, 24].

Ward and Ko [25] highlighted the potential advantages of the sol-gel method which are (i) the
ability to control structure and composition at a molecular level, (ii) the ability to introduce
several components in a single step, (iii) the ability to impose kinetic constraints on a system and
thereby stabilize metastable phases, and (iv) the ability to fine tune the activation behaviour of a
sample and thereby trace the genesis of active species. To date many other reviews are evident to
contribute to the sol-gel chemistry on different materials [26]. The sol-gel methods afford the
synthesis of mesoporous TiO, nano-particles, fibers and tubes. Two types of routes are common,
the non alkoxide and the alkoxide route. The non alkoxide route employs inorganic salts and the
alkoxide route employs metal oxides as starting material. Generally sol-gel chemistry involves
two key steps, first is the formation of a gel or sol as a result of slightly hydrolyzed species or
precipitation. The gel structure forms into a three dimensional polymeric network. Second is the
condensation of the precursor (metal alkoxide), a phase whereby the gel undergoes phase change
that will give the material its properties [27-30]. At this stage a lot of sol parameters play a
crucial role, parameters such as type of precursor used, type of solvent; water content, acid or

base content; precursor concentration, temperature, and ageing period.

To gain control on the material properties (pore size, pore geometry, wall thickness, porosity,
thermal stability, and crystal size) the hydrolysis and condensation phases need to be separated
[29, 31-33, 30]. Several approaches have been adopted and include modifying the alkoxide with
complex coordination ligands that hydrolyze slower than the alkoxide ligand [27]. Base catalysis
can also be used to separate the hydrolysis and condensation steps in sol-gel chemistry. Base

catalysis is thought to promote condensation and ultimately forms amorphous material.
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Meanwhile, acid catalysis promote hydrolysis and eventually form crystalline materials from
fully hydrolyzed precursor [2]. Recently Debecker and co-workers [34] reviewed the non-
hydrolytic sol-gel (NHSG) routes for the preparation of mixed mesoporous oxide catalyst. Their
scope revolved on the processes based on the reaction of chloride precursors with ether or
alkoxide oxygen donors. The NHSG route affords the synthesis of mesoporous materials without
the use of structure directing agents and supercritical drying conditions, as a result the route is
unable to produce ordered arrays of pores. It becomes important then to employ additives in
order make structured porous TiO,, which could also improve porosity, order, physical and

chemical properties of the material.

2.2.1  Templates for Mesoporous TiO, Fabrication

Recently advances have been made in synthesizing ordered mesoporous TiO; crystals with high
surface area through coupling the sol-gel and templating synthetic methods. Templates are
structure directing agents which can be surfactants, polymers or inorganic particles. They can be
eliminated after use via thermal treatment, washing, or chemical treatment. Synthesis of
mesoporous TiO, with different mesostructures, and the resultant differing physical and chemical
properties have been explored through the use of different structure directing agents, precursors
and synthetic chemistry (Table 2.1). lonic, neutral and block copolymers have been successfully
used as templates to direct the formation of titanium dioxide mesopores.
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Table 2.1  Synthesis reagents, post treatment and material properties of mesoporous TiO,.

Ti precursor Template Surface area Method for template Ref.
(m?g™) removal
Titanium isopropoxide Tetradecyl- 150 - 200 Calcination and solvent [35]
(TIP) phosphate extraction
Ti(OPr'),; Ti(OEt),; P123 333-383 Boiling ethanol under reflux  [36]
Ti(OBU"),
Tetrabutyl titanate (TBT) Urea-alcohol 224 - 276 Distilled H,O (3 days); oven  [37]
dry at 100 ° C.
TIP P123 N/A Oxygen and Argon plasma  [38]
etching technique
Tetra (i-propyl) Alkylamine 170 - 215 Washed with i-propanol; [39]
orthotitanate calcination

Early studies on mesoporous titanium dioxide include work by Peres-Durand et al. [40], where a
gel was prepared by dissolving TIP into a solution of decane/TX35/H,0 or H,0,. The surfactant
in this composition was Triton-X35 and the gel was aged for three months before washing and
drying. Antonelli D M [41] reported what was proposed to be the first non-phosphated
mesoporous titanium dioxide through use of ligand-assisted templating, and dodecylamine as the
structure directing agent. The results of their work led to an ordered but amorphous material.
This report followed an earlier report from same authors on a ligand assisted strategy which
brought about limitations since that earlier procedure could only work for surfactants with

phosphate head groups.

Micellar surfactant, alkylamine, were employed by Koshitani et al. [39] to fabricate anatase
titania nanocrystals. Mesoporous titania spheres were synthesized from the use of triblock
copolymer surfactants P123 and F127 with titanium (IV) isopropoxide [42, 43]. Calleja et al.
[36] studied the effect of solvent system, type of precursor, precursor: surfactant ratio with an
anionic surfactant P123 system to synthesis and study the physical chemical properties of
ordered mesoporous TiO,. Cetyl trimethylammonium bromide (CTAB) has been employed
successfully to fabricate mesoporous titanium structure with good physical and chemical
properties [44]. Song et al. [45] also employed CTAB to direct the pore geometry of titania based
materials. Structure directing agents such as hydroxypropyl cellulose (HPC) and diblock

copolymer PEO-b-PS have also been reported to yield ordered mesoporous titania [46, 47].
13



One of the most significant applications of mesoporous TiO; are in photo-catalysis, and include
its use as a photo-catalyst for cancer treatments [48], self-sterilizing, self and air cleaning [49,
13], cosmetics [50] and environmental (water and air) purification [51-53, 17, 19]. Of the various
applications, the most active field of TiO, photo-catalyst is in the degradation of organic
compounds in waters [19, 2, 15]. Effective organic pollutant degradation in water can be
achieved by the use of a TiO, photo-catalyst, a light source, and an oxidizing agent (air or
oxygen). The desired end products of the process should be biologically degradable and
substances with less toxicity than the parent material, ideal degradation products should be H,0O
and CO, [52].

2.3 Principle of TiO, in Heterogeneous Photo-catalysis

Heterogeneous photo-catalytic oxidation includes the transfer of reactants (pollutants) in the
aqueous media onto the surface of the catalyst. The reactants get adsorbed on the catalyst surface
and various reactions take place, then desorption of the final product and finally removal of the
final products in the aqueous media [1]. An idealized scheme that summarizes the mechanism of

degradation on the surface of TiO, is presented in Figure 2.2.
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Figure 2. 2  Schematic diagram illustrating the photo and chemical activities that take place on
the surface of TiO; in an aqueous solution in the presence of an organic pollutant

and light irradiation.

When photons of higher or equal energy than the band gap are incident on the photo-catalyst
surface, they are absorbed. This causes electrons in the valence band to be excited and promoted
to the conduction band (cb) [54].

Catalyst + hy — e'p + h'yp (2.1)

Migration of electrons causes vacant holes in the valence band (vb), the holes are highly
oxidative, once they reach the surface of the particle. At the surface, oxidizing agents (hydroxyl
radicals and superoxide anions) are also generated. Often, h*,, reacts with surface bound water
(H20) to produce hydroxyl radicals (OH), whereas e, are responsible for the production of

superoxide radical anion of oxygen from the reaction with O..

h*yp+ H,O — OH + H' (2.2)

15



eert O2— O (2.3)

The above reactions (2.2 and 2.3) delay the rate of recombination of the &'y, and h*y, which are
produced in reaction (2.1). The generated species (OH and O,*") can react with any pollutant that

may be present to form other species and to eventually degrade the pollutants to various

products.
‘OH + pollutant = Oxidation products (2.4)
O,*" + pollutant = Reduction products (2.5)

It is important to note that water molecules and dissolved oxygen aid in the generation of the
highly reactive hydroxyl radicals [1]. In a nutshell, the excited electrons and hydroxyl radicals
can be used to drive the degradation of harmful organic compounds (photo-catalytic reactions)
[15, 2, 55]. Possibilities of undesired side reactions do exist, for instance, recombination of the
electron-hole may occur and give off the adsorbed energy as heat. In such cases, the adsorbed
species does not react, thus degradation of organic pollutants cannot be achieved.

2.4 Operational Factors that Influence Photo-catalytic Efficiency of TiO,

Photo-catalytic degradation is influenced by various operational parameters. The parameters are
discussed in the subsequent section. Their importance suggests that preliminary experiments
should be conducted in order to find optimal conditions for each parameter during the

degradation of pollutants of interest.

24.1  Catalyst makeup

The photo-catalytic activity of TiO; is dependent on the physical and chemical properties of the
catalyst. Properties of particular significance include crystal composition, surface area, surface
defects, particle size distribution, porosity, the energy of the band-gap, and surface hydroxyl
density. In heterogeneous catalysis particle size is critical to consider since it is related to the

efficiency of catalyst through its definition of specific surface area [52].
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Often the difference in photo-catalytic activity is related to the variation of the specific surface
area, degree of structural defects in the crystalline framework, impurities, or density of hydroxyl

groups on the catalyst surface [56].

2.4.2  Light intensity and wavelength

Light intensity (Wm) facilitates the initial rate of electron-hole formation, the initiator step in
photo-catalytic reactions and it determines the extent of light absorbed by the catalyst at a
particular wavelength [52]. Futjishima et al. [19] investigated the effect of low light intensity on
the decomposition of organic pollutants and postulated that TiO, photo-catalysis depends on the
energy of the incident photons rather than on their light intensity. However, in water treatment, a
high light intensity is required to sufficiently provide the surface of the nano-particle active site
with the necessary photon energy [11]. Kaneco et al. [57] observed a rapid increase of

degradation efficiency of bisphenol A when light intensity was increased.

Light wavelength affects the photo-catalytic reaction rate, depending on the catalyst type
(crystallinity). The crystal structure, physical and chemical composition of the material
influences the band gap energy of the catalyst; hence different kinds will require different
wavelengths of light. For instance, Degussa P25 TiO; is sufficiently photo activated by a light
with a wavelength of A < 380 nm because it is made of anatase and rutile crystal phases in a
(80:20) ratio. Though, the rutile TiO, with band gap energy of 3.02 eV would be sufficiently
photo activated by light with a wavelength of up to 411 nm [55, 11]. Figure 2.3 demonstrates the
common TiO, phases and the wavelengths required to initiate excitation.
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Figure 2.3  Schematic presentation of wavelength energies required to activate different TiO,

surfaces.

2.4.3  Catalyst loading

In a heterogeneous regime the photo-catalytic reaction rate is directly proportional to the mass of
catalyst present within the system of interest [54]. Initially photo-catalytic degradation increases
with an increase in the amount of catalyst, but then decreases at higher mass values of catalyst.
This is because of light scattering and screening effects. At higher catalyst loadings the tendency
of particles to agglomerate is increased, thus a decrease in the catalyst surface area that is
exposed to light absorption. Excess particle concentration compromises light penetration into
solution. Therefore optimum catalyst loading must be determined to avoid wasting catalyst and

inhibition of photon absorption [54, 11].

244 pH

The pH of a solution plays a crucial role in photo-catalytic degradation of organic contaminants,
since organics exhibit different properties in waters. Organic pollutants exhibit in H,O varying
properties which include hydrophobicity, speciation behaviour and solubility in water. The pH of
a solution becomes significant in photo-catalytic degradation as it dictates the surface charge of
catalyst, agglomeration size of catalyst particles, and the electrostatic interactions between the
catalysts surface and the pollutant of interest [52].

18



The point of zero charge (PZC) has been employed to study the effect of pH on TiO, catalyst
during photo-catalytic reactions. PZC refers to the pH at which a surface has a net neutral charge.
Under acidic (pH < PZC) or alkaline (pH > PZC) condition the surface of titania can be
protonated or deprotonated respectively according to the following reactions [54, 1, 11]:

TiOH + H" — TiOH," (2.6)
TiOH + OH — TiO™ + H,0 (2.7)

In acidic medium (pH < 6.9) the titania surface will remain positively charged and negatively
charged in alkaline medium (pH > 6.9). Depending on the pollutant charge, adsorption
Coulombic attraction or repulsion can be favoured. For instance, if the pH of solution is lower
than the PZC of catalyst, the surface of the catalyst tends to be positively charged and can cause

enhanced absorption of a pollutant (e.g. 4-chlrorphenol) onto the surface [53, 58].

2.4.5 Nature and concentration of organic pollutants

Photo-catalytic degradation rate is dependent on pollutant concentration and constituent [4, 1].
When similar parameters are maintained with varied pollutant concentration it becomes
necessary to vary the irradiation period in order to archive mineralization. Very high
concentrations of pollutants are said to saturate the TiO, surface and deactivate the catalyst
surface by reducing photon efficiency or producing species that can poisen the surface. As the
concentration of pollutant increases, more pollutant molecules get absorbed on the catalyst
surface, and if the pollutant absorbs in the UV-Vis range that corresponds to the photo-catalysts
band-gap energy, decrease the penetration of light onto the surface. Since the intensity of light
and irradiation periods are constant, photo-catalytic activity tends to decrease at higher pollutant
concentration [59]. Additionally, highly concentrated pollutants can produce intermediates which
may adsorb on the catalyst surface and cause catalyst deactivation as they may diffuse slowly
from the catalyst surface [11]. The best degradation condition is highly dependent on the kind of
pollutant [59].
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The corresponding nature and substituent on the target pollutant also influences the degradation
efficiency under certain concentrations. For instance, pollutants with electron withdrawing
groups are most susceptible to direct oxidation than those with electron donating groups [11, 4,
60].

2.5 Challenges of TiO, Nanoparticles in Heterogeneous Photo-catalytic

Oxidation

TiO, sold as Degussa P25 catalyst is employed as a commercial catalyst throughout the world for
various applications including photo-catalytic oxidation, though its efficiency is limited to
certain extents. TiO; limitations lie in its low quantum efficiency and the wide band gap. The low
quantum efficiency limitation is that the catalyst requires to be activated with light having
wavelengths < 380 nm, which is a comparatively small portion of the electromagnetic spectrum
that reaches the earth’s surface. While the wide band gap leads to fast recombination rates of the
electron-hole pairs. Most studies indicate that fast electron-hole recombination rates are the key

drawbacks to photo-catalytic efficiency of titania catalyst systems [2, 17, 12, 61, 62].

Various aspects relating to a reduced performance have been related to the physical and chemical
properties of the materials as well as morphological traits and parameters involved during the
photo-catalytic tests. Surface properties play a crucial role in photo-activity of a catalyst since
the reaction proceeds through surface interaction between the catalyst and the substrate [21].
Literature shows that improvement of photo-catalytic activity can be achieved by using porous
TiO, nano-materials [63, 29, 64]; doping with heteroatoms [65-67] or noble metals [68, 69];
introducing organic or inorganic supports that immobilize and improve the dispersion of the
catalyst [70-72]; modifying with transition metal ions [73-75]; coupling with small band gap
semiconductors [75-77]; and modifying the morphology of the catalyst [78-80, 21].

Kako et al. [81] found that undoped TiO, in the rutile crystal phase was sensitive to visible light

and had higher photo-catalytic activity when the surface area was increased. They attributed their

findings to be a result of the Ti** located at the interstitial sites of their material.
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Kumareshan et al. [73] reported that doping TiO, with the metal ions Zr**, La** and Ce*,
allowed for incorporation of metals into the lattice and some metal binding to the surface of
TiO,. While, transition metal oxides, such as , were reported by Palanisamy et al. [82] to
incorporate the metal ions into the interstitial sites in the photo-catalyst. In both cases, the lattice
incorporation and interstitial substitution resulted in visible light adsorption by the doped TiO,
[82, 73, 83, 74]. The morphology of a semiconductor photo-catalyst seems to play a crucial role

in enhancing photo-catalytic activity of TiO; for different applications of interest.

Supporting the powder catalyst on other solid supports can enhance the physical and chemical
properties of TiO, and it allows for catalyst recycling. It is worth mentioning that the use of the
powder form is most common (at bench scale) since dispersing the catalyst in the contaminated
solution increases the surface area and allows for better recovery after treatment [85, 54]. Studies
are being conducted to modify existing or prepare and develop new materials that can be used
under sunlight energy and lead to enhanced photo-degradation by overcoming the current
limitations posed by TiO,. Of interest to us are powder samples with high specific surface area,
nanosized particles and ordered pores that have been proposed to offer better adsorption of the

reactant molecules and to reduce recombination rate.

2.6 Modification/Support of TiO,with Mesoporous Nano-materials

2.6.1  Mesoporous Material Classes and Synthetic Approaches

Porous materials are classified into different groups according to the pore size. IUPAC classifies
the pores as macroporous (>50 nm), microporous (<2 nm), and mesoporous (2 — 50 nm) [86].
The first reported ordered mesoporous material was MCM-41, which was a mesoporous form of
silica, with hexagonal molecular sieves [87]. Since the discovery of MCM-41, ordered
mesoporous materials have stirred a lot of interest because of their desirable traits, such as high
surface area, tunable pore geometries, narrow pore size distributions and large pore volumes
[87].
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The two common silica based synthetic approaches for the formation of mesoporous material are

presented in Figure 2.4.
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Figure 2. 4  Schematic presentation of mesoporous material formation from use of surfactants

and precursors in the sol-gel chemistry [88].

Approach A describes the use of preformed materials with the desired structure, or
supramolecular templates (micelle assemblies or liquid crystal forming templates) that have
formed and stabilised in the solution. This is followed by the addition of the precursor (e.g.
tetraethylorthosilicate) into the reaction medium, and finally the synchronized formation of the
meso-structured hybrid network that deposits around the template. Replication of the inorganic
species occurs at the accessible sites built by supramolecular or self-assembled templates. The
replication process creates a meso-structured material. Approach B depicts an in-situ cooperative
assembly of the surfactant and the precursor to yield organized meso-structured hybrid networks
which upon removal of surfactant will result in the mesoporous material.Of utmost importance in
route B is the delicate balance between two competitive processes, the phase

organization/separation of the template and the inorganic polymerization phase [88].
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Once the mesostructured hybrid is formed, the template can be removed through thermal or

chemical treatment, including other methods that were presented in Table 2.1.

Applications of ordered mesoporous materials are well established in the electronics [89],
medicinal [90], biotechnology [91], chemical, environmental [92], optics [93] and energy fields
[94]. Their pore geometry, chemical inertness, and high surface area allow them to be used as
supports, electrode materials, catalysts, and adsorbents depending on their properties [84, 95, 96,
29, 21, 63, 97-100]. Different synthesis approaches have yielded mesoporous materials with
different properties. Zhao et al. [101] synthesized mesoporous silica dioxide (SiO;), denoted
SBA-15 for the acronym Santa Barbara Acids, with pore diameters ranging from 5 — 30 nm.
Coleman and co-workers reported on the synthesis of SBA-15 from use of micellar solutions and
liquid crystal phase and found that the order of the material was dependent on the surfactant
concentration when synthesizing from micellar solutions. Whereas synthesis from liquid crystals
replicated the morphology of the crystal phase [102]. The key differences between the first
reported mesoporous silica MCM41, and these latter materials SBA-15, were the tunable and
large pore sizes and thicker walls with SBA-15. As a result, SBA-15 has a much greater thermal
stability than MCM41, and can have a larger more accessible surface area than MCM41. Since
the physical-chemical properties of SBA-15 can be tailored via tuning the pore size and
geometry, various efforts have been made into tuning the structure and pore size of these
materials because of their properties which can be designed to suit various applications. They
exist in different sizes and geometries, with microscopic morphologies such as spheres,
helicoids, tops, fibers and thin films [63, 102, 103, 28, 101, 104].

Silica based materials are of great interest because of their flexibility and ease of controlling their
physical and chemical properties. However, amongst ordered mesoporous materials in general,
there are non-silicate materials with similar interesting physico-chemical properties and potential
applications in various areas such as catalysis, photo-catalysis, sensors, separation techniques,
smart coating, biomedical applications, electrochemical conversion systems, and other areas
within nanotechnology [105]. Such materials include metal oxides, oxophospates, siliconitrides,
polymers and carbon. However studies on kinetics and mechanisms of most ordered mesoporous

materials are done on silica.
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Additionally, synthesis methods of ordered mesoporous materials are based on the initial
templates and sol-gel methods used for silica based materials. Similarly, composites of ordered

mesoporous materials are often prepared from silica based methods.

2.6.2  TiO,/SBA-15 Nano-composites

The use of TiO, supported on SBA-15 shows enhanced properties for photo-catalytic studies.
Acosta et al. [106] prepared TiO,/SBA-15 composites containing 7 — 31% TiO, through sol-gel
chemistry. The composite properties where evaluated on the photo-degradation of methylene
blue (MB) and the study found that composites with 31% TiO, were more photo-catalytically
efficient than unsupported TiO, and commercial TiO,. The enhanced activity of the composite
was attributed to the highly crystalline TiO, with small crystallite sizes. Similarly, the study by
Lachheb et al. [107] found that increasing the content of TiO, on SBA-15 increased the photo-

activity of the composite in decomposing MB.

Busuioc et al. [70] used the acid catalyzed sol-gel method to deposit TiO, nano-particles into the
pores of SBA-15, the composite was employed to degrade rhodamine yellow (R6G) in aqueous
solution. The study found that composites with less TiO; loading had better activity. Naik et al.
[69] reported on a composite of TiO,-SBA-15 using a wet impregnation method, they noticed an
enhanced photo-catalytic activity when degrading methyl orange in visible light even at low
loadings. TiO,/SiO, composites have also been immobilized on glass substrate through the sol-
gel method, the composite material showed good degradation of methyl orange [108]. The study
of Shindo et al. [109] showed that depositing titanium nano-particles inside the pores of SBA-15
improved the photo-activity of the composites more than depositing the particles on the surface
of SBA-15. Efforts have been made by several authors in order to tune the physical and chemical
properties of titana-silica based composites during synthesis to make them suitable for various
applications [110-113]. Silica supported titania (TiO,-SiO;) or titania-silica mixed oxides fall
into the class of most studied catalyst for selective oxidation reactions [114, 110] and they have
been employed to understand the surface and nature of porous hybrids from a water thermo-
desorption perspective [115]. The growing interest on these composites has also led to doping
the TiO,/SBA-15 composite with several metals such as Cu, Pt and Ag [69, 116, 117].
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2.6.3  Multi-walled Carbon Nanotubes (MWCNT)

Carbon nanotubes (CNT) were first reported in 1991 by lijima [118], the tubes consisted of multi
layers of concentric graphite shells, and where named multi-walled carbon nanotubes
(MWCNT). Since then, synthesis, characterization, properties modification and application of
CNTs have received much attention. Single-walled carbon nanotubes (SWCNT) were reported
by lijima and co-workers two years after the discovery of MWCNT [119]. SWCNTSs are made up
of single layers of graphene sheets rolled into a cylindrical tube. CNTs also exist as double
walled carbon nanotubes (DWCNT), which have been shown to be very important for theoretical
and experimental researchers [120, 121]. Figure 2.5 depicts the main structures of CNTs, one

composed of a single and the other composed of multiple concentric cylinders of graphene.

Figure 2.5 Schematic illustration of single walled carbon nanotubes (a) and multi walled
carbon nanotubes (b) [122].

CNTs have a high surface area, high tensile strength and low density [123], and CNTs also have
good mechanical, electrical, vibrational and thermal properties [124-128]. Overney et al. [127]
showed that MWCNT have a very high structural rigidity and speculated their possible use in
composite materials with improved mechanical properties. To date a lot of literature has been
reported on the ease of synthesis and advantages of CNT nano-composites. Some of the CNT
applications are found in the chemical industry, were they are used as gas adsorbents, templates,
catalyst supports, composite reinforcements, chemical sensors, nano-pipes, rechargeable

batteries, automotive parts, thin-film electronics and large area coatings [128, 129].
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Recent advances on CNTs structures include CNT yarns and sheets which show promising
performance in super-capacitors, actuators, and light weight electromagnetic shields [129]. CNTs
are of interest in photo-catalysis because of their electronic properties, which are associated with
their 1D structure that facilitates the charge separation and transfer process [23]. The scope of
this study includes the use of MWCNTSs as they are an appropriate substrate for metal oxide
coatings. Their surface defects and atomic vacancies [130, 131] enable modification of their

surface, especially once they are functionalized [132].

Functionalizing MWCNTSs is important since the surface is highly resistant to chemical
modification and they are not be soluble in a majority of common solvents [126, 128, 123].
Surface groups on the outside walls of CNTSs serve as initiators for further chemistry on the tubes
[124]. A variety of oxidizing agents for MWCNTSs exist as illustrated by Satishkumar et al. [133]
who functionalized MWCNTSs structures with concentrated nitric acid, concentrated sulphuric
acid, aqua regia, HF-BF3, aqueous OsO,, and KMnO,4. Amongst the available oxidizing agents
that have been reported, nitric acid treatment is the most preferred because it does not cause a lot
of damage to the CNT structure, in contrast to nitric acid/sulphuric acid treatment [134, 131].
Nitric acid treatment introduces surface groups such as carboxylic groups, carbonyl and alcohol
to the outer walls and possibly inner walls of the CNTSs, and the tube ends also get modified and
can result in tube opening [126]. Another advantage with nitric acid treatment is it does not
introduce secondary impurities [135]. Acid treatment does purify CNT samples and allows for
scientists to improve, explore various applications and also find new applications for CNTSs since
the surface is enabled for further chemistry [124, 135, 136]. The great physical-chemical
properties of MWCNTs make them stand out as good supports for various catalysts, and more
notably TiOs.

2.6.4 TiO,/MWCNTSs Nano-composite
The use of MWCNTS coated with TiO, nano-particles to enhance photo-catalytic activity is well

established in literature. Chen et al. [137] coated MWCNTSs with TiO, nano-particles using the

sol-gel method and annealed the composite with an infrared lamp.
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They reported that the composite was much improved (homogeneity) by the polar group
interaction from both materials. TiO, sensitivity was enhanced by the presence of MWCNTSs of
lower content than those of high content. Yoneyama and Torimoto [138] conducted a study on
the significance of an adsorbent as support for TiO, and they showed that the support creates a
surface that is highly concentrated with pollutants (by adsorption) near the TiO, surface and
allows for faster degradation of more pollutants. The same mechanism can be said to be true for
MWCNTSs used as supports for the photo-catalyst. The authors also stated that the activity of the
adsorbent performance vary according to the pollutants to be degraded.

Da Dalt et al. [18] prepared TiO,-MWCNT composite via sol-gel and thermally treated the
materials at different temperature. They used the composite to degrade methyl orange and were
able to confirm heterojunctions in the composite. Fu et al. [71] also prepared TiO,-MWCNT
composites and degraded methyl orange. The enhanced photo-catalytic activity of the catalyst
was attributed to the increased ability of tubes to be dispersed in ethanol. Furthermore, the
authors confirmed the presence of heterojunctions (interface between two dissimilar crystalline
materials) in the composite, a view supporting the study of Da Dalt et al. [18]. These studies
mean that sol gel method yields good TiO,-CNT interactions which enhances their catalytic

properties.

Gao et al. [139] reported on individually wrapped MWCNTSs with uniform nano sized TiO,. The
sol-gel method was employed for synthesis and the composite could photo-electro catalytically
enhance the decomposition of methylene blue in aqueous solution. Yen et al. [140] discovered
that the photo-catalytic activity of the nano-composite was greatly affected by the morphology
and physico-chemical properties possessed. Whereas the properties were influenced by the
synthesis technique employed. In particular (to the study of Yen et al.) the samples prepared by
the sol-gel method were more efficient in the degradation of phenol and NOy than samples
prepared by hydrothermal treatment. Jitianu et al. [141] synthesized crystalline TiO, of anatase
phase using cetylmethylammonium bromide (CTAB), a cationic surfactant, and two separate
alkoxide precursors titania tetra-ethoxide and titanium tetra-isopropoxide. They observed that the
presence of CTAB slowed down the anatase crystallization rate and resulted in a disorder coating

of TiO; layer on the nanotubes.
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Depending on the kind of precursor used in the sol-gel method, MWCNTSs can be coated with
either thin film TiO, or with TiO, nano-particles as observed in Jitianu’s report [142].

The use of titanium tetra-ethoxide (Ti(OEt),) gave continuous thin film while use of titanium
tetra-isopropoxide (Ti(OPr'),) gave nano-particle coating [141]. Titanium tetra-chloride (TiCly)
in acid was used by Omidavar [132] to coat TiO, nano-particle on the modified surface of CNTs.
They reported that the coating was due to the formation of a bond between the incomplete
surface of TiO, and functionalized CNT surface. Sampaio et al. [22] used different TiO, sources
to prepare TiO,-CNT composites on a glass substrate using the doctor blade technique. The
composite degraded methylene blue effectively and they attributed the results to the creation of
an electronic interface interaction that existed in the composite. Hence leading to decreased band
gap energy of the composite. Improved photo-catalytic activity can also be attributed to the high
dispersion of semiconductor nano-particles on the CNT surface [143].

26,5 TiO,/SBA-15-MWCNTs Nano-composite

Work on the enhancement of TiO, properties on mesoporous silica coated MWCNTs composite
has not been reported for any study to the best of our knowledge. The TiO,/SBA-CNT composite
will be reported in this work for the first time. The photo-catalytic properties of the composite

will be explored on the degradation of selected organic pollutants found in water.

2.7 Photo-catalytic Degradation of Organic Pollutants

Heterogeneous photo-catalysts are effective for the degradation of pollutants in aqueous medium.
Recycling waste water as an attempt to meet the increasing demand for potable water has been
the central focus for many research groups all over the world. Waste water is not easily recycled
because of the various sources of contaminants [2]. Pollutants may exist as organic or inorganic
pollutants. With most being organics that are not easily biodegradable, or removed [60, 55, 12].
These pollutants can be found in dams and rivers that are key sources for potable water treatment

plants.
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Methylene blue (MB) [3,7-bis(dimethylamino)phenothiazi-5-ium chloride] is a cationic thiazine
organic dye with a chemical formulae of C16H1sN3SCI.3H,0 (Figure 2.6a). MB has dominant
absorption peak at approximately 665 nm. It is commonly employed in textile, cosmetic, food,
and pharmaceutical industries for use such as dyeing leather, cotton, wood, silk and printing
calico [106, 144]. In this thesis, MB will be studied as a model pollutant.

Pesticides are chemicals used as herbicides; insecticides; rodenticides; nematicides; plant growth
regulators that can control weeds, pests and diseases in crops; and as a health care option for
humans and animals (e.g. removal of ticks). They are categorized according to the pests they
control, categories are: herbicides, fungicides, insecticides and bactericides [145].

Pesticides are used to enhance crop/food production and reduce vector borne diseases [146].
However, at certain concentrations and periods of exposure they are highly toxic to humans.

4-Chloro-2-methylphenoxy acetic acid (Figure 2.6b) is a herbicide that is used worldwide under
the trade name MCPA. It belongs to a large group of commonly employed herbicide,
chlorophenoxyacetic acids. MCPA is a herbicide employed to control annual perennial weeds in
cereal, grassland and turf. It is absorbed by leaves, roots and stem tissues. It is reported to have a
pKa value of 3.07 with a solubility of 273.9 mg L™ at pH 7 in water [147]. MCPA can leach
from the soils, and release its free acids, salts and esters as the active ingredients. Although
MCPA can be metabolized by bacteria and can be photo-chemically degraded, these do not
exclude them from the list of persistent organic pollutants. The United States Environmental
Protection Agency (EPA) classifies the herbicide as ground water contaminant with possible
mutagenic and carcinogenic properties [148]. Detection of MCPA in surface and ground water
has been reported at concentrations below 0.5 and 5.5 pg L™ [149].
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Figure 2.6  Chemical structure of methylene blue (a) and MCPA (b).

Several studies have been conducted to monitor the transformation of MCPA. Photo-catalytic
transformation of MCPA is commonly reported using TiO, photo-catalyst. Djebbar et al. [150]
proposed a transformation mechanism after irradiating 5 x 10 M MCPA aqueous solution with
15/5 TLAD fluorescent lamp. The study demonstrated an enhanced photo-degradation at pH
greater than 12. The major degradation product was identified as 2-chloro-4-methylphenol,
which was reported as less toxic. The same authors demonstrated the dependency of pollutant
transformation on pH rather than irradiation wavelengths [151]. Photo-dehalogenation studies of
MCPA have also been conducted through UV irradiation using XeBr and KrCl excilamps to
produce 2-methylhydroquinone and 2-hydro-3-methyl-5-chlorophenoxyacetic acid respectively
as the major products [152]. Sanchis et al. [153] have reported on the use of Fenton and

biological oxidation process to degrade MCPA.

MCPA transformation is thought to proceed mainly through reaction of hydroxyl radicals in
acidic solution as illustrated by the radiolytic studies of Czajka et al. [154]. Recently Pirozzi and
Sannino [155] conducted sorption studies to remove MCPA through use of metal catalysts Al,O3
and Fe,O3. N and Fe doped TiO, was employed to photo-catalytically degrade MCPA at natural
pH reported to be approximately 2.8 [156]. The study concluded that doping TiO, did not
enhance the degradation; rather the molecular structure of the target compound was more
influential. To the best of our knowledge, no studies have reported the photo-catalytic
transformation of MCPA with carbon nanotubes catalyst composites. Although sorbent and

titania structures have been studied separately.
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2.8 Summary

The literature review showed that heterogenous photo-catalysis using TiO, nano-particles can be
used in remediation studies. TiO, catalysts can improve the catalysis process and efficiency,
through modification of catalyst properties. The sol-gel method have proven to be successfully in
preparing materials with enhanced photo-catalytic properties. Anatase TiO, composites are
preffered over pure anatase titanium for use under visible light irradiation. The composite
materials offer superior activity in the visible region of the solar spectrum through reduced band
gap energies, smaller crystal sizes, narrow pore size distributions, slow rates of electron — hole
recombination, and synergic effects of the different materials. Of the various ways of modifying
TiO,, mesoporous TiO, with ordered pores and supporting TiO, on high surface area materials

appear to be superior over other modification strategies.
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Chapter 3
Experimental

This chapter entails details on how experiments were conducted to obtain the results described in
chapters 4 and 5. The sol-gel method has been chosen for the synthesis of all materials due to the
ease it offers in tailoring the properties of materials at a molecular level. The method can be used
for preparing single or multi component materials. Instruments used and the corresponding
measurements and characterizations of the physical and chemical properties of the materials

synthesized are presented.

3.1 Materials and Chemicals

Materials used in all experiments were purchased and used without further modification except
were specified. Tetraethyl orthosilicate (TEOS, 98%); poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) also known as pluronic P123; pluronic F127;
hydrochloric acid (HCI 32%); nitric acid (HNOg3, 69%); sulfuric acid (H,SO,4, 98%); titanium
(1V) isopropoxide (TIP, 97%); sodium hydroxide (NaOH, 97%); MCPA standard (95%);
Methylene blue (MB), HPLC grade acetonitrile (99.99%), and Degussa P25 (a commercial TiO2
catalyst) were purchased from Sigma Aldrich (South Africa) and supplied by Capital Labs
suppliers. Titanium spectrascan 1.002 + 5 pg mL™ ICP standard solution was supplied by
Industrial Analytical; Terephtalic acid (TA) was purchased from Merk supplies Schuchardt,
Germany. Multi walled carbon nanotues (MWCNTS, 95%) 8-15 nm outer diameter, 10-50 um
length, and 233 m%g surface area were purchased from Cheaptubes™ (Brattleboro, USA).
Orthophosphoric acid (85%) was obtained from, Associated Chemical Suppliers, SA. Argon gas
was purchased from Afrox Limited Gas Co., Durban, South Africa. 4-chloro-2-methylphenoxy
acetic acid (MCPA) working solution was purchased from a hardware store, Durban, supplied by
Grovinda, manufactured by Shaik-Agchem (MCPA registration holders). Ultrapure water with a

resistivity of 18 MQ cm was obtained from a Millpore Elix system.
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Material synthesis was done on a Bibby HB502 single hotplate stirrer with optional operation of
either one or both heating and stirring rate. Thermal values are stated were necessary in the
synthesis details to follow, stirring speed was kept constant throughout all experiments at 400
revolutions per minute (RPM), unless stated otherwise. Conductivity measurements were
recorded with an inoLab Cond Level 1 meter, supplied by Merck suppliers, Germany. A pH
meter 8.27 pH lab (Metrohm Switzerland) equipped with an electrode (model 60220 100) stored
in a 3 M KCI solution was used for all pH measurements. The weighing balance used was ta
Mettler AE 200 and PJ3000 instruments. The ultra-sound probe employed was a UP400S
ultrasonic processor (Hielscher Ultrasound Technology). The bath sonicator employed was a
UMC 20 ultrasonic bath (Ultrasonic manufacturing company, SA). Micropipette 9001/13485
(100 — 1000 pL), from Dragon laboratories, USA was used to prepare certain solutions. The
cuvettes used were Ultra Micro-Cell (range 220 — 900 nm; path-length 10 mm; volume 70 pL —
1.8 mL) supplied by Ocean Optics , Inc., Netherlands. The convection oven employed was a
Labcon 1028K Ecoflomu which was manufactured by LABDESIGN ENGINEERING, SA.

Filtrations were done in a Buchner filtration flask fitted with Whatman grade 4 filter papers.

All glassware used were soaked in acid and thoroughly washed with soap and warm water, then
further rinsed with de-ionised water before use. The glass quartz reactor tube employed during
calcinations was cleaned through heating to 800 °C in air for 2 hours and then rinsed with de-

ionised water.

3.2 Characterization Instruments

The characterization instruments presented in this section were employed to investigate the
physical and chemical properties of materials. Specifics on where materials were sent to external

facilities for analysis are also clearly mentioned.
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3.2.1  Nitrogen Sorption

Nitrogen desorption and adsorption isotherms and textural properties of materials were
performed at -196 °C on the Micrometrics Tri-Star 11 3030 version 1.03 instrument, supplied by
Micrometrics, USA (Figure 3.1).

Figure 3.1 Micrometrics Tri-Star 11 3030 N, sorption instrument employed for textural

analysis.

Total surface area and pore volume were determined using the Brunauer-Emmet-Teller (BET)
equation and single point method respectively. Pore size distribution (PSD) was obtained from
the adsorption branch of the nitrogen isotherm using the Barett-Joyner-Halenda (BJH) model.

The samples were prepared by degassing on Micrometrics Flow Prep (060) under nitrogen flow
at 90 °C for 1 hour and 200 °C for a period of 4 hours before fitting them for analysis on the

instrument.
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3.2.2  Powder X-Ray Diffraction (XRD)

Materials were characterized by powder x-ray diffraction (XRD), low angle and wide angle
XRD. XRD patterns were recorded on a D8 Advance diffractometer supplied by BRUKER AXS,
Germany, with Cu-ka radiation of AKay = 1.5406 A using the PSD Vantec-1 detectors.

The angle was from range on 0 — 90 2theta degrees with a scanning speed of 0.5 seconds/step. X-
ray tube voltage and current voltage were set at 40 kV and 40 mA respectively. Material analysis
was done at iThemba LABS. The crystallite size was estimated from calculations of full-width at
half-maximum (FWMH) of the XRD patterns using the Debye-Scherrer equation (equation 3.1)

and the interplanar spacing were determined from Bragg’s law (equation 3.2).

Crystal size = 0.9, / BCos6 (3.1)
na
" 25in6 (3.2

3.2.3  Electron Microscopy

Images were obtained using a JEOL JEM 1010 transmission electron microscope (TEM), at an
accelerating voltage of 100 kV. High resolution transmission electron microscopy (HRTEM)
imaging were done on a JEOL JEM 2100 at an accelerating voltage of 100 kV. HRTEM
employed the ECSI 10 digital micrographs software. The specimens for TEM and HRTEM
imaging were prepared by dispersing ~ 5 mg sample into 5 mL ethanol for 5 minutes using an
ultra-sonic water bath. A Holey carbon grid was dipped into liquid sample and allowed to dry.
Figure 3.2 depicts the HRTEM instrument.
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Figure 3.2 JEOL JEM 2100 HRTEM instrument.

Other morphological investigations were carried out on a LEO 1450 scanning electron
microscope (SEM), using the SmartSEM software Version 5.03.06 (Figure 3.3). The
accelerating voltage on the SEM was set at 10 kV. The samples were prepared by firmly placing
a piece of double sided sticky carbon tape onto aluminium stubs , and pressing the powder
samples onto the exposed side of the tape. Excess samples was gently removed by tapping the
stubs on the side of the work bench before mounting in the instrument. Electron dispersive X-ray
(EDX) spectroscopy was used to determine the elemental composition of materials. EDX, Bruker
X-ray spectroscopy was used in conjunction with the SEM LEO 1450 for EDX analysis with 80
mm? X-Max, Oxford instruments detector. The software employed was Edx Aztec. Parameters
were a scanning rate between 5 to 10 kilocounts per second, accelerating voltage of 20 kV and a
working distance between 5 — 10 mm. The samples were further treated by coating the stab with

gold to avoid charging of the samples during analysis.
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Figure 3.3 LEO 1450 SEM instrument.
3.2.4  Thermo-Gravimetric Analysis

Thermal properties of materials were investigated through thermo-gravimetric analysis (TGA)
Figure 3.4, is a photo of the PerkinElmer Simultaneous Thermal Analyzer (model STA 6000)
that was used to analyse all of the samples. Samples were analysed with a heating rate of 10 °C
min™ under air flow. Air was introduced to the samples at a rate of 25 mL min™ in order to
maintain an oxidizing environment. Sample runs were carried out in 100 pL ceramic pan. Pans
were equilibrated to 40 °C in the TGA and then heated to 1000 °C. Approximately 10 mg was
used for analysis of all samples.
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Figure 3.4  STA 6000 TGA instrument employed for thermal properties of the materials.
3.25  Raman Spectroscope

2™ spectrometer

Raman spectroscopy measurements were done using a DeltaNu Advantage 53
(purchased from USA) with 1800 lines mm™ grating (Figure 3.5). The spectrometer employed
the NuSpec™ software, with excitation using a class 3b diode laser operated at an excitation
wavelength of 532 nm. The laser was operated at 15 mW, a 2D charge couple device (CCD)
detector was used with an integration time of 60 seconds. The sample accessory employed was
the Right Angle Input Optics, the sample was placed in the sample holder and the focal length
was centred at the irradiation centre at 16.45 mm. The spectrometer was then covered with a

black cloth before analysis.
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Figure3.5 DeltaNu Advantage 532™ Raman spectrophotometer.

3.2.6  Fluorescence Spectroscope

Photoluminescence (PL) studies were carried out on a Fluorescence Spectrophotometer, FL
WinLab version 4.00.03 Perkin Elmer Inc., graph server v1.60 software (model LS55,
PerkinElmer) using a front probe surface accessory (LS55 model solid probe). The excitation
wavelengths were varied at 310, 320, 350 and 390 nm, Operational parameters were set at an

excitation slit of 5.0 nm; emission slit of 0.0 nm at a scan speed of 120 nm. min™.
3.2.7  Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
The weight percentage of TiO, on the SBA-CNT composites was estimated using the inductively

coupled plasma-optical emission spectroscopy (ICP-OES), Perkin Elmer Optima 5300 DV

equipped with concentric nebulizer (Figure 3.6).
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Figure 3. 6 ICP-OES (Perkin Elmer Optima, 5300 DV) employed for metal analysis.

The operating conditions of the ICP-OES instrument are given in Table 3.1.

Table 3.1 ICP-EOS instrumental operating condition for analysis.

Power 1300 W
Plasma gas flow rate 15 L min™
Auxiliary gas flow rate 0.2 L min™
Nebulizer gas flow rate 0.8 L min™
Pump flow rate 1.5 mL min™
Wavelength 336.121 nm
Replicates 3

The calibration curve of Ti was prepared from a series of standard solutions of 0, 2, 4, 6, 8, and
10 mg L. The regression co-efficient of the calibration was 0.9988.

To estimate the quantity of Ti metal in the TiO,/SBA-CNT composite, 5 mg of the respective
sample was dissolved in 10 mL of concentrated H,SO,4 in a 50 mL beaker. The mixture was
stirred at 140 RPM for 1 hour at 200 °C. The mixture was left to cool to room temperature and
filtered through a PVDF 0.45 um filter into the ICP vial for analysis.
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The Ti standards were analyzed each time before analysis of the respective samples. Equation

3.3 was then used to calculate the elemental quantity of TiO, in the composites.

% of TiO, in the composite = [conc (mg. L™) x vol L x 1.67] / sample (g) (3.3)

Whereby the concentration was given by the ICP-OES in mg L™ for the Ti metal in the
composite; the volume used was 50 mL for all the samples and the sample weight were 5 mg.
The value of 1.67 results from the molar mass of TiO, divided by the molar mass of Ti. This

conversion was necessary since the ICP-EOS reports only the concentration of Ti in the samples.

3.2.8  UV-Vis Diffuse Reflectance Spectrometer (DRS)

Diffuse Reflectance spectra were measured using an Ocean Optics spectrometer (high resolution
HR 2000), employing the ocean optics Spectrasuite software and a tungsten halogen light source.
Light was passed through fiber optic cables, to the sample and eventually to the spectrometer, the
fiber optic cables (QP 600-2-vis-BX model 727-733-2447) were suitable for wavelengths
between 187 and 2100 nm. The samples were analyzed on a 1/4" SS Dip Probe, T300-RT-UV-

Vis, were barium sulphate was employed as a reference material prior to each analysis.

3.29  High Performance Liquid Chromatography (HPLC)

MCPA product analysis was performed using high performance liquid chromatography (HPLC)
on an Agilent Technologies 1100 series liquid chromatography system. The instrument used a
UV-Vis PDA (D2&W) lamp detector. Wavelength range for the detector was 190 — 800 nm. The
Zorbax eclipse XDB C18 (150 mm x 4.6 mm), i.d. 5 um particle size column was employed and
oven temperature was set to 30 °C. The mobile phase was a 1:1 (V/V) ratio of acetonitrile and
orthophosphoric acid acidified water with a pH between 2.70 — 2.80. Operational parameters of
the HPLC were guided by Sojic et al. [1].
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The MCPA calibration curve was obtained from running known concentrations of the MCPA
standard. An MCPA stock solution was prepared by dissolving 10.00 mg MCPA into 100 mL
Millipore water, and then employed to prepare 0.5 — 10 mg L™.

Equation 3.4 was used to calculate the volume of MCPA solution required to prepare

concentrations of 0.5, 2, 4, 6, 8 and 10 mg L™ respectively.

C1V1 = Csz (34)

Standard working solutions of 2, 4, 6, 8 and 10 mg L™ were also prepared from following similar
calculations. During analysis, 20 pL of the analyte was injected at 1 mL min™ flow rate. Analysis
was done at the absorption wavelength of MCPA at 290 nm. The concentration of MCPA was
quantified from the constructed calibration curve of area versus concentration with a regression
co-efficient of 0.9999. For each analysis, the area of the peak (y) appearing at retention time of =
3.85 minutes was converted to concentration through solving for x in equation 3.5.

y =50077x - 129.16 (3.5)

3.3 Synthesis Procedures

3.3.1  Acid Treatment of Multi-walled Carbon Nanotubes (MWCNTY5)

The method utilized for functionalising CNTs were guided by Hou et al. and Shamsuddin et al.
[2, 3]. In the typical experiment, 2.09 g of MWCNTSs and 100.13 g HNOj3 were placed into a 250
mL beaker. The MWCNTSs were dispersed in the acid using an ultrasound probe. The ultrasound
energy was applied for 20 minutes at 30% amplitude with 0.4 cycles. The composition was
refluxed at 80 °C for 4 hours. After refluxing in the acid, the mixture was allowed to cool to
room temperature and then the CNTs were recovered by filtering under vacuum and washing
with approximately 3 L H,O until the filtrate had a pH of = 5.95. The black product was dried in
an oven at 100 °C for 18 hours, and these were denoted as “aCNTs” for acid treated MWCNTs.

Several aCNT samples were prepared using the same procedure.
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3.3.2  Synthesis of SBA-15

The following method was adapted from Meynen and Vansant [4]. During the preparation of
SBA-15, a solution of H,O : HCI (130.18 g : 20.26 g) was prepared in a 400 mL beaker.

To this solution 4.23 g of surfactant P123 was added and the mixture was stirred for 30 minutes
at room temperature to ensure that surfactant (P123) was completely dissolved. The mixture was
then transferred into a 500 mL three-necked round bottom flask (fixed with a thermometer, and a
condenser opened to air) and was refluxed at 50 °C for 1 hour. 9.13 g of tetraethyl orthosilicate
(TEOS) was added dropwise to the mixture and stirring was continued for a further 6 hours 30
minutes. The magnetic stirring was then stopped and the temperature was increased to 80 °C.
The solution was cooled to room temperature after heating at 80 °C for 15 hours 30 minutes

without stirring.

The product was recovered through filtration under vacuum and washed with 3 portions of 25.00
g de-ionized water. The pure white product was collected and dried in an oven set at 100 °C for 3
hours. After drying, the solid product was calcined in a muffle furnace system at 550 °C for 6
hours, with heating rate 1 °C per minute (°C min™®). In a typical experiment, 5.35 g was calcined

and the recovered mass was 3.12 g. The synthesis of SBA-15 was done in duplicate.

3.3.3  Synthesis of SBA-15 Coated MWCNTSs (SBA-CNT Composites)

This section describes the coating of the functionalized CNTs (aCNTs) with SBA-15. Similar
method to SBA-15 synthesis was used with the exception of introducing CNTSs at the initial stage
of the synthesis method.

4.00 g of P123 and 0.50 g aCNTs were weighed and placed in a 400 mL beaker. 130.00 g de-
ionized H,O and 20.00 g HCI were then added to the beaker, the mixture was treated with an
ultrasonic probe for 20 minutes. The mixture was then transferred into a 500 mL two-necked
round bottom flask with a thermometer, and a condenser (opened to air) attached. The mixture
was heated to 45 °C and 0.19 g TEOS (for an estimated 10 wt. % SBA-15 coating on the CNTS)

was added dropwise.
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Stirring was stopped and the temperature was increased to 80 ‘C and the mixture was left
standing at 80 °C for 15.5 hours. The solution was allowed to cool to room temperature and the
product was recovered through filtration under vacuum and washing with 3 portions of 25.00 g
de-ionized water. The black product was dried in an oven at 100 °C for 18 hours. After drying,
the solid product was calcined in a muffle furnace system at 400 °C for 6 hours, with a heating

rate of 1 °C min™t. The typical yield was 0.38 g.

The same procedure was followed to coat 20 and 30 wt. % SBA-15 on CNTSs. For the 20 wt.,
approximately 0.44 g TEOS was used and for 30 wt. %, 0.79 g TEOS was used. The yields were
0.49 g and 0.57 g for 20 and 30 wt. % SBA-15 respectively. The synthesis of these materials was
done in triplicate. The amounts of TEOS used during the respective experiments were calculated
according to equations in appendix A 1.2.

3.3.4  Synthesis of Mesoporous Titanium Dioxide

Prior to synthesizing the catalyst, various optimization experiments were carried out using
different weight ratios of the surfactant F127. The optimization was carried out in order to
evaluate the critical micelle concentrations (CMC) for the surfactant F127 in the solvent system
of choice and the effect of the number of moles of the titania precursor (TIP). The CMC
experiments were modified from methods reported by Fuguet et al. [5]. In the conductivity
experiments, 2.50 g — 25.00 g F127 was dissolved in varying solvent systems of EtOH:H,0 at
room temperature. Different mass of F127 were completely dissolved in fixed volumes of the
solvent systems according to Table 3.2. The conductivity of the solutions was measured and a
plot of conductivity versus F127 concentration indicated the CMC of the surfactant ideal for the

solvent system Appendix Al.

Table 3.2 Critical micelle concentration experimental compositions.

F127 (g) 250 500 750 10.00 1250 1500 1750 20.00 2250 25.00
Mass of solvent (g) | 97.50 95.00 9250 90.00 87.50 85.00 8250 80.00 77.50 75.00

Solvent ratio (g)* | 50:50 60:40 60:40 80:20 80:20

*Solvent system was made of H,O:EtOH.
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3.3.4.1 Determination of CMC from Titanium Isopropoxide (0.005 moles) with
[15%] and [25%0] F127

After considering the CMC concentration of pluronic F127, the effect of TIP concentration was
monitored. In the experiments, 15.00 g and 25.00g of F127 were weighed into respective 400 mL
beakers. Ethanol (50.00 g) was added to each beaker and both beakers where treated in an
ultrasound probe for 20 minutes and stirred for 10 minutes until the surfactant was fully
dissolved. About 1.26 g of TIP was slowly added to the respective solutions and stirring was
continued for 10 minutes. De-ionized water (50.00 g) of pH 1.09 was added drop-wise to the
respective solutions and stirring was continued for another 1 hour before the respective mixtures
were left to stand and age in air without stirring for 24 hours. The respective mixtures were
transferred to an oven set at 100 °C for 6 days. The samples were then heat treated under Argon
flow at 400 °C for 6 hours with a heating rate of 1 °C min™". They were further calcined in air at

400 °C for a period of 8 hours with a heating rate of 1 °C min™,

The mole ratio of the sol-gel solution of [15%] w/w surfactant was 0.0012:0.005:1.085:2.778 and
of the mole ratio of the [25%] w/w surfactant was 0.0020:0.005:1.085:2.778
(F127:TIP:EtOH:H,0).

3.3.4.2 Determination of Titanium Isopropoxide (0.015 moles) with [15%] and
[25%] F127

Similar methods as in above were followed to prepare TiO, using higher concentrations of TIP.
The differences in the experiments were the mole compositions of the solutions. The mole ratio
of the sol-gel solution for the [15%] w/w surfactant was 0.0012:0.015:1.085:2.778 and that of the
[25%] w/w surfactant was 0.0020:0.015:1.085:2.778 (F127:TIP:EtOH:H,0). After stirring the
respective beakers of [15%] and [25%] of F127 solution mixtures for 10 minutes, a slow addition
of 3.78 g TIP was made to each solution. The solutions were stirred for a further 10 minutes
before an addition of the de-ionized water (pH 1.06) was made. After stirring for 1 hour, the
solutions were left to age in air. Similar aging and thermal treated as those in above (section

3.3.4.1) were considered for these samples.
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The materials prepared from using the [15%] and [25%] of F127 with 0.005 and 0.015 moles of
TIP were characterized and the method yielding desirable properties of mesoporous TiO,
identified and these method was employed for the synthesis of the actual TiO; catalysts.

3.3.5  Synthesis of Mesoporous TiO, Nanoparticles Catalyst

In the actual catalyst synthesis, 15.01 g of F127 was weighed into a 400 mL beaker. To the
beaker 50.00 g of ethanol was added and the mixture was treated with an ultrasonic probe for 20
minutes and stirred for 10 minutes. 1.26 g TIP was slowly added into the solution and stirring
was continued for a further 30 minutes. De-ionized water solution (50.00 g) with pH 1.09 was
added drop-wise to the stirring solution. Magnetic stirring was continued for a further 1 hour
before the mixture was left to stand and age in air without stirring. The mole ratio of the sol-gel
solution was 0.0012: 0.005: 1.085: 2.778 (F127: TIP: EtOH: H,0). The solution was left to age
at room temperature for 24 hours, and then transferred to age in an oven set at 100 °C for 6 days.
The samples were transferred into a crucible quartz boat and then fixed in a glass quartz reactor
tube for calcination experiments. The samples were then heat treated under Argon flow at
temperatures of 400 °C for 6 hours with a heating rate 1 °C min™, then further calcined in air at

400 °C for 8 hours at 1 °C min™ heating rate.

3.3.6  Synthesis of TiO, Nanoparticles Supported on Different Materials

The sol gel method was employed for the synthesis of all titania supported composites. In a
typical synthesis, 15.00 g of F127 surfactant was mixed with 0.80 g of the supporting material
(i.e CNTs, SBA-15 or 30 wt. % SBA-CNTSs) and 50.00 g of ethanol in a 400 mL beaker. The
mixture was treated with an ultrasonic probe for 20 minutes before they were stirred for 10
minutes. Thereafter, 0.44 g of TIP (to yield 10 wt. % TiO,) was added in a drop-wise manner.
The amount of TIP to be added was determined from a series of calculations (appendix A 1.2).
50.00g de-ionized water of pH £1.05 was added drop-wise into the solution mixture after 30
minutes. Stirring was continued for a further 1 hour and the solution was left to age at room

temperature for a period of 24 hours, then transferred to age in an oven set at 100 °C for 6 days.
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The same methodology was employed under the same conditions for the synthesis of the 5 and
20 wt. % TiO/SBA-CNT composites. The variation in the synthesis method was in the weight of
the TIP solution that was added into the mixture. Respectively 0.26 g and 0.82 g of TIP were
added drop-wise for the 5 and 20 wt. % TiO, composites respectively.

It is important to note that the mass of TIP calculated was added with 0.110 g of TIP during
synthesis because TIP sticks to the walls of apparatus used for measurements and transferring.
This addition was thus done to account for any TIP precursor which might be lost to the walls of
the 50 mL beaker used to weigh it in and the pasteur pipette used to add it into the respective

solutions.

After aging the respective samples, they were heat treated under Argon flow at 400 °C for 6
hours with a heating rate of 1 °C min™, then further calcined in air at 400 °C for 8 hours at a
heating rate of 1 °C min™*. Figure 3.7 illustrates the muffle furnace set up employed during heat

treatment of materials in an argon environment. The materials were synthesized in triplicate.

Muffle furnace ‘ .

Temperature
Programmer

Figure 3.7 labelled photograph of the experimental setup used for the heat treatment of

materials in an inert environment using a tube furnace (LABOFURN).
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3.4 Photo-catalytic Activity Experiments

Figure 3.8 depicts a sketch of the experimental setup used during the photo-catalytic activity
tests. Whereby, the visible irradiation light source was a 32 Watt (W) model 220-
240V/4U/6400K day light halogen lamp. The lamp was kept inside a borosilicate glass tube
throughout the experiments.

Visible light
S source
Borosilicate glass
e
S tube
AT T
\\ ! // <«<—— Beaker

Magnetic stirrer

Figure 3.8  Experimental set-up of the photo-catalytic activity test.

Solutions for photo-catalytic measurements were prepared by adding 20 mg of the respective
catalyst to 150 mL aqueous solution of MB (10 mg L) in a 400mL beaker. The solution was
immediately covered with foil paper and ultra-sonicated in a bath for 10 minutes followed by
stirring in the dark for 1 hour at room temperature. The solution was then exposed to visible light
irradiation source while stirring at room temperature. 5 mL aliquots were withdrawn over 160
minutes at every 20 minutes intervals. The sample was then centrifuged (Hettich centrifuge,
Mikro 120) for 10 minutes at 140 revolutions per minute (RPM) X100. The supernatant solution
was transferred to a cuvette (path-length 10 mm; volume 70 pL — 1.8 mL) and placed in the UV-

Vis spectrophotometer for analysis.
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The de-colorization of the dye was then evaluated by measuring the absorption of methylene
blue solution at the most intense band appearing at 665 nm with a UV-Vis spectrophotometer.
MB was employed as a model pollutant in order to proof the concept and to determine the
optimum catalyst composites prior to testing the activity of such catalyst on an environmentally
problematic real world pollutant; specifically, 4-chloro-2-methylphenocyacetic acid (MCPA)

herbicide.

For the transformation of MCPA, an aqueous solution of 8 mg L™* MCPA was prepared from the
purchased solution (containing 400 g L™ MCPA) using de-ionised water. The photo-degradation
setup was similar to the one presented for MB studies, Figure 3.8, and other experimental
parameters were maintained as in for MB, though for MCPA transformation, 10 mg catalyst was
dispersed in a 100 mL solution (0.1 mg L™). The solution was pre-treated in a similar manner as
the one reported for MB studies. The activities of the catalysts were tested by withdrawing 1 mL
at 20 minutes sampling intervals and the catalyst was then separated by filtering through 0.45 um
PVDF filters into HPLC vials. The vials were immediately covered with foil paper to prevent
further interaction with light prior analysis on the HPLC.

Photo-catalytic transformation of MCPA was carried out under different conditions such as
solution pH, catalyst concentration and MCPA concentration. These experiments were conducted
in order to find optimum conditions for our employed composites during the reaction and also to
test the efficiency of the materials under different conditions. Similar methods to those described
for MB studies were followed. Solution pH was adjusted with 25 mM NaOH or (85%) H,SO,
and resulted in pH 2.9 and 8.2, while natural pH was measured and found to be at 4.68. Catalyst

concentrations were 0.1, 0.5 and 1 g L™. MCPA concentrations ranged from 8 mg L to 2 mg L’
1

3.5 Data Analysis

Raw data from various experiments were collected and processed using Microsoft Excel. All

plots were then drawn using the OriginPro 8 software.
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Chapter 4
Results and Discussions on Physico-
Chemical Properties of Nanocomposites
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4.1 Effects of Acid Treatment on MWCNTSs and Influence of SBA-
15 Thin Film Coating on Acid Treated MWCNTS.

This section focuses on the physical and chemical properties of the prepared materials which will
be employed to support the mesoporous TiO, nano-particles. The materials presented have been
prepared according to Chapter3, section 3.3.1 — 3.3.3 and the materials have been characterised
from methods presented in section 3.2. The section will begin with characteristics of the
commercial and acid treated multi-walled carbon nanotubes, followed by the functionalization of
the tubes with thin film SBA-15. Analysis on the effects of modifying CNTs will be presented
together with an overview on the materials chosen as supports for TiO,.”

4.1.1 Raman Spectroscopy Data Analysis

Raman spectroscopy is an informative characterization technique for CNTs and their composites
[1], and it also a powerful technique in the identification of incorporated framework materials
such as metal oxides [2]. The relatively inert nature of MWCNTS inhibits further chemistry on
the tube walls and usually results in sparse or few particles attaching to the sidewalls of CNTSs.
Therefore, acid treatment (or some form of pre-treatment step) is usually a very necessary step
prior to any modification to the tubes [3, 4]. Figure 4.1 exhibits Raman spectrum of raw
MWCNTSs (rCNTSs) and acid treated MWCNT (aCNTSs).

68



— rCNT
— aCNT
D band
G band
=)
S
=
wn
[
2
=
1200 1400 1600 1800
Wavenumber (cm™)

Figure4.1 Raman spectrum of raw and acid treated CNTs, rCNTs and aCNTSs respectively.

The spectrum show characteristic bands of CNTs, the D and G bands at approximately 1350 and
1580 cm™ respectively. Literature associates the D band with disorder (sp* carbons) and the G
band is associated with the crystalline graphite structures (sp? carbons) of carbon nanotubes [5,
6]. The integrated area of the D and G band intensity ratio (Ip/lg) for rCNTs and aCNTs were
calculated to be 1.37 and 1.11 respectively. The bands were integrated from the mathematical

area integration input method found within the OriginPro 8 software.

An increased Ip/lg ratio of aCNTs as compared to rCNTs would have suggested an increase in
the disordered carbons as a result of attached functional groups and openings of the tube ends [3,
6]. However, the observed decrease of Ip/lg ratio suggest that there was an increase in the
graphitic nature of the tubes, this increase in the graphitic (G) band is attributed to the removal of
amorphous carbon which may have been on the tube walls, or separate particle of amorphous
carbon. The study by Gerber et al. [7] explored the effects of temperature and time on the
oxidation of CNTs with nitric acid, they observed similar phenomena of a decreasing Ip/lg ratio

and cleaner surface morphology for acid treated tubes.
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Although the study by Fu et al. [6] attributed their decreasing Ip/lg ratio to the formation
(opening) of more tube ends. The FWHM for the D and G bands in acid treated CNTSs is
narrower than those in raw CNTs (Table 4.1). The decrease in FWHM is associated with
increased crystallinity within the acid treated CNTs [8]. The Ip/lg ratio and FWHM both show
similar trends that suggest increase of graphitic carbon after acid treatment, as a result of

removing amorphous carbons.

Table4.1 Raman spectrum parameters on CNTs and SBA-CNT composites.

Sample D band G band Ratio
Position (cm™) FWHM (cm™)  Position cm™)  FWHM (cm™) (Ip/lc)
rCNTs 1351 74.85 1587 85.16 1.37
aCNTs 1350 70.14 1578 76.52 1.11
10SBA-CNT 1352 65.92 1577 81.70 1.46
20SBA-CNT 1351 66.00 1576 76.90 121
30SBA-CNT 1352 35.09 1577 78.55 142

Raman spectrum of SBA-15 (Figure 4.2) exhibit spectroscopic features reported for amorphous
SiO,. The bands observed at 410 cm™ and 813 cm™ are assigned to siloxane linkage (Si-O-Si)
and bands at 493 cm™ and 654 cm™ are assigned to the four- and three-fold membered siloxane
rings respectively. The very intense band at approximately 1134 cm™ is related to surface silone
(O3Si-OH) streching vibrations [2, 9].
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Figure 4.2  Raman spectrum of SBA-15.

The SBA-CNT composites (Figure 4.3) show characteristic bands for both SBA-15 and CNTSs at
the expected wavenumbers. It was noted that the SBA-15 peaks at 654 and 813 cm™ were not
well resolved with the spectrum for the composites, and this was thought to be due to the low
content of silica within all the composites. Within the composites, the most predominant peak of
SBA-15 appeared at around 1050 cm™ for the O5Si-OH stretching vibrations.
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Figure 4.3  Raman spectrum of SBA-15 coated CNTs composites.
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The variation of the Raman spectrum analysis could indicate a covalent attachment between
CNTs and SiO; [10]. The Ip/lg ratio of the CNTs increased with the coating of SBA-15, when
compared to aCNTs (Table 4.1). The increased ratio implies that the graphitic vibrations of the
CNTs have been minimized as a result of the silica coating [11]. Similarly, the increase in D
band intensity for functionalized samples is due to changes in the nanotube structure brought
upon by interaction with SBA-15. When examining the FWHM for the D band, the value
decreased significantly after incorporating SBA-15 on the CNTs. The decrease imply that the
degree of disorder on the nano-tubes is being reduced. However the broad FWHM D band imply
that the CNTs may have more defects introduced onto the sidewalls as the bonding interactions
between silica and CNTs increases. Consequently the FWHM for the G band increased for the 10
wt. % sample, and remained largely unchanged for the 20 and 30 wt. % samples, these values
could signify little to no change within the graphitic carbon structures which are not involved in
bonding [8, 12]. During the growth of SBA-15 onto the CNTs, most of the vacant nucleattion
sites on the CNT walls may have been occupied or made less accessible by the surfactant used.
Thus relatively few defect sites may have been bonded by the SiO,; however at the highest
loading used, the greater decrease in the FWHM of the D-band may indicate that sufficient
amount of silica was able to bind the defect sites of the CNTs despite the amount of surfactant

used.

4.1.2 Electron Microscopy Investigations

Electron microscopy is a powerful technique that is used to study and understand structures at
the nano level. It was through the use of high resolution transmission electron microscope
(HRTEM) that the characteristic structure of the CNTs and SBA-15were identified [13].

4.1.2.1 Micrographic Analysis of Raw and Acid Treated Carbon Nanotubes
Figure 4.4 (a and b) show the commercial CNTs with amorphous carbons and closed tube ends.

The amorphous carbon is identified from the tube wall roughness. Images ¢ and d for aCNTSs

show a smooth nanotube wall with an open end.
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The open tube ends were observed from various micrographs (insert in image d). The
morphology results correlate well with the Ip/lg ratio from the Raman analysis which suggested
that the amorphous carbons on the wall of the CNTs may have been removed and also the tube

ends of the CNTs may have been opened during acid treatment.

Figure 4.4  Micrographs of commercial CNTs and acid treated CNTSs, denoted rCNTs and
aCNTs respectively. HRTEM images of rCNTs (a - b) and aCNTs (¢ — d) with
insert showing open tube end (d).
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4.1.2.2 Electron Microscopy Analysis on SBA-15

Figure 4.5 exhibit the morphological structure of SBA-15 with ordered pores arranged in a 2D
hexagonal structure. The wall thickness has been measured from the micrographs using Image J
software to be 4.68 nm. SBA-15 is reported to be hydrothermally, chemically and thermally

stable because of this thick, uniform and ordered pore walls [14].

Figure 4.5

SEM images (Figure 4.6) show the characteristic curved walls of SBA-15. Similar structures
using SEM analysis have been observed by various authors in the literature [14]. Such walls are
advantageous in catalysis since they could allow ease of transport of reactants and product

molecules [14].
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Figure4.6 SEM micrographs of SBA-15 at different magnifications.

4.1.2.3 Micrographic Analysis of SBA-15 Carbon Nanotube Composites

Micrographs of composites, Figure 4.7 show thin film coatings with uniform and thicker layers
of SBA-15 at 20 wt. % and 30 wt. % coatings (image b and c respectively) as opposed to aCNTs
(image a). The measured thickness of SBA-15 was 3.90, 4.48 and 4.61 nm for 10, 20 and 30 wt.
% SBA-CNT composites respectively. At 30 wt. % loading it was expected that the coating
thickness would be significantly higher than the 20 wt. % coatings; however, the thickness
measurements showed slight coating thickness increase for the 30SBA-CNT material. An
average of 85 images was measured per sample with the image j software for the coating
thickness measurements. In agreement with the morphological studies was the Raman spectrum

analysis, which showed variations of the 20 wt. % coating as compared to other coatings.
This interesting observation on the 20 wt. % material could suggest that partial covering occurs

at lower wt. % since lower amounts of silica is available; or perhaps, better coverage is achieved

with increasing wt. % which allows the silica coating could grow along the CNT walls [10].
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Figure4.7 HRTEM images of aCNTs (a) employed to prepare 10, 20 and 30 wt. % SBA-15
(b, c and d) respectively. The yellow line differentiates the silica coating from the

aCNT wall in the respective composites.

SEM images Figure 4.8 (b, ¢c and d) suggest that the silica coated the CNTs (image a) through
the exhibition of rough tube walls as compared to acid treated CNTs used to prepare the
composites. It is worth noting that the 10 wt. % composite (image b) does not show the roughage
on the tubes as clearly as the 20 and 30 wt. % composite. The nanotubes remain de-bundled even
after SBA-15 coating.
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Figure 4.8 SEM images of aCNTs, 10, 20 and 30 wt. % SBA-15 coated CNTs (a, b, ¢ and d)

respectively.
4.1.3 Thermo-gravimetric Analysis (TGA) Studies
TGA is a thermal characterization technique which studies the chemical and physical properties
of materials as a function of increasing temperature using a programmed heating rate. Properties

such as sorption, crystalline transition, decomposition, oxidative degradation and solid gas
reactions can be studied through TGA methods [15].
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4.1.3.1 Thermo-gravimetric analysis on Raw and Acid Treated Carbon Nanotubes

Thermograms presented in Figure 4.9 show that the decomposition onset temperature for the
acid treated CNTs is lower than that of raw CNTs. This could be as a result of aCNTs having
functional groups which are prone to oxidation at low temperatures [16]. Raman analysis
suggested that the aCNTs were more graphitic than the rCNTSs, so it was expected that the
aCNTs would be more thermally stable but the thermograms show otherwise. This observation
suggests the presence of highly oxidative functionalities as a result of acid treatment, and in
addition, the HRTEM analysis revealed significant tube openings on the CNTs which could also
account for the lower onset oxidation temperature. From the decomposition of the rCNTs at =~
400 °C, the amount of impurities, either in the form of amorphous carbons or metal catalyst was

relatively high, based on the residue of = 7.1 wt. %.
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Figure 4.9 Thermogram pattern of raw and acid treated CNTSs, derivative weight pattern

(insert).
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Reports state that amorphous carbon decomposes at lower temperature (400 °C) than graphitic
carbon (600 °C) [17]. Further analysis from the derivative weight graph showed that after
purification there were reduced amounts of amorphous carbon since the shoulder like feature in
the derivative weight curve for rCNTs decreased significantly. These results are in agreement
with the Raman analysis and TEM analysis which both suggested the removal of amorphous
carbons. Multiple oxidation peaks or shoulders are associated with the presence of organic
species within the material of study. Thermal stability of materials were deduced from the
oxidation temperatures, which are the highest peak position in the derivative weight versus
temperature graph. Functionalizing the tubes shifted oxidation temperatures from 643 to 614 °C
for rCNT and aCNTs respectively. Additionally the aCNTSs depicted a narrower oxidation peak,
which indicates high purity on the tubes, and a more uniform sample [18]. The decrease in
residue in the acid treated CNTs (= 2.1 wt. %) as compared to raw CNTs (= 7.1 wt. %) also

imply that the metal catalyst used during CNTs synthesis has been mostly eliminated.

4.1.3.2 Thermo-gravimetric analysis on SBA-15 coated Carbon Nanotubes
The decomposition behaviour of SBA-CNT composites (Figure 4.10a) show that as the SBA-15
content is increased from 10 to 30 wt. % the residual mass decreases as 95, 85 and 70 wt. %

respectively. The decomposition temperature of CNTs increased upon introducing SBA-15. This
suggested that silica improves the thermal stability of the CNTs.
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Figure 4. 10 Thermogram patterns of acid treated CNTs and SBA-15 coated CNTs (a), and
derivative weight pattern of the respective materials (b).

The derivative weight patterns (Figure 4.10b) confirm that the stability of the composites is
increased as the SiO, content is increased. This phenomenon was observed by Paula et al. [10]
and they attributed the trend to the deposition of silica onto the graphitic sheets of the tubes.
Analysis showed that the composite residues were approximately 5, 15 and 29 wt. % respectively
for the 10, 20 and 30 wt. % SBA-CNT composites after decomposition. The residue can be
various oxides corresponding mainly to SiO,, since the aCNTs also had about ~2 wt. % residue
related to metal catalyst. The formation of silica was confirmed from the Raman spectra and

morphological inspections, using electron microscopy, which depicted an increase in wall
thickness of the tubes as SBA-15 coating was increased.

4.1.4 X-Ray Diffraction Pattern (XRD) Analysis

A wide range of solid materials can be described as crystalline. When x-rays interact with a
crystalline substance, a diffraction pattern is produced. The x-ray diffraction pattern of a pure
substance is like a fingerprint of the substance. Thus XRD is a useful non-destructive technique
which can be used to identify and understand the crystalline properties of materials, i.e crystal
size, crystal structure, phase, orientation and lattice parameters.

80



4.1.4.1 XRD Pattern Analysis on Raw and Acid treated Carbon Nanotubes

Acid treatment on CNTs did not have any severe effects on the crystallinity of the tubes as can
be seen in Figure 4.11 which depicts the XRD patterns of the raw and treated CNT structures.
The characteristic peaks of CNTs appear at 26.00° and 43.40°. The strong and sharp diffraction
peak at 20 = 25.70° is indexed as the (002) reflection of graphite [19].
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Figure 4. 11 XRD pattern of raw and acid treated CNTs.

The relative sharpness of the peak after acid treatment suggests that the graphitic structure was
preserved. The peaks at 20 = 43.90°, 53.70° and 78.10° correspond to the (100), (004) and (110)
reflection planes respectively. A slight variation between the interplanar spacing (d) was
determined by using the Bragg’s law (nA = 2dSin0) and the intense peak indexed at 20 = 25.70°.
A slight variation in the interplanar spacing was observed between the materials. It has been
reported that a decrease in the order of crystallinity in CNTs causes the XRD peaks to broaden

and shift the (002) reflection plane towards lower angles [16].
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Functionalizing the tubes narrowed the full width at half maximum (FWHM) from 2.57 to 2.44°
(Table 4.2), a phenomenon that has been reported to occur if the amorphous carbons and
residual catalysts have been removed and the functional groups have been introduced to the tube
surface. The decrease in thermal stability of the aCNTSs also confirmed the presence of functional
groups on the tubes. The narrow XRD - FWHM of aCNT is in agreement with the Raman
analysis which suggested that the aCNTs were more graphitic than the rCNTSs.

Table4.2  Summary of raw and acid treated CNTs properties analyzed from the XRD

pattern.
Support 2 theta (°) FWHM (%)
rCNTSs 25.72 2.57
aCNTs 25.66 244

4.1.4.2 XRD Pattern Analysis on SBA-15

The hexagonal arrangement of pores in SBA-15 was further confirmed by the sharp diffraction
peaks in the low angle XRD pattern (Figure 4.12). The peaks at 20 = 0.94°, 1.62° and 1.85° are
indexed to the (100), (110), and (200) planes, which indicate the 2D hexagonal symmetry of
SBA-15 [14]. The wall thickness was calculated from the XRD pattern using the equation (Wt =
2d(100)/3" — pore diameter) to be 5.70 nm. This wall thickness deviates from that measured on
the TEM micrographs (4.68 nm); probably because of errors involved during image analysis and
measuring. However, the measured wall thickness value corresponds to reported values for SBA-
15 [14]. Since SBA-15 is amorphous, the observed broad peak at 260 = 24.00° was attributed to
the amorphous SiO, character, in accordance with previous studies on TiO,/SBA-15 composites
[20, 21].
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Figure 4. 12 Low and wide (insert) angle XRD pattern of SBA-15.

4.1.4.3 XRD Pattern Analysis on SBA-15 Carbon Nanotubes Composites

Upon introducing SBA-15 to the tube surface, the sharpness of the CNTs peaks in the XRD
gradually declined as the silica content increased (Figure 4.13). Since the sol-gel method
allowed for homogeneous coatings, the graphitic band of the tubes which is crystalline overlaps
with the silica peak observed in the insert of Figure 4.12. Irrespective of the overlap, it remains
evident that the reflection of the tubes in the 30 wt. % composite was most affected. This was

attributed to the increased content of silica in the composite.
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Figure 4. 13 XRD pattern of SBA-15 coated CNTSs.

Furthermore, the FWHM of the peak at 20 = 26.00° broadens at higher contents of SBA-15
(Table 4.3), this suggested that the order of crystallinity in CNTs was gradually being damaged
as a result of interaction between silica and CNTs. The non-overlapping peak of CNTs at 20 =
43.00° was also employed to monitor the effect of SBA-15 coating on CNTs and similar FWHM
broadening trends were observed. In support of the deteriorating crystallinity of the tubes, the
reflection planes (002) and (100) of CNTs were found to have shifted to higher angles as SBA-
15 loadings were increased. This suggested that more disorder was introduced to the CNTs. The

increasing disorder on the CNTs was also observed from the increasing Raman Ip/lg ratio.
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Table 4.3  Summary of material properties analyzed from the XRD pattern.

Support 2 theta () FWHM (%) Interplanar spacing dog)

aCNTs 25.66 2.57

43.47 2.47 0.2082
10SBA-CNT 25.71 2.23

43.08 1.77 0.2100
20SBA-CNT 25.62 2.57

43.11 2.02 0.2098
30SBA-CNT 25.70 2.82

43.24 2.20 0.2092

4.1.5 Nitrogen (N,) Sorption Studies

4.1.5.1 Nitrogen Sorption Studies on Raw and Acid Treated CNTs

Acid treatment of CNTs increased the surface area of the tubes by = 9 m? g™ (from 140.34 to
149.10 m? g™1). The increase of the surface area was expected since the amorphous carbons have
been eliminated while introducing various functional groups, and de-bundling the individual
CNTs. The acid treatment also opened the tube ends of the CNTs (see figure ) and exposed the
inner surface area. Figure 4.14 showed that the employed CNTs were type IV with H1 hysteresis
loop, according to IUPAC classifications [22]. The insert in the figure shows that the pores of the
tubes were in the range 20 - 50 nm, with an intense and narrow pore size distribution at
approximately 0.2 nm. Such pore sizes, 20 — 50 nm, are characteristic of mesoporous materials,
while pores below 2.0 nm would be classified as microporous [14]. Acid treated CNTs adsorbed
more nitrogen and had pores distributed over long ranges, this observation can be a result of de-
bundling the tubes and opening the tube ends during treatment, therefore, making inner cavities

accessible for adsorption [23] and as a result, enhancing the textural parameters of the nanotubes.
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Figure 4. 14 Nitrogen adsorption-desorption isotherm and pore size distribution pattern (insert)
of raw and acid treated CNTSs.

4.1.5.2 Nitrogen Sorption Studies on SBA-15

Nitrogen sorption analysis on the SBA-15 (Figure 4.15) shows that the SBA-15 material has a
type 1V isotherm, which is associated with capillary condensation involved in the mesoporous
material. The steep adsorption — desorption step indicate that the material has regular hexagonal
mesopores with a narrow pore size distribution [21]. The hysteresis loop is a H2 type according
to IUPAC classifications. The pore size distribution pattern (Figure 4.15 insert) confirms that
the material possess a narrow pore distribution with pores centred at 4 nm, has a relatively high
surface area of 661.59 m? g*, and an average pore diameter of 5.03 nm. The sorption in the
hysteresis loops at high relative pressures 0.5 < P/Py < 1.0 represent the spontaneous filling of
the mesopores due to capillary condensation [20] and this is indicative of the presence of
micropores and mesopores. Such great textural properties are reported to enhance the catalytic
properties of SBA-15 through increased diffusion rates of target molecules and increased active
sites [24].
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Figure 4. 15 Pore size distribution pattern and adsorption-desorption isotherm curve (insert) of
SBA-15.

4.1.5.3 Nitrogen Sorption Studies on SBA-15 Carbon Nanotubes Composites

The surface area of the SBA-CNTSs nano-composites increased upon coating with larger weight
percentages of SBA-15 (Table 4.4). This is because SBA-15 has very high surface area ranging
from 500 — 1000 m? g™ [14], thus its presence on any structure should enhance the surface area
to noticeable degrees. Pore volume increased as the coating weight was increased. This is again a
result of the synergy between porous CNTs and SBA-15. Coating thickness was measured to be
3.90 nm, 4.48 nm and 4.31 nm respectively for 10 wt. % SBA-CNT, 20 wt. % SBA-CNT and 30
wt. % SBA-CNT from use of Image j software. The decreased coating thickness at 30 wt. %
loading can be attributed to the coating of each CNT tube, or SBA-15 being loosely associated
with the CNTs within the composite. The latter possibility requires investigations such as FTIR

analysis for the SiO,-C bond.
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Table 4.4  Textural parameters of materials obtained from N, sorption measurements at 77K.

Sample Seer(M*gY)  Viw(cm®g?)?*  Average pd (nm)®  Coating thickness (nm)°
rCNT 140.34 0.34 11.72 no coating
aCNT 149.10 0.56 20.76 no coating
SBA-15 661.59 0.66 5.03 5.699"
10SBA-CNT 209.91 0.56 15.25 3.90
20SBA-CNT 256.59 0.69 16.02 4.48
30SBA-CNT 431.41 0.93 12.95 461

% Total pore volume adsorbed at a relative pressures for N, at -196 °C.
® Average pore diameter/size

¢ Measured from micrographs using image j software

¢ Wall thickness calculated from Wt = 2d10/3"* — pd.

Nitrogen adsorption-desorption isotherms of the composites (Figure 4.16) show that the curves
are typically type IV isotherms as classified by IUPAC [22, 25], and have H1 hysteresis loops
which again are characteristic of mesoporous materials [26]. The composites show wider
sorption of Ny; which is indicative of the preserved porosity and may be opening of the tube
ends. The isotherms show high absorptions at relative pressures (P/Pg) up to 1.0, indicative of
formation of large mesopores and micropores. It is interesting to note that the composite with 30
wt. % loadings absorbed at longer relative pressure ranges (0.6 - 1.0 nm) than other composites,
and has a hysteresis loop which is associated with capillary condensation of gases within the

mesopores.
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Figure 4. 16 Nitrogen adsorption-desorption isotherms of SBA-CNT composites.

The corresponding pore size distribution for the 30 wt. % SBA-CNT composite (Figure 4.17)
show narrow and well defined mesopores centered at 4.8 nm. This is attributed to the SBA-15
since a peak at similar pore diameter sizes is identified in the SBA-15 pore size distribution
pattern (Figure 4.15) and this narrow pore size in 30 wt. % SBA-CNT composite is reported to
enhance photo-catalytic activity in materials [27]. The 10 and 20 wt. % SBA-CNT composites
have two peaks at = 2.6 and 3.5 nm, similar peaks were observed in aCNTSs, and therefore the
appearance of these peaks in the composites is associated with CNTs. Also of interest is the
small hump between 6 and 11 nm in the 20 and 30 wt. % composites, this hump is attributed to
the better de-bundling of the CNTs as the silica was increased which suggest that the coating

methods was efficient.
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Figure 4. 17 Pore size distribution pattern of SBA-CNT composites.

Analysis on the various characterization techniques allowed us to identify the composite with
more desirable physical and chemical properties. The 30 wt. % SBA-15 coated CNTs has
uniform silica coating and enhanced properties such as specific surface area, pore volume and
good thermal stability. Properties such as this are desirable in catalysis studies. The aCNTs,
SBA-15 and 30 wt. % SBA-15/CNTs will be employed to host TiO, nano-particles, and
determine which support has a better synergistic effect with the titania..
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4.2 Properties of Synthesized TiO, Embedded on Different
Mesoporous Supports at 10 wt. % TiO,

This section describes the physical and chemical properties of the synthesized TiO, nano-
particles and TiO, nano-composites. The materials presented in this section were prepared
according to experimental methods described in section 3.3.3 to 3.3.6. An initial TiO; loading of
10 wt. % was chosen and employed to investigate the properties of TiO, with the supports. This
loading was chosen as an initial loading because it would provide sufficient photo-catalytic
material for testing and investigating the optimum catalyst support without significant waste of
the catalyst precursor used to make the composites.

4.2.1 Electron Microscopy Investigations of Catalysts

4.2.1.1 HRTEM and SEM Analysis on Unsupported TiO,
The HRTEM Figure 4.18(a) shows well-defined lattice fringes of TiO, with an interplanar d-
spacing of 0.35 nm. HRTEM interplanar spacing measurements were in agreement with the

calculated values for the interplanar spacing using Bragg’s law and 20 values from the JCPDS

pattern, reference card number 00-021-1272.
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Figure 4.18 HRTEM microcraphs of mesoporous TiO, nano-particles with measured
interplanar d-spacing of 0.35 nm (a, yellow line) and consistent lattice fringes at

scale bar of 10 nm (b).

The SEM images (Figure 4.19) show the agglomerated particles, with a spherical shape. The
porosity of the particles is not resolved under SEM analysis, while irregular particle sizes and
shapes are observed. The micrographs also show interparticle voids which are typical for loose

particle aggregates [28].

Figure 4.19 SEM micrographs of mesoporous TiO, nano-particles.
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4.2.1.2 HRTEM and TEM Analysis on TiO, Nano-Composites

Figure 4.20 (a) depicts the morphology of the 10 wt. % TiO,/SBA-15 composite with well
dispersed titania particles on the SBA-15 surface. The titania particles on SBA-15 are well
dispersed small particles. Crystal size of TiO, as estimated by the Scherrer equation was 5.71 nm
and it reduced to 4.57 nm when similar calculations were done on the SBA-15 titania
composites. The incorporation of TiO, on the surface, rather than in the pores of SBA-15 could
be a result of the small pore diameter 5.03 nm of the SBA-15 support. Similar morphological

studies have been reported for TiO,/SBA-15 composites [29].

Figure 4. 20 TEM micrographs of TiO,/SBA-15 (a), TiO2/CNTs (b) and TiO,/SBA-CNTs (c)

nano-composites.
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Figure 4.20 (b) show small agglomerates of titania particles on the acid treated nanotubes. The
observed morphology could have been facilitated by the functional groups along the CNT walls.
The SBA-15 coated CNTs show (Figure 4.20 c) distinct agglomeration of the titania particles.
The anatase particles are more concentrated on the silica coated nanotubes than on the uncoated
tubes as depicted. This can be attributed to the strong interaction of titania precursor with silica
species on the nanotubes wall, which tends to attract the titania to the tube surface that has high

concentrations of silica.

4.2.2 XRD Analysis of Catalysts

4.2.2.1 XRD Analysis on Unsupported TiO;

XRD analysis was conducted to investigate the crystallinity of the sol-gel TiO, and
corresponding materials. As can be seen in Figure 4.21 the synthesized mesoporous titania
resembles the pure anatase phase TiO, with no evidence of the dominant rutile peak that would
appear at 20 = 27.40° corresponding to the (110) reflection. Furthermore, no observations were
made for the characteristic rutile reflections which appear as sharp and strong peaks at 26 =
54/56°. The anatase phase results from the maintenance of low temperature calcinations. The
titania crystalline size of the synthesized catalyst was determined from the FWHM of the (101)
reflection peak at 25.31°, using the Scherrer equation, and was found to be 5.71 nm. The
Scherrer equation suggests an inverse proportionality between the crystal size (d) and FWHM

(B). Also a decrease in the 20 degree value is associated with an increase in crystallinity.
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Figure 4. 21 XRD pattern of TiO, nano-particles.

4.2.2.2 XRD Analysis of 10 wt. % TiO, Nano-Particles on SBA-15
Incorporation of the titania particles onto SBA-15 could be seen to slightly inhibit the growth of
the crystals as can be deduced from the small titania crystallite sizes (Table 4.5). Similar

behavior of TiO, in SBA-15 has been reported by Lachheb et al. [30].

Table4.5  Properties of 10 wt. % TiO, catalyst on supports according to XRD pattern

analysis using the (101) reflection peak of anatase TiO..

Catalyst 2 Theta (degrees) FWHM (°)  Crystal size (nm)
TiO, 25.31 1.43 571
TiO,/SBA-15 25.80 1.78 4.57
TiO,/CNT 25.73 1.92 4.25
TiO,/SBA-CNT 25.57 1.93 4.22
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Figure 4.22 depicts the low angle diffraction pattern of SBA-15 and TiO,/SBA-15 composite.
The long range order of pores in SBA-15 was preserved as indicated by the appearance of peaks
at low angles. However, incorporation of TiO, brought about a shift in the 26° value of SBA-15,
indicating a change in the SBA-15 structure (Table 4.5). Shift in the low angle XRD peaks
suggest the pores are smaller in the TiO,/SBA-15 when compared to SBA-15 itself. D-values
also show that the distance from the pore centre — centre has decreased, this can only happen if
the wall thickness itself has increased, thus suggesting that some TiO, is within the pores of
SBA-15. TiO, particles are thought to be in the pores and not only on the SBA-15 surface
because of the shift in the (100) reflection from 0.9 26° with SBA-15 support alone, to 1.2 26°
with the TiO,/SBA-15 composite, the decreased d-values for this shift correspond to the distance
from the pore centre — centre which suggests that the pore sizes and wall thickness have changed
when comparing SBA-15 and TiO,/SBA-15. Diffraction of the TiO,/SBA-15 composite at low
angle supports the analysis from morphological studies which suggested that the uniform,
ordered mesopores of SBA-15 where preserved during incorporation of TiO, nano-particles and

introducing TiO, did not alter the regular, long range ordered pore structure of SBA-15.

——SBA-15
—— TiO,/SBA-15

(100)
d =9.3978 nm

(100)
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Wt( =4.010 nm

100)
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(110) (200)
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Figure 4. 22 Low angle XRD pattern of SBA-15 and 10 wt. % TiO,/SBA-15 nano-composite,
Wt denotes wall thickness.
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4.2.2.3 XRD Analysis of 10 wt. % TiO, Nano Composite

All catalyst composites had peaks that were similar to those of anatase phase titiania. The
appearance of a peak in the composites at 20 = 42.88° did not correspond to any phase found in
anatase, rutile nor brookite phase TiO,. However, the peak was at a similar position as the (100)
reflection plane of CNTs (Figure 4.23). This confirms that the crystallinity of the CNTs was
maintained during the chemical and thermal treatments involved in the synthesis of the
composites. The dominant peak of CNTs at 20 = 25.72° could not be identified in the composites
containing CNTSs. It was no surprise since the dominant peak of the anatase titania also appears
around the same position, therefore the peaks overlapped. A phenomena repetitively observed in
studies relating to TiO,/CNTs [31, 32]. TiO,/SBA-15 composite showed small low intensity
diffractions of the anatase peaks, this suggests that the TiO, particles were well dispersed on the
SBA-15, this was in agreement with the low angle XRD analysis of the composite and the

electron microscopy analysis.
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Figure 4. 23 XRD pattern of 10 wt. % TiO, nano-particles on SBA-15, CNTs and SBA-CNT
composites.
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Analysis of the XRD patterns using the overlapping (20 = 26.00°) peak showed slight broadening
of the anatase phase TiO; particles in the 10 wt. % TiO, composites when compared to the
unsupported TiO,. Since, in the composites, the TiO, (101) reflection peak of anatase overlapped
with the (002) reflection peak of the CNTs and the amorphous peak of SBA-15, further analysis
where carried out using the peak at 26 = 54.00°, assigned to the (211) reflection plane of anatase
and similar trends of broadening when examining the FWHM and reducing titania crystal size
were observed. Broad peaks and a shift of peaks to high angles for TiO; is associated with a
decrease in crystallinity of the particles [16]. An overall effect of the support frameworks on
titania particles was the restriction of the TiO, nano-particles growth as deduced from the small
crystal size of TiO, when in the composites. This effect is desirable in catalysis studies since

small crystals have high surface areas [33].

Table 4.6  Properties of 10 wt. % TiO, catalyst on supports according to XRD pattern

analysis using the (211) reflection peak of anatase TiO».

Catalyst 2 Theta (degrees) FWHM (°) Crystal size (nm)
TiO, 54.43 1.91 4.69
TiO,/SBA-15 54.04 1.97 4.53
TiO,/CNT 54.18 1.99 4.48
TiO,/SBA-CNT 54.30 1.84 4.86

4.2.3 Raman Spectroscopy of Unsupported TiO, and 10 wt. % TiO, Catalyst

The Raman spectra (Figure 4.24) depict vibrational bands at 400, 521 and 644 cm™ which
correspond to the anatase modes of B1g; Aiq Overlapping with B1g; and Eq symmetry respectively.
These modes are associated with anatase phase titania [20] and the analysis is in agreement with
the identified phase from the XRD pattern.
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Figure 4. 24 Raman spectra of TiO, nano-particles.

None of the characteristic titania Raman spectroscopic bands were identified in the various
composites (Figure 4.25). Perhaps due to the limited amount of titania incorporated onto the
supports. The CNTs containing composites depicts the well-defined D and G bands of the
nanotubes at ~ 1350 and 1600 cm ™ respectively. The titania phase within the composites was
expected to be anatase, since, introducing SBA-15 and CNTSs restricts phase transformation from
anatase to rutile form through interaction that takes place between the species that stop the

diffusion and nucleation processes [20].
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Figure 4. 25 Raman spectra of 10 wt. % TiO, on different supports.

4.2.4 Nitrogen Sorption Studies of Unsupported TiO, and 10 wt. % TiO,
Catalysts

The sol-gel synthesized TiO, had a type IV isotherm with H2 hysteresis loop and wide
adsorption - desorption at relative pressure of 0.4 - 1.0 (Figure 4.26). The isotherm and
hysteresis loop confirmed the material to be mesoporous. Nitrogen sorption occurring at high
relative pressures was indicative of materials with uniform pore arrays. The titania catalyst had

an average pore size distribution of 5.2 nm and a specific surface area of 207.75 m* g™.
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Figure 4. 26 Pore size distribution and nitrogen sorption isotherm (insert) of TiO,.

The specific surface area of the TiO; increased when it was supported on the different materials
as opposed to the unsupported TiO, nano-particles (Table 4.7).

Table4.7  Textural parameters of TiO; and 10 wt. % TiO;, nano-composites according to N,
sorption studies.

Parameter (Units) Catalyst Composites
TiO, TiO,/CNT TiO,/SBA-15 TiO,/30SBA-CNT
Seer(M”g™) 207.75 241.28 214.00 301.35
Pore vol. (cm®g™) 0.35 0.70 0.43 0.89
Pore diameter (nm) 5.10 15.65 5.73 12.56
TiO; content (wt. %0)? 100 14.78 6.48 12.80

# Metal content calculated from Inductively Coupled Plasma-Optical Emission Spectroscopy analysis.

There were slight variations of the titanium dioxide content in the composites according to ICP-
OES analysis. The TiO2/SBA-15 composite showed the smallest contents of TiO,, probably as a

result of digestion methods which were not successful in digesting the TiO, particles deposited
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inside the pores of SBA-15. The low content of TiO; in the SBA-15 composite imply that most
of the titania that was digested was on the surface of the silica, and these results supports the
XRD analysis which suggested that there were some TiO, particles deposited into the pores of
SBA-15 since the same digestion method on CNT and SBA15/CNT supports provide values
closer to the weight loadings expected. Supporting the titania catalyst on various supports did not
compromise the meso-porosity of the materials. Although the titania particles on various
supports had the same hysteresis loop and pore size distribution values similar to the respective
support (Figure 4.27a and b).
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Figure 4. 27 Pore size distribution pattern (a) and sorption isotherms (b) of TiO, and 10wt. %

TiO, nano-composites.

4.2.5 Optical Studies and Photoluminescence Studies on TiO, and TiO, Nano-

Composites

Part of the various hindering factors regarding the activity of TiO, in photo activity applications
is their wide band gap energy which can be activated by ultra-violet (UV) irradiation, and UV is
only a small fraction of the solar energy that reaches the surface of the earth [34]. Reducing the
band gap energy has been widely reported to yield positive results and increase catalytic
performance of catalysts. Figure 4.28a is a representation of the optical responses of employed

materials.
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Degussa P25 was investigated in these experiments as a reference commercial catalyst to
compare the set of prepared materials against. The extrapolated 3.29 eV band gap energy
(Figure 28b) of Degussa P25 was in agreement with literature reports [45]. The synthesized
anatase TiO, had decreased band gap energy of 3.1 eV and the other supported titania materials
showed red shifts on CNT containing composites. The red shift indicate decrease in band gap
energy and this was due to the unique manner in which CNTSs can absorb visible, and other, parts
of the electromagnetic spectrum. The band gap energy of composites containing CNTs reduced
to 3.20 (TiO,/CNT) and 3.15 eV (TiO/SBA-CNT) compared to SBA-15 supported TiO, (3.33
eV). The observed decrease of band gap energies brought on by CNTs in titania materials is in

agreement with observations by Xu et al [35].
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Figure 4. 28 UV-Vis diffuse reflectance measurements (a) and Kubelka Munk plots (b).

Photoluminescence (PL) studies have been employed to determine the electron-hole
recombination rate. PL spectroscopy is considered to be a highly sensitive tool to study the
photo-physics of the photo-generated species [36]. PL spectra results when excited electrons and
holes recombine to their ground states and the intensity of peaks for materials at different
wavelengths is indicative of the rate of recombination, for instance, when the peak intensity of
the PL is low, then the recombination rate of electrons and holes is slow — a trait desirable in

efficient photo-catalytic materials and applications [37].
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Figure 4.29 exhibits PL profiles of 10 wt. % TiO, composites with peaks at 422, 461, 484, 530
nm for the unsupported TiO, and TiO,/SBA-15 catalysts respectively. The presence of this peaks

suggest that the recombination of electrons in this materials is fast. An emission band at 420 nm

is attributed to shallow traps emission [38], while a common phenomena is that recombination of

mobile electrons with trapped holes results in the emission of peaks at =530 nm, while

recombination of trapped electrons with valence band holes leads to a broader PL spectrum with
a peak at ~600 nm [39]. The absence of peaks in the TiOo/CNT and TiO,/SBA-CNT composites

suggest that the rate of electron — hole recombination is very slow. The recombination rate has

been slowed by the presence of CNTSs in the catalyst, because of the 1D structure of the tubes

which make them prone to electron conduction with no resistance [40, 41] and in turn allow for

generated electrons in TiO, to be easily transferred to the CNTs [6].
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Figure 4. 29 Photoluminescence spectra of TiO, nano-particles and 10 wt. % TiO, on nano-

composites. The spectra were captured at irradiation wavelength of 390 nm,

excitation slit 5.0 nm, emission slit 0.0 nm and scan speed 120 nm. min™.
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4.3 Properties of Different TiO, Nano-Particles Contents on 30 wit.
% SBA-15 Coated CNTs

This section describes the physical and chemical properties of different TiO, loadings on SBA-
CNT composite, which is an optimum catalyst support. The results presented in this section are
based on the materials prepared in experimental section 3.3.6. The high surface area, high
crystallinity of TiO,, small band gap energy and slow electron-hole recombination rate of these
composite make it a more attractive catalyst for further investigations amongst the studied
catalyst supports (section 4.2). Additionally the TiO,/SBA-CNT catalyst composite showed
enhanced photo-catalytic properties as will be discussed in Chapter 5. TiO, properties are

monitored on the SBA-CNT framework at 5, 10 and 20 wt. % TiO, concentrations.

4.3.1 Morphological Studies on 5, 10 and 20 wt. % TiO, Nano-Particles on 30
wt. % SBA-CNT composite

Figure 4.30 presents the SEM micrographs which show that the presence of CNTs reduce the
agglomeration of TiO, nano particles. This separation effect of CNTs has been observed by
Wang et al. [42]. Chena et al. [31] reported that at 85 and 95 wt. % TiO,/MWCNTS composites,
titania particles where agglomerating and forming various sizes of particles that were packed
together. In Figure 4.30(d), 20 wt. % TiO,/SBA-CNT composite depicts few agglomerates of
TiO, particle, this could be observed at such low weight percentages perhaps because of the

silica surface groups.
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— 200 nm

Figure 4.30 SEM images of TiO,, 5 wt. %, 10 wt. % and 20 wt. % TiO, nanoparticle on 30
SBA-CNT composite (a-d) respectively.

4.3.2 XRD Pattern Analysis of Different [TiO,] on SBA-CNT

In Section 4.2.2.1 unsupported anatase phase titania were clearly identified with no evidence of
the rutile or the brookite phases, the characteristic anatase peaks appeared at 26 = 25.31, 37.96,
47.77, 54.18, 62.50, 69.25, 75.11 and 82.87° and were assigned to the (110); (004); (200); (211);
(204); (220); (215) and (224) reflection planes respectively. Figure 4.31 depicts peaks
corresponding to anatase phase titania. On the 5 wt. % TiO,/SBA-CNT composite the
characteristic peak of anatase at 26 = 25.00° was clearly identified with additional peaks at other
positions associated with anatase TiO,.
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As the TiO, content was increased on the SBA-CNT support composite, the characteristic peaks
for the anatase phase of TiO, become more intense. Of importance to note from the XRD pattern
was the peak at 43.99° which corresponds to the (100) reflection plane of CNTs. The presence of
the peak signifies that the crystallinity and probably the SBA-CNT composite properties have

been preserved during chemical and thermal treatments.
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Figure 4.31 XRD patterns of TiO, and 5, 10 and 20 wt. % TiO,/SBA-CNT composites
(rectangular shape highlights the emerging CNTs peaks within the composites).

The interpretation of the FWHM and 20 degree positions of the peaks were analyzed from the
anatase TiO, (101) reflection peak and the (211) reflection peak (Table 4.8). Both reflection
peaks showed that supporting TiO, on SBA-CNT composite reduce the growth of the TiO,
crystals. FWHM of TiO; gives details about the crystal size, whereby the narrower the peak, the
bigger the crystal size of TiO; [43]. The TiO; in the 10 wt. % composite had the smallest crystal
size from analysis of the FWHM and crystal size calculation using both reflections.
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Table 4.8  Properties of TiO, particles within the composites according to XRD pattern
analysis.
Catalyst 2 theta (°) FWHM (°) Crystal size (nm) Wt (nm)?
(101) (211) (101) (211) (101) (211)
TiO, 25.13 54.43 1.43 191 571 4.69 0.2089
5TiO,/SBA-CNT 25.80 54.04 1.79 1.98 4.57 4,52 0.2051
10TiO,/SBA-CNT 25.57 54.18 1.93 1.99 4.22 4.48 0.2068
20TiO,/SBA-CNT 25.57 54.29 1.90 1.72 4.28 5.18 0.2068

* Wall thickness calculated from 2d05/3"* — pore diameter from Table 4.9, p.109.
(101) denotes the overlapping reflection peak appearing at approximately 26 = 26.00°.
(211) denotes the non-overlapping reflection peak appearing at approximately 26 = 54.00°.

4.3.3 Raman Spectroscopy and Thermo-gravimetric Analysis of 5, 10 and 20
wt. % TiO, on SBA-CNT.

The decreasing Ip/lg ratio of the CNTSs in the nano-composite support what was observed when

TiO, particles were introduced onto SBA-CNT support (Table 4.9). This suggests that the

composite becomes more graphitic as the titania nano-particles were introduced. The Raman
FWHM of the graphitic band of the nanotubes broadens (69.85, 70.49 and 81.54 cm™) with an

increase in TiO, content from 5, 10 and 20 wt. % TiO, respectively. The peak broadness is

attributed to a decline in the crystal structure of the carbon nanotubes and an increase in the

disorder of the tubes [12]. The XRD pattern is in agreement with the loss of crystallinity of the
CNTs in the TiO,/SBA-CNT composites.

Table 4.9

Effects of TiO; particles on Raman vibrations of CNTs coated with SBA-15.

Sample G band FWHM G band (cm™) Ratio (Ip/lg)
5TiO,/SBA-CNT 69.85 1572 1.31
10TiO/SBA-CNT 70.49 1576 1.36
20TiO,/SBA-CNT 81.54 1571 0.64
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Figure 4.32 shows that unsupported TiO, is very thermally stable as can be seen from the
percentage weight loss of 5.68. The decomposition at around 100 °C in TiO; could be due to
surface moisture (H20). The 30 wt. % SBA-15 coated CNTs decomposes significantly between
460 — 700 °C, and this range of temperatures has been reported in the literature [7, 12]. However
introducing 5 wt. % TiO, to the SBA-CNT composite reduced the decomposition temperature of
the composite and then the decomposition temperature gradually changed as the TiO, content
was increased in the composites. This observation is contrary to that of Da Dalt et al. [44] for
TiO,/CNT composites, probably because of the SiO, presence in our composites.
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Figure4.32  Thermogram patterns of TiO,, SBA-CNT support and XTiO,/SBA-CNT
composites (x denotes 5, 10 and 20 wt. % TiO,).

The 20 wt. % TiO/SBA-CNT composite experienced the least percentage weight loss of 36.78
wt. %, followed by 50.31 and 52.07 for 10 and 5 wt. % TiO,/SBA-CNT composites respectively.
An increase of TiO, concentration in the SBA-CNT support caused a decrease in percentage
weight loss of the materials [32]. However, there was a linear increase in thermal stability as the
TiO, content increased from 5, 10 to 20 wt. % TiO,. From the thermal behaviour of materials it
was evaluated that the weight loss and the amount of mass remaining corresponded to TiO, and
SBA-15.
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4.3.4 Nitrogen Sorption, Optical and PL Studies of Different [TiO,] on SBA-
CNT

Surface area plays a crucial role in the activity of a catalyst, and this is because the surface area
is related to the the number of active sites on the surface of the catalyst. Table 4.10 depicts the
analysis of N, sorption studies which show a direct proportionality between surface area and
TiO, loading. The pore volume increases as the TiO, loading is increased in the SBA-15 coated
CNTs. The increase in pore volume is attributed to the presence of the support framework which
has large pore volume of 0.93 nm (section 4.1.6). So it could be thought that the presented pore
volume in the catalyst system is not a representative of TiO, particles but rather of the bulk
structure. The textural parameters of the catalyst were enhanced by the support composite, with
average pore size distributions of 4.1, 3.2, and 4.2 nm for 5, 10, 20 wt. % TiO2/SBA-CNT
composites respectively (Appendix A 2.3.2).

Table 4. 10  Textural parameters and band gap energy of varying TiO; loading on SBA-CNT.

Catalyst Sger(M®g’)  Pore vol. Average Pore Bandgap  TiO, (wt. %)"
(cm*g™) diameter (nm)  energy (eV)?
5TiO,/SBA-CNT 252.50 0.83 15.28 2.50 6.72
10TiO,/SBA-CNT 301.35 0.89 12.56 3.15 11.93
20TiO,/SBA-CNT 347.74 1.32 17.19 2.85 18.94

#Calculated from Kubelka Munk plots similar to those in figure 4.28.
*TiO, contents calculated from ICP-OES analysis.

Band gap energy of catalysts decreases as the crystal size of TiO, in the composite increases.
The 20 wt. % TiO,/SBA-CNT composite had wider band gap energy (2.85 eV) and it was
attributed to the agglomerated TiO, particles along the support. The morphology of the material
consecutively caused a decrease in the crystallinity and increased crystal size of the titania as
was observed from XRD analysis. The 10 wt. % TiO,/SBA-CNT composite had reduced band
gap energy of 3.15 eV and this was attributed to agglomerated titania particles in the composite.
The 5 wt. % composite showed narrower band gap energy of 2.50 eV amongst the investigated
composite materials. This was attributed the very small crystal size, well dispersed and synergic
interaction of TiO; particle with SBA-CNTs composite [35].
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Figure 4.33 shows the PL spectra of materials and from the suppression of peaks in the different
catalyst composites it can be established that the lower the titania content, the lower the electron
- hole recombination rate of self-trapped excitation in titania. Yen et al. [23] also observed that
the introduction of CNTs reduced the e - h* recombination rate according to PL studies,
although their ratio of CNTs to TiO, was (0-8 : 100-92). Peak positions in TiO, are similar to
those encountered and discussed in section 4.2.5. The weak intensity of PL from TiO, nano-
particles could result from a lower density of intra-band-gap states and/or from improved

transport [39].
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Figure 4. 33 Photoluminescence spectra of TiO, and SBA-CNT supported TiO..

111



4.3.5 Conclusions

The characterization analysis demonstrated that the sol-gel method was efficient in synthesizing
composite materials. In particular, coating silica to acid treated multi-walled carbon nanotubes.
The SBA-CNT composites demonstrated that CNTs are good materials to be considered for
composites since their properties are very stable when they are alone and enhanced when in
composites. A hydrothermally and chemically stable SBA-15 material with high surface area
was successfully synthesized. The sol-gel method adapted using surfactants was able to
synthesise high surface area, mesoporous TiO, anatase nano-particles. Introducing TiO, to
different supports namely, SBA-15, acid treated multi-walled carbon nanotubes (aCNTs) and
silica coated aCNTs (SBA-CNT) showed that the supports are stable and enhance the physical
and chemical properties (thermal, surface, electronic, and structural) of the catalyst (TiO;). The
titania particles had a small crystal size when they were on supports than when they were
unsupported. This small crystal size caused a decrease in the band gap energy of the catalyst.
Supporting different weight percentages of TiO, on the SBA-CNT composite further enhanced
the properties of TiO, catalyst.
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Chapter 5
Photo-Catalytic Studies
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5.1 Photo-catalytic Activity of 10 wt. % TiO, on Supports (CNTs,
SBA-15 and SBA-CNT)

This section explores the activity of the 10 wt. % TiO; on different support frameworks namely,
CNT, SBA-15 and 30 wt. % SBA-15 coated CNTs. These materials were prepared according to
Chapter 3, sections 3.3.1-3.3.3 and 3.3.4. The photo-catalytic activities of these materials were
conducted on methylene blue (MB) as a model pollutant dye in order to study the effect of
support systems on TiO, nano-particle photo-catalysts. The catalyst support composite that
worked best to decolorize MB was chosen as the optimum support and it was employed for

further investigations.

Figure 5.1a shows the adsorption properties of the various catalysts during the period of stirring
in the dark before the solution was irradiated with visible light. The synthesized catalysts were
able to effectively adsorb pollutant molecules and facilitate MB de-colorization within the first
hour of contact and before irradiating with light. P25 represents the commercial (Degussa P25)
TiO, catalyst which was employed as a reference material for the photo-catalytic studies. It was
anticipated that the mesoporous structure and high surface area of the synthesized TiO, material
would enhance its catalytic performance and outperform P25. However, the catalysts (P25 and
mesoporous TiO;) were highly competitive with regards to their adsorption of the MB in the
dark (represented by sharp slope before 0 minutes), while mesoporous titania particles did not
have a greatly enhanced adsorption of MB molecules. A significant amount of MB was adsorbed
by the TiO,/SBA-15, TiO,/CNT and the TiO,/SBA-CNT nano-composite catalysts. These high
adsorptions are attributed to the high specific surface areas of the composites and the synergistic

effect between titanium dioxide and the respective supports.
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Figure 5.1 Sorption equilibrium properties of materials while in the dark and after irradiation

(a) photo-catalytic activity of materials under visible light irradiation (b).

Figure 5.1b represents the photo-activity of the catalysts after irradiation with a 32 W visible
day light halogen lamp. The titania particles supported on the composite of TiO,/SBA-CNT de-
colorized the MB molecules better than the other composites. The activity of these catalyst
composite was attributed to their relatively high surface area (301.35 m? g™), small band gap
energies (3.15 eV) and very slow electron — hole recombination rates. The enhanced photo-
catalytic de-colorization of MB by the TiO,/SBA-CNT as compared to the TiO,/CNTs and
TiO,/SBA-15 composite might be due to the synergy between CNTs, SBA-15 and TiO, which
enables the catalyst to adsorb MB dye molecules and facilitate movement of pollutants and

products during the reaction.

Unexpectedly, the TiO,/SBA-15 composite performed better than the TiO,/CNT composite
which had small TiO, crystals, reduced band-gap energy, high surface area, and slow electron-
hole recombination rates. The photo-catalytic performance was attributed to the morphological
structure of TiO,/SBA-15 composite which showed a long range order of the curved pore walls

that are reported to facilitate the movements of pollutant and products during catalytic reactions.

120



The photo-activity of TiO,/SBA-15 was expected to be low because of the white color of the
material which could have reflected the visible light energy and in turn generate a small
population of electron-hole that are responsible for generating the active species that de-colorize
the MB. Also, photoluminescence studies of TiO,/SBA-15 showed oxygen vacancies which
suggested that the sample could have fast rates of electron — hole recombination, a characteristic
reported to influence photo-performance negatively during catalysis [1]. The study of Acosta et
al. [2] attributed the high surface area, good adsorption properties but low de-colorization
efficiencies of TiO,/SBA-15 composites to possibilities of competitive co-adsorption of MB and

recalcitrant by-products which might have absorbed at the same wavelength as MB.

MWCNTs could have enhanced the photo-catalytic activity of TiO, under visible light
irradiation through good adsorptive abilities and photochemical properties of CNTs once
functionalized. Yu et al. [3] attributed the enhanced photo-catalytic activity of titania-carbon
nanotubes composites to the electronic synergy between TiO, and CNTSs. It is well known that
electrons can move freely within the cylindrical structure of the CNTs at room temperature
without any scattering from atoms or defects, a phenomenon referred to as ballistic transport.
Such excellent transport properties, regarding electrons, may play a role in the effective
separation of electrons and holes during the photo-catalytic process. The PL studies showed a
decrease in e-h recombination rate and thus support this idea, and in addition, similar results
have been reported in the literature. Recent studies by Hintsho et al. [4] demonstrated that
functionalized CNTs alone can remove methylene blue up to 20% during 6 hours of irradiation
with a 12 W UV lamp. The photo-activity of the nanotubes was attributed to the presence of
functional groups, which could have served as centres for radical species generation. The same
study decolorized 53% MB within 6 hours of irradiation with 10 wt. % TiO2/CNT composite
which was synthesized through MOCVD method. Comparatively our 10 wt. % TiO,/CNT
composite synthesized with the solution method decolorized a total of 70% MB in 30 minutes of
catalyst and pollutant interaction. Such variations are thought to be a result of composite
properties which is brought about by the involved synthesis chemistry. The distinctive
performance of these materials supports the view that the sol-gel method is highly effective for
coating and enhancing properties of CNTs, and ultimately enhancing photo-catalytic activity of
TiO,.
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These results showed that the photo-catalytic activity of materials, in particular, the efficiency of
the catalyst composites does not only depend on the adsorption properties of the material
surfaces, rather, on the physico-chemical properties of the catalyst composites which is brought

about by the synergy between the TiO, and support.
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5.2 Photo-catalytic Activity of 5, 10 and 20 wt. % TiO, supported
on SBA-CNT

This section describes and analyses the results on the use of SBA-CNT composite to support and
study the photo-catalytic activity of TiO, at different catalyst (TiO;) weight loadings. The
support composites hosted 5, 10 and 20 wt. % TiO, nano-particles on SBA-CNT. These
materials were prepared according to Chapter 3, section 3.3.4. The activity of the catalysts was
monitored by observing the de-colorization of MB and the composite that decolorized MB

effectively was identified for further photo-catalytic activity investigations.

Figure 5.2 (dark) shows that the SBA-CNT supported TiO, composites were highly adsorptive
before irradiation. The unsupported TiO, was able to adsorp = 10% MB molecules while
Degussa P25 showed very little adsorption. This is attributed to the high surface area and porous
structure of the prepared unsupported titanium material. The 5 wt. % TiO./SBA-CNT composite
showed the greatest adsorption of the MB molecules, and this could have been because the
catalyst composite had little weight loading of TiO, and more of the SBA-CNT support. The
relatively high surface area SBA-CNT support was therefore exposed to the MB molecules for
adsorption during pre-treatment of the pollutant and catalyst mixture before irradiating with
light.
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Figure 5.2 Catalytic activity of materials before and after irradiation with visible light

irradiation.

After irradiation with light the activity of catalysts showed that 5 wt. % TiO, composite was the
most active photo-catalyst. The activity of the catalyst was attributed to the small crystals of
titanium (4.28 nm) and low band gap energy (2.50 eV). From Chapter 4, section 4.3 the crystal
sizes were 4.28, 4.48 and 4.57 nm and the band gap energies were 2.50, 3.15 and 2.85 eV
respectively for the 5, 10, and 20 wt. % composites. PL studies also showed that the 5 wt. %
composite had the slowest electron-hole recombination rates as compared to the 10 and 20 wt. %
composites. The low electron-hole recombination rate imply that the oxidizing agents remain in
the system long enough to degrade as many pollutant molecules as possible [4]. This mechanism
of photo-de-coloration explains the reason the 5 wt. % composite was able to efficiently

decolorize 84% MB molecules (Figure 5.3).

124



100 -

é - - e 2 »
g 80 + s v 1A X 5y
-
©
S
< 60+ = TiO,
< e 5TiO/SBA-CNT
o 10TiO,/SBA-CNT
2™ v 20TiO/SBA-CNT
o P25
> 20
I
©
O -
]
0+ ¥ [] n ° 5
0 40 80 120 160
Time (min)

Figure 5.3 Photo-catalytic efficiency of the catalysts (0.13 g L™) to decolorize MB (10 mg L’
). The samples were run at neutral solution pH, stirring rate 140 RPM and

irradiating with 32 W visible lamp.

The total de-colorization of the pollutant by 5 wt. % TiO,/SBA-CNT catalyst showed that the
synergistic effect between the electronic properties of TiO, and CNTs was the most influential
factor that enhances the efficiency of the catalyst composite. The large surface area and pore
volume of the 10 and 20 wt. % composites did not exhibit the best degradation rates as
anticipated from the understanding of high active sites and ease of pollutant molecules
transportation. Perhaps the TiO, crystallinity within the materials is the draw back to the material
activity and thus minimizes the interaction of the SBA-CNT composite with titania particles at
high TiO, contents. The photo-catalytic activities of the catalyst were directly proportional to the

band gap energy of the catalysts.

The photo-catalytic de-coloration of methylene blue is well established in literature, and follows
a pseudo first order kinetics model. The first order rate constant of the materials were normalized
with respect to the surface area of the composites as a way to account for the catalytic activity of

materials prepared and studied under similar condition (Table 5.1).
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Table5.1 Methylene blue de-colorization kinetic studies with prepared catalysts.

Catalyst Rate constant, K (min™) ~ Normalized K (min"m®  Sggr (m®g™h)*
TiO, -4.5694 x 10 -1.09974 x 10™ 207.75
5TiO,/SBA-CNT -1.6420 x 10° -3.25149 x 10™ 252.50
10TiO,/SBA-CNT -1.5316 x 10° -2.54123 x 10™ 301.35
20TiO,/SBA-CNT -1.2602 x 10° -1.81199 x 10 347.74
P25 (commercial TiO,) N/A* N/A? 8.81

*Specific surface area from N, sorption studies.
*The reaction time for P25, with the lamp used, and the extent of the reaction was very low (less than 5%)
and thus the data collected could not be used to calculate the rate constant.

The rate constants K, of the catalyst showed that the composite catalysts had a fast rate of de-
coloration on MB as compared to the unsupported TiO, and P25 catalysts. This is supported by
the steep slope observed from the de-colourization graphs (Figure 5.2). The fast de-colorization
rate constant before normalizing was attributed to the high surface area and the porosity of the
materials. Compared to the P25 photo-catalyst, the prepared materials were more efficient in de-
colourizing MB according to the total percentage removal graph (Figure 5.3). The enhanced de-
colourization and % removal efficiency of MB by the 5, 10 and 20 wt. % TiO,/SBA-CNT
materials was attributed to the reduced band gap energies and the slow electron — hole
recombination rates of the composites, together with the high surface area, small TiO, crystal
sizes, which could have influenced the activity of these materials under visible light irradiation.
In overall, the rate constant results show that high surface area TiO, and composite TiO, catalyst

enhance the de-coloration activity of the catalyst under visible light irradiation.
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5.3 Photo-catalytic Activity of 5, 10 and 20 wt. % TiO, on SBA-
CNT on the Photo-degradation of MCPA

This section explores the photo-catalytic activity of the 5 wt. % TiO,/SBA-CNT composite
catalyst on the transformation of 4-chloro-2-methylphenoxy acetic acid (MCPA), a common
herbicide. In this section effects of different variables, namely, solution pH, catalyst
concentration and pollutant concentration were investigated. The catalyst with the best de-
colourization efficiency in the dye experiments was chosen for MCPA optimization and catalyst
efficiency tests, the 5 wt. % TiO2/SBA-CNT composite. Transformation concentrations were
studied on the High Performance Liquid Chromatography (HPLC) following methods in Chapter
3, section 3.2.9 and 3.4.

5.3.1  Effects of solution pH on catalyst efficiency

Solutions of MCPA with a concentration of 8 mg L™ were prepared at pH 2.98, 8.20 and at the
natural pH of the MCPA solution (pH = 4.68). A mass of 0.1 g L™ of the 5 wt. % TiO,/SBA-
CNT catalyst nano-composite was employed to study the effect of pH on the degradation of
MCPA.

Figure 5.4 shows that photo-degradation of MCPA was enhanced at solution pH 8.20. After 160
minutes of irradiating with the 32 W visible light lamp, the solution pH was found to have
decreased to ~7.74. The drop in pH as the reaction proceeds could be attributed to the breakdown
of MCPA and the production of acidic chlorine ions which form HCI in the aqueous solution [8,
9].
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Figure 5.4  Photo-degradation of 8 mg L* MCPA with 0.1 g L™ 5 wt. % TiO»/SBA-CNT

composite at different pH conditions.

The pKa value of MCPA is reported to be 3.07 [10]. Understanding of the Columbic interactions,
suggest that the best working pH solution would be higher than 3.07 since the herbicide
molecules movement would be facilitated towards the catalyst surface, therefore allowing for
greater interaction between catalyst, pollutant and photon energy for the absorption and
transformation of MCPA. The photo-catalytic activity of the 5 wt. % TiO,/SBA-CNT composite
showed that transformation of MCPA can be enhanced at high pH values [11, 8]. At natural
(4.68) and acidic (2.98) pH an increase in concentration of MCPA was observed during the
photo-catalysis reactions. Pirozzi et al. [9] attributed this to the transformation of MCPA into
more acidic groups (HCI). Or alternatively, the apparent increase in MCPA concentration could
be due to the transformation product having overlapping peaks with that of MCPA [12]. It has
been reported that at very acidic pH solution the main pathway of transformation is through
photo-chemical rearrangement. Before irradiating with light, the catalyst absorbed most the
pollutant molecule when the pH was 8.20 followed by the solution at 4.68. When the solution pH
was 2.98 no significant absorption of MCPA was noted on the catalyst surface.
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5.3.2  Effect of catalyst concentration

The effect of catalyst concentration has been studied and understood to affect catalysis. The
effect of catalyst concentration on the transformation of MCPA (Figure 5.5) was studied within
the range 0.1 — 0.5 g L™ 5 wt. % TiO,/SBA-CNT catalyst concentrations at pH 8.20 with 8 mg L~
! concentration of MCPA. In a heterogeneous regime, the mass of the catalyst is directly
proportional to the photo-catalytic reaction rate. It was observed that at low catalyst
concentrations (0.1 g L™), MCPA was efficiently degraded when compared to other catalyst
concentrations (0.25 and 0.5 g L™). It could be that increasing the catalyst concentration caused
particle aggregations which reduce the number of active sites for photo-catalysis, therefore
decreasing the reaction rate since less pollutant could be degraded with fewer active sites
availble [13]. In addition, at high mass loadings of the catalyst into the solution, the light could
not penetrate the solution due to some of the catalyst absorbing and thus blocking light from
reaching any catalyst ‘further in’ — i.e. a screening effect due to large amounts of particulates in
the solution. As the concentration of the catalyst increased in the solution medium, possibilities
of light scattering also increase with screening effects [14].
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Figure 5.5 Influence of catalyst concentration on the transformation of 8 mg L™ MCPA

under irradiation.
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5.3.3  Effect of pollutant concentration

During photo-catalytic oxidation reactions, the degradation of the organic pollutant becomes
dependent on the amount of light irradiating on the catalyst surface over time [14]. At high
pollutant concentrations the catalyst efficiency decreases as the catalyst surface becomes
saturated and leads to minimized photo-activities. At high pollutant concentrations the pollutants
can also trap the generated electron-holes at the surface of the catalyst and thus prevent the
formation of active radicals which are responsible for degrading the pollutant. Several studies on
various organic pollutants have shown that increasing the pollutant concentration causes a
decrease in the catalyst degradation efficiency [15]. However our studies on MCPA showed
otherwise according to Figure 5.6. We observed that the maximum photo-catalytic efficiency of
our catalyst composite was attained when the concentration of MCPA was at higher
concentrations (8 mg L™) as opposed to lower concentrations (2 mg L%). At MCPA
concentrations of 4 mg L™ no degradation was observed, instead we observed a phenomenon that
suggests the presence of overlapping peaks from by products of MCPA which in turn appear as if
the MCPA concentrations increase. This has been related to the formation of HCI into the

solution and can also be related to photochemical rearrangements [9, 16].
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Figure5.6 Influence of MCPA concentration during photo-catalytic degradation with 0.1 g L
1 5 wt. % TiO./SBA-CNT at pH 8.2.
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5.4 Photo-catalytic transformation of MCPA under optimum conditions

The photo-degradation of the herbicide aromatic ring takes place simultaneously with chloride
evolution, whereby the reaction in both cases follows first-order kinetics [15]. Figure 5.7 show
the activity of commercial TiO,, Degussa P25 catalysts under the conditions found to be
optimum with the 5 wt. % TiO,/SBA-CNT composite. MCPA herbicide was not stable, since its
concentrations seemed to be increasing when irradiated with visible light in the absence of a
catalyst. P25 could not initiate MCPA transformation under the set conditions, however 5 wt. %
TiO,/SBA-CNT catalyst was able to initiae MCPA transformation.
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Figure 5. 7 Photo-catalytic activity of catalysts on 8 mg L™* MCPA solution with 0.1 g L™

catalyst concentration at pH 8.2.

Several peaks have been identified by other authors to appear on the HPLC chromatograms at
retention times of about 4.9 minutes. The peak has been repeatedly associated with the main by-
product, 4-chloro-2-methylphenol [16]. In this work we did not identify any significant new
peaks during the transformation reactions. This was attributed to the very slow decrease of the
herbicide concentration which could not allow the formation of by-products or it could mean that

the transformation by-products have overlapping peaks with MCPA.
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The differences in the efficiency of our catalyst with two substrates of different structures imply
that photo-catalytic activity was greatly influenced by the molecular structure of the pollutant.
Lowering band gap of titanium and increasing surface area does not always favour photo-
catalytic degradation depending on the substrate of target; however it offers advantages of
activity under the visible light irradiation, adsorption and slow electron — hole recombination
rate. The study of Sojic et al. [16] illustrated that the efficiency of photo-catalytic degradation in
particular to herbicides was highly influenced by molecular structure rather than
physicochemical properties of the catalyst. However, a catalyst with pores and high surface area

enhances the transformation and degradation of organic pollutants irrespective of their structures.
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Chapter 6
Conclusions and Outlook

6.1 Conclusions

Multi-walled carbon nanotubes were treated with nitric acid and the protocol adapted produced a
material that was significantly different from the as-received CNTs. The Raman analysis showed
that nitric acid treatments removed amorphous carbons and introduces surface groups, the XRD
characterizations also showed that functionalised CNTs were free from residual catalyst and
amorphous carbons, the TGA showed that treating CNTs with acid enhances their thermal and
oxidation properties. The sol gel method was successfully employed to produce mesoporous
silica (SBA-15), mesoporous titania, and successfully coat MWCNTSs with silica thin film. The
physical-chemical properties of the SBA-15 were similar to what has been reported in the
literature with a surface area of 661.59 m? g™, low angle reflections at 26 = 0.94°, 1.62° and
1.62°, a classic hysteresis on the N2 isotherms showing capillary condensation in mesopores, and
characteristic mesoporous channels seen with HRTEM. The mesoporous titania had a surface
area of 207.75 m? g, and a clear hysteresis with the isotherm that showed the catalyst had
uniform pores. The SBA-15 on CNTs materials had high surface areas that increased directly
proportional to SBA-15 coating. Thermal properties of the SBA-CNT composites were also
enhanced as silica coating was increased on the CNT surface. Physical and chemical properties
of the materials revealed that supporting TiO, particles on mesoporous materials could restrict
the growth of the titania particle; increase the crystallinty, surface area, active sites and
absorption edge; while decreasing electron — hole recombination rate, and band gap energy. The
physical and chemical properties of the supports and composite materials confirmed that the sol-

gel method was sufficient for the fabrication of nano-composites of enhanced properties.

Photo-catalytic de-coloration of methylene blue using TiO,, TiO,/SBA-15, TiO,/CNTs and
TiO,/SBA-CNT catalyst revealed that anatase phase titania was effective in the de-coloration of

pollutants using visible light.
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The studies also showed that surface area, pore volume, band gap energy and e - h'
recombination rates were not the only limiting factors to a highly efficient photo-catalyst.
Mesoporous supports behave differently in catalysis because of their properties, in particular
electronic properties.

Further investigations on the TiO,/SBA-CNT composite showed that titania particles had
different catalytic activities at different concentrations. An increase in titania content decreased
the catalytic activity of the composite on MB tests. We attributed the catalytic activity to the
crystallinity and electron — hole recombination rate of the catalyst systems. A different activity of
the same catalyst systems was observed on the transformation of the herbicide 2-methy-4-
chlorophenoxyacetic acid. The variation in the activity of the catalyst was attributed to the
difference in the substrate structures which influenced the oxidative mechanisms during the

photo-catalytic reaction.

The use the novel TiO,/SBA-CNT catalyst showed that decreasing the band gap of titanium and
increasing surface area does not always favor photo-catalytic de-coloration. However,
composites of TiO, with electron trapping species such as carbon nanotubes reduces one of the
core problems associated with TiO, semiconductor which is electron — hole recombination rate.
Such composites offer the advantage of using the catalyst under visible light energy and the
catalyst can be employed to de-colorize/degrade organic pollutants in solution medium. This
study showed that organic pollutants with different properties cannot be effectively destroyed by
one catalyst, this could be due to the photo-catalytic degradations mechanisms adopted by the
different pollutants. However an efficient catalyst such as TiO,/SBA-CNT remains inefficient in
efficiently initiating pollutant degradation.
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6.2 Outlook and challenges

Titania nano-particles are mainly activated by UV light, this pose challenges for indoor
applications and means that titania catalysts that can be activated by visible wavelengths need to
be developed. The most efficient systems with suitable substrate have to be identified for
different applications in order to ensure maximal efficiency, activity, and longevity of the
catalyst. Electron — hole recombination rate still remains a challenge in the efficiency of the
catalyst. One way of addressing the challenge is through enhancing the catalyst properties which
results from preparation methods. Methods such as sol-gel, ultrasound and chemical vapor can
be employed. The method selection can be complimented with careful choice of precursors that
are less expensive and obey the green chemistry principles. Another challenge is the use of

titania nano-particle for inorganic environmental remediation applications.

Research needs to be focused on these titania nano-materials for environmental remediation from
organic and inorganic pollutants. Developments on efficient catalyst will require technology
developments for reactors that will immobilize the catalyst and maximize its efficiency at
industrial scale. Such efficient catalysts will also require lab scale research to test their
efficiencies on water bodies that have multi-component pollutants. Such waters can be sampled
from waste or potable water plants. The most desirable developments would be that of finding
alternative, inexpensive, recyclable and less toxic structure directing agents which will be used
during synthesis strategies. Distinct research into the catalyst’s photo activity needs to be
performed to facilitate the development of catalysts that will be efficient on multiple organic
pollutants. A catalyst system such as TiO,/SBA-CNT requires synthetic methods engineering
which will allow the catalyst to be effective irrespective of pollutant structure. The current study
showed that the catalyst system has limitations of their effective application to different
pollutants. However, the catalyst’s physical-chemical properties, ease of recovery after use are
desirable for a photo catalyst. Further research relating to TiO,/SBA-CNT catalyst may be
focused on studying the effect of SBA-15 concentrations on the photo-catalytic activity of the
catalyst. Also, experiments on hydroxyl radical generation of the catalyst should be considered in

order to account for the catalyst activity for degradation of different pollutants.
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Manuscripts are being prepared for submission under the titles:
“Photo-catalytic Properties of Anatase TiO, supported on CNTs, SBA-15 and silica coated

MWCNTS nano-hybrid” and
“Photocatalytic activity of TiO, supported on SBA-15 coated CNTs composites”
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Appendices

Dosimetry and Critical Micelle Concentration Data

A 1.1 Dosimetry Results for OH Radical Generation using Terephtalic Acid

Hydroxyl radical generation experiments were carried from chemical dosimetry chemistry based
on terephtalic acid (TA). Aqueous solution of TA was prepared from 2 mM TA and 5 mM
NaOH dissolved in de-ionized water. Fluorescence spectrophotometer was used for
measurements at wavelengths ranging from 300 — 600 nm with an excitation wavelength at 310
nm. The rest of the parameters were set the same as in the PL studies (section 3.2.6). Similar
photo-catalytic experiments to those described in Section 3.4 were followed with the use of
terephtalic acid instead of methylene blue. These results were not discussed in the dissertation
because the results are not conclusive and not reproduced due to the catalyst materials running
out. The aim of the dosimetry experiment was to determine the amount of OH radicals produced

during photo-catalytic test for the respective catalysts.

Figure Al show that commercial TiO, which is denoted P25 produces a lot of OH radicals as
compared to the other catalyst. These suggest that P25 is likely to photo-catalytically perform
better that the other catalyst. This is postulated because it is reported that the pollutants are

degraded by OH radical species which are produced during the catalysis reaction.
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Figure Al. Graph showing the amount of OH radicals generated during photo-catalytic

experiments for respective catalysts (comparison with commercial Degussa P25 TiO5).

Figure A2 shows the magnified OH radical generation data from Figure 1. The 10 wt. %
TiO,/SBA-15 catalyst has the maximum concentration of terephtalic acid, this suggest that the

composite produces the most OH radicals as compared to the other TiO,/CNT and TiO./SBA-
CNT composites.
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Figure A2. Graph showing the amount of OH radicals generated during photo-catalytic

experiments for respective catalysts.

A 1.2 Experimental Calculations

These calculations refer to synthetic methods found in section 3.3.3.

The amounts of TEOS used during the respective experiments were calculated according to

equation 1. The preparation of 10 wt. % SBA-15 on CNTs is used below to illustrate the
calculations followed for the other 20 and 30 wt. % SBA-CNT composites.

xSBA 15
xSBA 15+ 0.5g aCNTs

= 10% 1)

0.1x + 0.05 = xSBA 15

x = 0.0555 g SBA-15 will be prepared if 0.5 g of aCNTs is to be employed at the beginning of
the synthesis. However, since SBA-15 does not exist as a starting material, the precursor TEOS
has to be used to prepare the 0.0555 g SBA-15. To calculate the volume of TEOS equation 2and

2were considered.

N(sBA-15) = % (2)

0.0555 g

—229_=0.925 x 10° moles of SBA-15 are in 0.0555 g SBA-15.
60.08 g/mol

N(sBA-15) =
So: 1 mol SBA-15 =1 mol TEOS

M¢reos) = N X Mr(teos) 3
=0.925 x 10 x 208.33 g mol™*
= 0.193 g TEOS precursor was employed during the synthesis of 10 wt. % SBA-15
coated CNTSs.



These calculations refer to synthetic methods found in section 3.3.6.

The preparation of the 10 wt. % TiO, on SBA-15 coated aCNTs is used below to illustrate the
calculations followed for the 5 and 20 wt. % TiO,/SBA-CNT composites.

x + 0.8 g SBA-CNT

0.1x + 0.08 = xTi0O2

= 10% (4)

x =0.0888 g TiO, will be prepared if 0.8 g of the SBA-CNTSs is to be employed at the beginning
of the synthesis. However, since TiO, was to be prepared from the precursor TIP, further
calculations where necessary to find out the mass of TIP required to getting the desired amount
of 0.0888 g TiO,. To calculate the mass of TIP equation 5 — 6 were considered.

Nrioz) = 5~ (5)

0.0888 g
79.88 g/mol

N(Tioz) = = 1.1117 x 10”° moles of TiO, are in 0.0888 g of TiO,.

So: 1 mol TiO, =1 mol TIP
mmpy=nX Mr(ﬂp) (6)
=1.1117 x 107 x 284.22 g mol™

= 0.3160 g TIP precursor was employed during the synthesis of 10 wt. % TiO,/SBA-
CNT composite.

Appendix A 1 has instrumental data and workbooks referred to in Chapter 3. The folders

in the appendix are provided as a disc and they appear as:

A 1.1 OH Radical Generation Experimental Results



A 1.2 OH Radical Generation Experimental Data
A 1.3 CMC Experimental Data and Figures

A 2 Characterization Data on rCNTs, aCNTs, SBA-15 and SBA-CNT composites

Appendix A 2 has folders with instrumental data and workbooks for the results presented in

Chapter 4. The folders in the appendix are provided as a disc and they appear in the order:

Folder A 2.1 Characterization Data for Section 4.1 (rCNTs, aCNTs, SBA-15 and SBA-CNT

composites). In this folder, subfolders appear as:

A211
A212
A213
A214
A215

Electron Microscopy
Nitrogen Sorption Studies
Raman Spectroscopy
Thermo-gravimetric Analysis
X-Ray Diffraction

Folder A 2.2 Characterization Data for Section 4.2 (10 wt. % TiO, on SBA-15, CNTs and
SBA-CNT composite respectively). In this folder, subfolders appear as:

A211
A212
A213
A214
A215
A216

Electron Microscopy

Nitrogen Sorption Studies
Photoluminescence Spectroscopy
Raman Spectroscopy

UV-Vis Diffuse Reflectance
X-Ray Diffraction

Folder A 2.3 Characterization Data for Section 4.3 (5, 10 and 20 wt. % TiO,/SBA-CNT). In

this folder, subfolders appear as:

A21l1
A212
A213
A21l4

Electron Microscopy
Nitrogen Sorption Studies
Photoluminescence Spectroscopy

Raman Spectroscopy



A215 Thermo-gravimetric Analysis
A216 UV-Vis Diffuse Reflectance
A217 X-Ray Diffraction

A3 Photo-Catalytic Studies
Appendix A 3 folder has photo-catalytic studies instrumental data and workbooks. The folders in
the appendix are provided as a disc and they appear in the order:

Folder A 3.1 Methylene blue studies workbook.

Folder A 3.2 MCPA transformation studies
A321 MCPA transformation HPLC instrument data files
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