Chapter Two: Literature review

2.1 Fly ash

Population growth and socio-economic development are closely related, if not
proportional, to the growth of energy demand. Emerging economies that have greater
populations have the greatest energy demand and consumption. The British Petroleum
(BP) statistical review of world energy, June 2013, states that 90% of the world’s net
increase in global energy consumption is accounted for by China and India, which are
countries with the largest populations in the world [1l. Approximately 82% of the
world’s energy demands are met by fossil fuels and of that percentage 40% is accounted
for by coal because of its wide geographic distribution as well as stable and predictable
costs.

The average coal consumption rate is currently over 7 billion tons per annum in the
world and it is projected that by the year 2020 it will be over 10 billion tons per annum
(2. The major drawbacks caused by the use of coal have to do with their high emission of
COz and other by-products produced after burning. In 2013 coal burning power stations
produced over 750 million tons of waste of which 80% was fly ash; this means that 600
million tons of fly ash on average are produced yearly with an expected growth trend.
Fly ash can be described as one of the by-products of coal combustion that is grey in
colour, abrasive, alkaline and refractory in nature Bl It consists of fine powdery
cenospheres (hollow spheres) and plenospheres (solid spheres) that are vitric BI-[7]
along with an additional composition of angular carbonaceous material 3] 4 (Fig
2.1.1).

The morphology of the fly ash particles depends upon two factors: the combustion
temperature and the cooling rate of the boiler. The coal is converted into char which
burns at high temperatures and the finer minerals entrapped within the char get
released. The fine minerals decompose and get gasified and eventually upon
homogeneous condensation they form spherical ash particles which have diameters
between 0.02 - 0.2 um. The excluded minerals undergo complex transformations that
form spherical particles that have a size range between 10 - 90 um; included minerals
which are fragmented form particles of within the 0.2 - 10 um range [81. [°],

From their study, Fischer et al. were able to correlate the nature of the spheres to the

composition of the melts [10],

Page7/



WABCY _Spot Magn  Det WD Y AccV SpotMagn Det WD pP———————{ 100
, 51 99 St 98 S00KVH4 B83x SE 98

AccV  Spot Magn, - Det WO F————{ 100m
150KV 49 416x _SE 95

Figure 2.1.1: SEM images of a broken plerosphere (a), a cenosphere (b) and angular
carbonaceous material (c) [

Their study stated that cenospheres and ‘stereaspheres’ resulted from pure silicate
melts. Plerospheres came from a melt of iron oxides in a silica matrix. Ferro-
carbonaceous spheres resulted from the coal and or iron oxides which were mixed
together during heating (see the schematic diagram of the morphogenesis of these

particles (Fig 2.1.2, below)) [10],

Plerospheres contain generally smaller particles of iron oxide and other silicates while
ferro-carbonaceous spheres have the Fe;03 mixed with carbonaceous materials. Since
iron is known to be an excellent catalyst in carbon nanomaterial (CNM) synthesis [11],

both ferro-carbonaceous spheres and plerospheres were of prime interest in this study.
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Figure 2.1.2: Different melts and the types of spherical fly ash particles they form [10]

The primary minerals in fly ash are: SiOz, Al203, Fe203, FeO, Ca0O, MgO and SOz [12] where
the unburnt carbon content is determined using the loss on ignition (LOI) analysis
(Table 2.1.1). It is known that these compositions vary depending on the type of coal
and the geographical location of the coal 1.

According to the American Society for Testing Materials (ASTMs) fly ash is categorized
into two classes: class-C and class-F [31. Class F fly ash has a total calcium content ranging
from 1-12% mostly in the form of calcium hydroxides and sulphates while class-C fly
ash has 30-40% calcium hydroxide and has a greater amount of alkalis

(sodium+potassium) (3}, [13]- [17],
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Table 2.1.1: General chemical composition estimations of low to medium grade coal

used in power stations [3]

Component (wt.%) Bituminous Sub-bituminous Lignite
SiO, 20-60 40-60 15-45
Al;05 5-35 20-30 10-25
Fe,03 10-40 4-10 4-15
Cao 1-12 5-30 15-40
MgO 0-5 1-6 3-10
SOs 0-4 0-2 0-10
Na,O 0-4 0-2 0-6

K,0 0-3 0-4 0-4

LOI 0-15 0-3 0-5

From the above facts it is evident that there is a need to recycle or re-use the fly ash for
industrial purposes that will be beneficial. It is estimated that only 16% of the fly ash we
have worldwide is used [12l. The rest is left in holding ponds, lagoons, slag heaps and

landfills and this is environmentally detrimental as well as uneconomical [12]. [18], [19],

Since fly ash is a multicomponent system, containing a range of trace element
nanoparticles of hazardous metals, these can be distributed into the rest of the body as

well as cause chronic and acute diseases (Fig 2.1.3) [20],

Thus for people working in coal power stations and peripheral neighbourhoods, there is
a high chance of being affected by these metals not only because of pre-concentration,

but also because of the possibility of the particles becoming airborne [6l.

Although so much is being left in dumpsites, scientists are going into great depths of
finding alternative, sustainable and economic ways of using fly ash. A major quantity of
the ash is being used in the construction and building industry as a replacement for
cement because of its pozzolanic nature. This means that its alumina and silica
cenospheres can react with Ca(OH)2 to become cementitious 3], thus it is also used as a
filler for the prevention of land subsidence when a mine reaches the end of its life. It is
estimated that when a ton of cement is replaced with fly ash about 119 litres of oil are
saved [211, It is also estimated that by using a ton of ash in concrete $ USD 129.10, 376.3
litres of water, 310 litres of gasoline and 1.7 barrels of oil are saved. Likewise, the

carbon footprint is reduced by roughly 800 kg per ton of ash used [22.
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Figure 2.1.3: Schematic diagram that shows areas of the body that are susceptible to

toxic trace elements found in coal fly ash [¢l.

Since fly ash is also refractory in nature and lightweight it is useful for ceramics, light
weight aggregates and brickmaking [3] [21}. [23]. Because fly ash also contains different
essential elements, including both macronutrients: P, K, Ca, Mg as well as
micronutrients: Zn, Fe, Cu, Mn, B, and Mo, it is has been used for the enrichment of
infertile soils [31 [ [17]. [21], [24], The high percentage of silica (60- 65%), alumina (25-
30%), magnetite and haematite (6-15%) enables its use for the synthesis of: (i) high
cation exchange capacity zeolites (for heavy metal sequestration and water purification)
[21], [23], [25]-27], (ii) alumina, and (iii) precipitated silica. Some valuable metals like: Al, Si,

Fe, Ge, Ga, V and Ni have been extracted from fly ash [21l. [28], Research has also been
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done to establish the possible distribution of the elements in fly ash particles. Data
obtained so far suggests that there is a heterogeneous distribution of metals in the
matrix and on the surface of the ash particles where the concentration of the metals
appears to depend on the size of the ash particle [29]. For instance, the smaller the ash
particles the more concentrated some elements become [29. Based upon various
methods including leaching studies, the elemental distributions discussed have been

suggested below.

The surface of fly ash particle has been associated with elements such as: As, Zn, Cd, Pb.
The glassy interior matrix of these particles has been found to consist predominantly of
strongly bound elements of Si, Al, Na, La, rare earth elements (REE). On the other hand
minerals composed of: Mn, Be and Cu appear to have been distributed between the

inner matrix and the surface of these particles (Fig 2.1.4) [291-32],

As, Se, Mo, Zn, Cd, W, V,
U, Pb,Sb,S & B

Ti, Na, K, Mg, Hf,
Th, Fe, Ca, Sc, La,
REE & Si

Mn, Be, Cr, Cu, Co, Ga, Ba
& Pb

Figure 2.1.4: A simplified diagram indicating the possible elemental distribution of

elements in fly ash particles, as obtained from leaching studies [29]- (321,

The presence of the following metals in the fly ash make it a potential catalyst/support

in the chemical vapour deposition (CVD) synthesis of CNFs: Fe, Ni, Co, Mn, Cu, V, Cr, Mo
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A few researchers have used fly ash as a support or a catalyst for the synthesis of CNMs
(51, 35]- 1391 through the CVD method. Among the researchers, one is from South Africa,
and thus this study focused on the testing of untreated South African fly ash as a

possible catalyst for this use.

2.2 Carbon nanofibres

Carbon forms a range of allotropes, from standard to exotic. These allotropes are able to
form different nanostructures that can be categorized according to their shape, size and
morphology. These forms range from the main types which are: diamond-like, sphere-
like, tube-like and sheet-like (Fig 2.2.1) into the more exotic shapes like: spirals,
onions, helices and cones [0l Carbon materials can have different sizes depending on
their use. Carbon materials whose sizes are in the nanometer scale are classified into
three groups according to their preparation method: (a) Through the vaporisation of
carbon clusters or fragments (b) By use of nanosized catalyst particles or (c) By use of
templates, substrates and other methods [#11. These can be further classified by designed

and controlled structure and texture through control of their [41l;

(i) nanosize pores

(ii) molecular structures

(iii) precursors and

(iv) interfaces.
Extensive research has been conducted into the synthesis of tubular nanomaterials,
namely: carbon nanofibres (CNFs) and carbon nanotubes (CNTs) in their different
variations [#0]-146]. CNFs and CNTs are very versatile because they can be used for many
applications including: electronic components, as additives to polymers, in gas storage
and as supports for catalysts [47} [48.  CNFs are normally used for energy related

applications like hydrogen storage, batteries and as a material for supercapacitors [491.
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Diamond

Graphene

Graphite Carbon nanotube

Figure 2.2.1: The five main allotropes of carbon (modified from [501)

CNFs are carbon filaments that have diameters ranging from 0.4-200 nm and they can
be classified into four types: amorphous, stacked, and herringbone/fish-bone [511. [52],
For stacked CNFs it is known that the graphite platelets are parallel to each other along
the axis of the fibre, while the herringbone structure type has platelets at an angle to
each other. By contrast the amorphous CNFs have a random, disordered orientation

relative to each other along the axis of the fibres and platelet CNFs have a concentric

arrangement of tubes [52] (Fig 2.2.2).

Pagel4d



Platelet structure

e

Shell structure Amorphous structure Fish-bone structure

Figure 2.2.2: Cross sections of straight, low temperature synthesis CNFs, in their

different structures [521.

These are a number of common methods employed to synthesise CNFs and/or CNTs
including: arc-discharge, laser ablation and chemical vapour deposition (CVD). A brief
description of these will now follow to provide a substantiation for the method chosen

(i.e. CVD) in this study.
Arc-discharge

A typical setup of this method of synthesising carbon nanomaterials involves applying a
direct-current (80-100 A) at fixed voltage across two graphite electrodes with an
average diameter of 6-10 mm separated by a gap of 1-2 mm in a chamber filled with one
or more of the following: Hz(g), aqueous salt solutions [53] or methane at low pressure
[47], [54]- [56], One of the electrodes serves as a cathode (negative electrode) and the other
as an anode (positive electrode). During the arcing process, which can reach up to
3000K, a deposit forms at low rates predominantly on the cathode, but also throughout
the chamber while the anode is being consumed. The distance between the electrodes is
maintained by adjusting the position of the anode either manually or mechanically [57]

(Fig 2.2.3).
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Figure 2.2.3: A schematic diagram showing a typical arc-discharge setup (modified from
[54]).

When high purity graphite rods are used, fullerenes are deposited as soot inside the
chamber and multi-walled carbon nanotubes are deposited on the cathode. When a
graphite anode containing metal catalysts like: Ni-Y, Co-Ru, Co-Pt, Co-Ni-Fe-Ce and Rh-
Pt mixes is used in conjunction with a pure graphite cathode, carbon nanofibres and/or

tubes are formed predominantly on the cathode [47] [53],

Because high currents are required in the arc-discharge method, equipment costs can
be high. Equally the requirement of graphite rods and reaction gases makes this
technique expensive.  Although this method can produce high quantities of
carbonaceous products that have fewer structural defects in comparison to other
techniques, one of its main disadvantages is the formation of by-products such as
polyhedral graphitic particles, amorphous carbon and encapsulated metal particles,

which can substantially lower the yield of CNFs or CNTs [47],
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Laser ablation

The pulsed laser ablation technique was developed by Guo et al. in 1995 [58] | This
method involves the use of a laser beam and a target surface composed of a metal-
graphite mixture (Fig 2.2.4). The targets are made in a three step process involving
moulding, heating under constant pressure and curing. They are made from mixing
high-purity metal oxide with graphite powder and carbon cement. The metals that are
typically used are: Cu, Co, Nb, Ni, Pt, Y and their mixtures. The lasers that are used are
typically neodymium-doped yttrium aluminium garnet (Nd:YAG) lasers but occasionally
CO2 lasers can be used for the same purpose. They can be operated under pulsed or

continuous-wave settings.

Water cooled Cu

collector

Heating element

Graphite target

Laser beam \

Ar inlet

Figure 2.2.4: A laser ablation setup (modified from [55]).

Here the laser beam is scanned uniformly across the target which is placed in a high
temperature furnace and a soot deposit is produced. The soot is blown using Ar gas
towards a water-cooled copper collector which is positioned in the opposite direction of

the gas flow, outside the furnace.
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This method has been developed and varied since its initial use, but it has been shown
that the nature of the materials that can be formed can be tailored. For a large yield one
has to use a continuous-wave mode combined with a longer wavelength. As it is
currently understood, this method has its own disadvantages: it results in a number of
impurities including: graphite particles, amorphous carbon, hydrocarbons and

fullerenes [551, [59],

It is clear that both arc-discharge and laser ablation produce superior nanotubes and
fibres, but they require a large amount of energy, pure materials and their general

design and setup is difficult and expensive [59].
Chemical vapour deposition

Chemical vapour deposition-plasma or thermal enhanced, as defined by Dunens et al. is
a chemical synthesis technique where a gaseous carbon source is catalytically

decomposed at moderate temperatures in a furnace, in the presence of a metal catalyst
136],

This method is extensively used for commercial production of CNFs of high purity
because it is easy to control. There are mainly four types of furnaces that are used in
CVD: horizontal (Fig 2.2.5), vertical, fluidised bed reactor and plasma enhanced
furnaces [52l. These furnaces have a temperature range from the lower hundreds to 1200
°C. The carbon sources in this process are typically hydrocarbons (acetylene, methane,
xylene, ethane, isobutene, ethanol and their mixtures [5¢]) because they decompose in
the temperature range of the furnace. Some researchers have used CO gas too [©0l. These
carbon sources are advantageous because they accommodate a variety of substrates [60]

that can be used for templating the growth of CNFs [56],
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Figure 2.2.5: A typical horizontal furnace used for CVD synthesis (modified from [3¢])

Catalyst particles typically used for the synthesis of CNFs are: Fe, Ni, Co, Mn, Cu, V, Cr,
Mo and Pd, although others have been demonstrated [33] [34]. Many researchers agree
that CVD seems to be the method with great potential for industrial applications [61]. It
can be operated at lower to moderate temperatures as well as used to make aligned
arrays of nanomaterials with controlled diameter and length [60] It has the simplest
experimental setup of all the techniques mentioned previously [62l. Products formed in
CVD are easy to purify. Likewise, many of the reaction variables can be changed for
controlling products. Although control of these products is not completely customisable,

the extent of manipulation to get the desired materials is reasonable.

Chao-Wei et al. in their research have suggested that the morphology of CNFs depended
on the shape of the catalyst particles [¢3]. If the catalyst particles had flat or polygonal
surfaces they resulted in the formation of herring-bone type CNFs and CNFs with
inclined graphene layers, respectively. The size of the fibres was found to be dependent

on the size of the catalyst particles. It was also noted that varying reaction temperature
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resulted in CNFs with different structures. CNFs without a tube structure were usually
formed at low temperatures [¢4. Temperature, catalyst particle size, morphology of
catalyst particle surface and composition of reactant gases among others could all be

altered to produce desired types of CNFs [63],

It has been shown that CNFs grow through tip and root growth mechanisms in the CVD
method (Fig 2.2.6) [64]. [65], In this process it has been suggested that a hydrocarbon gas
adsorbs, decomposes, dissolves and then the resulting carbon species diffuses through
the catalyst to precipitate carbon onto the opposite surface of the catalyst particle to

form nanofibres [511.

/[ Base Growth ]

CNF growth

. @@ 0@/

Tip Growth

CNF growth

\

Figure 2.2.6: Shows the accepted base (root) and tip growth mechanism of carbon

o

It should be noted that some scientists propose that at low temperatures (<500 °C) the
carbon species don’t diffuse into the catalyst (as accepted for high temperature

synthesis) [67], but remain on its surface [511.
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These growth models explain the formation of straight CNFs, but do not explain other
vast types of CNFs that have been synthesised. Likewise they also do not account for any
additional (non-metallic) entities and bimetallic catalysts that are responsible for many
exotic forms of CNFs [65]. These types include: bidirectional growth of CNFs that form
from diamond shaped bimetallic catalysts (Fig 2.2.7 (a)) [¢8], or rotary type catalysts
that result in the formation of spirals (Fig 2.2.7 (b)) (6] and helices (Fig 2.2.7 (c)).

(© (d

Figure 2.2.7: Other CNFs growth mechanisms: (a) a bi-directional/multi-directional

growth mechanism for a fibre (b) a rotary catalyst growth mechanism that forms spirals

(c) and helices; (d) a branched growth mechanism from a catalyst particle that
“exploded” [65]. [69],

There is another type of CNF that forms multiple branches resulting from particles that
propagate the growth of CNFs in a particular direction and then explode to form other
smaller fibres that resemble branches (Fig 2.2.7 (d)) (65!

Page21l



An important factor that determines the degree of the crystallinity of carbonaceous
materials made using CVD, is the spreading capability of the catalyst on the support
during their interaction. The spreading capability of a catalyst can be quantified by its
contact angle (0) on the surface of the support (Fig 2.2.8). Typical supports for the

synthesis of CNFs are aluminosilicates and silica particles [36

Figure 2.2.8: A schematic diagram showing the relationship of the contact angle (8) with
the surface energy of the support (ysc), the surface energy of the metal (ymqc), and the
metal-graphite interfacial energy (ywms)for (a) ymc > ysc (non-wetting), (b) ymc < Ysa
(wetting) and (c) ysc + Ymc > yms (spreading) (modified from [65])

The contact angle (0) is determined by the surface energy of the support (ysc), the
surface energy of the metal (ymc) and the metal-graphite interfacial energy (yms) and is

expressed as follows:
YsG = YMs + Ymc COSO

If ymc > Ysc, the contact angle (0) is above 90° (Fig 2.2.8 (a)) then wetting doesn’t
occur. However, when ywme < Ysc, then wetting will occur and the contact angle (0) will be
less than 90° (Fig 2.2.8 (b)). Finally when ysc + Ymc > yms, then the metal will spread as
a thin film over the support (Fig 2.2.8 (c)). Hence Rodriguez suggested that Fe particles
form amorphous carbon nanomaterials at temperatures below 1000°C, which is iron’s

spreading temperature, in the presence of a hydrocarbon gas [651.

As far as it is possible to know from literature no one, certainly not in South Africa, has
done a systematic study of the formation of CNFs on the surface of the fly ash particles.
The reaction progress between C;Hz/H> and fly ash was studied using electron

microscopy.
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Functionalisation of CNFs

Pristine fibres are known to be chemically unreactive towards any polar substances [70]
(711 Thus it is difficult to disperse them in aqueous media [72. Two problems arise on as-
synthesised CNFs: (i) they agglomerate and (ii) they are inert. These two factors limit
the theoretically predicted mechanical and electrical properties of individual CNFs [731. It
is therefore necessary to modify their surface characteristics to enable the formation of
hybrid materials [73]. Surface treatments of CNFs can lead to either physical or chemical

functionalisation [741[75],
Physical functionalisation

The interfacial properties of CNFs can be improved by non-covalent functionalisation.
For instance CNFs can be suspended in the presence of a polymer such as polystyrene
or poly(phenylene vinylene) leading to the formation of supermolecular CNFs
complexes. Here the polymers wrap around the CNFs through van der Waals and m-1t

stacking interactions due to their aromatic rings (Fig 2.2.9 (a)) [76l.

Surfactants which are non-ionic, anionic or cationic can be used to functionalise CNFs.
Here physical adsorption of the surfactant lowers the surface tension of the CNFs,
helping to overcome Van der Waal’s forces by repulsive forces (steric or electrostatic)
and thereby prevent agglomeration. Non-ionic surfactants work on hydrophobic
attractions with CNF surfaces and self-assemble into micelles above a critical

concentration (Fig 2.2.9 (b)) [771.

Alternatively when CNFs are hollow they can be functionalised endohedrally. This
method of physical functionalisation of CNFs involves the storage of guest molecules
into their inner cavities. The insertion of these moieties often takes place at defect sites,

which are concentrated at the ends or sides of the CNFs (Fig 2.2.9 (c)) [78l.

In general physical functionalisation methods cost less, are non-invasive, the fibres
remain intact while their chemical, electronic and physical properties do not change [73],
[76], CNFs functionalised this way can be practical for further use, however, they fail

when load transfer applications are desired [76].
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Figure 2.2.9: The different types of physical functionalisation; (a) Polymer
functionalisation [76], (b) Surfactant functionalisation [771 and (c) Endohedral

functionalisation (78],
Chemical functionalisation

Chemical functionalisation on the other hand leads to the formation of covalent bonds
between the covalent linkage entities and the framework of the CNFs. There are many
ways of chemically functionalising CNFs on the wall or even on their edges. The CNFs
can be fluorinated using HF and then the weak C-F bond can be substituted with amino,
alkyl or hydroxyl groups through subsequent treatments [79]. Besides halogenation,
chemical treatments such as Diels-Alder [80], hydrogenation [81] and azomethine ylide

reactions have been successfully used for the functionalisation of CNFs [75],

CNFs have been functionalised under different conditions using various reagents. For
example, the conventional way of treating CNFs, particularly CNTs/CNFs, is by acid
treatment with acids like: nitric 821 and/or sulphuric acid [83] to introduce carboxylic

and hydroxyl groups on the surface or even using linking agents like benzyl alcohol [84].

The functionalisation of CNFs works because of many reasons: (i) the presence of
defects, (ii) sp3 hybridised centres with OH and H functional groups attached to the
surface, (iii) oxidation induced carboxylic groups [8l. Oxidation using HNO3:H2S04 acid
mixtures results in the highest amount of defect sites and functional groups like:
quinones, lactones, phenol, carbonyl, nitro, hydroxyl and sulphonic groups [45] [86]. [87],
These defects provide anchors for other functional groups to bind to and this is the

same way CNFs react when they have defects [85] (Fig 2.2.10).
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Figure 2.2.10: Typical defects in a single walled nanotube (SWNT): (A) 5 or 7 membered
rings in the frame work (bending) (B) sp? hybridised defects (R= OH or H) (C) Carbon
framework destroyed by oxidative conditions (like acid functionalisation) leaving

carboxylic groups on the carbon framework along with other functional groups [85l.

No one has thus far reported on the systematic treatment of CNFs made from South
African fly ash, with a concentrated HNO3:H2S04 mixture. This study aimed to assess the
effect of acid functionalisation on such CNFs with a HNO3:H2S04 mixture as a function of

time. The surface of the functionalised CNFs (fCNFs) were then bound with titania
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(anatase) nanoparticles in order to produce a possible CNF-TiOz hybrid as a catalyst for

photosensitive reactions.

Although, Yasui et al. have suggested the possible use of their materials for optical
applications [°], to date none of the researchers who have used coal fly ash for CNF
synthesis has beneficiated their carbonaceous materials for this type of application. The
benefits of the approach taken in this study is that these CNFs were not synthesised
from a commercially produced catalyst, but from fly ash (an abundant waste material),
which if fully successful will minimise the potential costs of commercialising the whole

process.

2.3 CNF-TiO: hybrid

Titanium is a lustrous and strong, low density metal that derives its name from Greek
mythology. It was discovered by a British clergy man, William Gregor in 1791, and
named by Martin Heinrich Klaproth after the titans. These titans were powerful ‘deities’
that were born of the ‘gods’ Gaia (earth) and Uranus (heaven) [88], This primeval race
was said to have incredible strength and because titanium is strong and resistant to
commonly corrosive processes it was obvious to Klaproth to name it after these

mythical characters. Its metal oxide form is called titania (TiOz).

TiO2 has been researched intensively after the demonstration of photocatalytic water
splitting on a titanium dioxide electrode by Fujishima and Honda [831 [89 [90],
Photocatalysis is a catalytic reaction involving light absorption by a catalyst or
substrate. Electrons from the valence band are excited into the empty conduction band,
leaving a hole in the valence band. Electrons in the conduction band are good reductants
and the holes in the valence band are powerful oxidants. The electron-hole pairs have
an oxidising potential of 2.9 V vs the normal hydrogen electrode (NHE), which is enough
to oxidise most pollutants 1. Water can interact with the holes generated in the
valence band to form H* ions and OH* while Oz gas interacts with the electron in the
conduction band to form an oxygen radical. This owes to the fact that anatase has a
broad bandgap of 3.2 eV [83] and thus it can absorb photons with a wavelength equal to
or lower than 388 nm (UV light) (Fig 2.3.1).These ions and radicals can convert most

organic pollutants into H20 and CO-.
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Figure 2.3.1: An image of a TiO2 nanoparticle absorbing light (a) and (b) a titania

nanoparticle suggesting how electron/hole pairs are generated [831.

TiO2 has three natural polymorphs: anatase is tetragonal (Fig 2.3.2(a)) brookite is

orthorhombic (Fig 2.3.2(b)) and rutile is tetragonal as well (Fig 2.3.2(c)) and they all

have different space group symmetries [°2l. For photocatalytic reactions only rutile and

anatase are considered here because brookite is not chemically stable enough to be

efficiently photocatalytic [°1l. It is said that the mobility of electrons in anatase is 89

times higher than in rutile which also has little electron diffusivity [?3]. This suggests that

anatase is better for photocatalytic applications [?4l.
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Publication title: Rictveld analysis of electron
powder diffraction data from nanocrystalline
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Figure 2.3.2: TiO¢ polyhedra and a summary of the crystallographic data [as obtained

from the ICSD and generated using Diamond version 3-2k] below for (a) anatase

nanocrystals (b) brookite nanocrystals and (c) rutile.

Nano-sized titania particles have a high surface area which is good for catalytic

reactions, but this has its own disadvantages. Recovering nanoparticles from reactors is

cumbersome and there is a possibility of particle aggregation. Another major hurdle for

the use of titania as a photocatalyst, is that it has a high recombination rate of

photogenerated electron-hole pairs [93]. All of the above-mentioned disadvantages make

the photocatalytic activity of pristine TiO; nanoparticles too low for any feasible

industrial application. Yet, several ways have been attempted to increase their activity

namely: (i) reducing the particle size, (ii) generating defect structures to induce space-

charge separation and (iii) doping or co-crystallising TiO; with other metal or metal

oxides nanoparticles [°>l. Another method of increasing the activity of TiO2 nanoparticles

is to anchor them on an appropriate support.
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2.3.1 Methods of synthesising the CNF-TiO2 hybrid

There are many methods that have been developed for attaching metal oxide
nanoparticles to carbon nanomaterials (CNMs) both in situ and ex situ. Ex situ methods
require that nanoparticles be attached to CNMs via linking agents that use pi-pi
stacking, covalent or electrostatic interactions [3l. While in situ methods involve the
formation of nanoparticles directly on the surface of pristine or modified CNMs. In situ
techniques can be done in various ways: (i) in solution through sol-gel [961-102]  (ji)
solvothermal and (iii) electrochemical techniques [1031-[105] or in the gas phase through:

CVD [10¢] or through physical thermal treatments like sputtering and laser ablation [43].

Sol-gel [961-[102], [107], [108] ~and hydrothermal [83) [109] [110]  techniques have been
ubiquitously applied in CNF-TiO2 composite formation. Thus, the synthetic focus was
narrowed down to these two methods and, in particular, more emphasis was given to

the solvothermal/ hydrothermal technique because it was used in this study.

A major part of the current research has been to coat carbon nanofibres with TiO2
nanoparticles. Many scientists have managed to fully or partially coat carbon
nanomaterials with TiO; particularly on single-walled and multi-walled carbon
nanotubes [43]. [83], [96]- [101], [107], [110]-[112] Tn many instances the binding of the TiO2 was

poor and this could be easily discerned visually.
The sol-gel synthesis technique

The synthesis of metal oxide nanoparticles has been routinely and preferably been
performed in the past through the sol-gel technique, because it has allowed for the
control of the morphology of the final products. An advantage of the sol-gel technique is
that it can be performed in aqueous and non-aqueous media. In aqueous media there
are a few hurdles to overcome: (i) metal oxide precursors are very reactive towards
water, (ii) water acts as a ligand and a solvent, (iii) there are many parameters that need
to be strictly controlled for the process to be reproducible e.g. hydrolysis, condensation
rates of the precursors, pH, temperature, method of mixing, rate of oxidation,
concentrations of anions, etc. Another factor that needs consideration is that the as-
synthesised precipitates are generally amorphous, so post-synthetic annealing steps are
needed to induce crystallisation. However, this means that the shape and size cannot be

easily controlled.
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The sol-gel method includes the use of alkoxides (titanium butoxide) or metal chlorides
(titanium tetrachloride) as metal sources. The solvents used are either organic solvents
or water which are capable of complexing the metal atoms. The solution is converted
into a sol by treatment using water/organic solvents with or without a base or acid
(hydrolysis and condensation). A sol is a dispersion of solid particles (colloidal
particles) with diameters of 1-100 nm. It is aged, shaped and thermally treated/sintered
by condensing it by removing colloidal particles in the liquid until it becomes a gel. A gel
can be described as an interconnected, rigid network with pores of sub-micrometre
dimensions and polymeric chains whose average length is greater than a micrometre
(1131, To form different morphologies of materials there are several processes that can be

followed.

For instance to form tubes the sol can be spun, otherwise a uniform powder can be
formed by precipitation. On the other hand if a sol is allowed to gel and evaporate it can
form a xerogel. Alternatively if the wet gel is supercritically dried, an aerogel can be
formed. Finally, if a dense thin film is desired a xerogel can be coated onto a surface and

then heated (Fig 2.3.3) [114],
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Figure 2.3.3: A scheme of the different types of manipulations that are possible when
using the sol-gel technique in order to produce different morphologies (modified from

[114]),

In the sol-gel technique it has been found that the properties of the nanoparticles like
the: size, morphology and phase are strongly affected by the ageing time of the gel, the
pH of the mixture and the choice of the metal atom source as well as the presence of a

surfactant [99) [115],
The hydrothermal/solvothermal synthesis technique

The hydrothermal/solvothermal method involves the same principles that are used in
the sol-gel method, where there is a metal source (chlorides or alkoxides) that is heat
treated in solution. The reaction temperature is normally kept at or slightly below the
boiling point of the solvent (water or organic solvents), which is sufficient to produce

nanoparticles.

Hydrothermal techniques have been studied in depth and so are better explored than

sol-gel methods. They provide means to synthesise nanoparticles at low temperatures
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using a direct route to nano-sized metal oxide nanoparticles, while avoiding the
calcination step required in the sol-gel method [116l. Srivastava et al. have shown that the
hydrothermal technique produced smaller nanoparticles at lower temperatures in
comparison with the sol-gel technique [117]. Yoshimura et al. reviewed methods for the
synthesis of materials and noted that there were many advantages of using the
hydrothermal technique as compared to others, including that they: are energy saving,
simple, cost-effective, have better nucleation control, higher dispersion, higher rate of
reaction, better shape control and have lower operation temperatures in the presence
of an appropriate solvent [118], [n this study a simplified hydrothermal method for the

synthesis of the CNF-TiO; hybrid was used.

The mixing of TiO2 and carbon in some instances has resulted in the enhancement of
photocatalytic activity. Although there is still a dispute as to how this happens per se.
Some researchers have implied that simple powder mixing, intimate contact or even
wet chemical binding is required to have such an effect [83]. On the other hand other
researchers have insisted that the Ti-O-C bond is needed because it extends the light
absorption of TiO2 to longer wavelengths [83]. Furthermore it is believed that the Ti-O-C
bond can serve as an electron transfer pathway to accelerate the excited electrons from
CNFs to TiO; and vice versa to significantly improve the photocatalytic efficiency of the
nanohybrid 1191, Most of the work that has been performed thus far has used FTIR
minimally, if at all, to monitor the Ti-O-C vibrational characteristics [71]. [95], [118]-{132],

Unfortunately even among these, little agreement has been reached.

Abbasi et al. (Fig 2.3.4 (a)) have noted that using sol-gel and other methods to modify
the CNT surface results in heterogeneous, non-uniform decoration and aggregation of
the TiO2 on the surface of the CNTs. Another disadvantage noted was that the methods
themselves required special equipment [133]. Similarly, Woan et al. (Fig 2.3.4 (b, c)) used
a hydrothermal method and found that the surfaces of their CNTs were randomly
covered with TiO2 agglomerates [198]. It should be noted that agglomeration does not
occur only because of the amount of TiO; precursor used. Other factors which affect this

will be discussed in detail in the sections which follow [108],
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Figure 2.3.4: (a) CNFs coated with TiO2 using a modified hydro‘therr'nl

method (133, (b,
c) TEM images of CNTs coated with TiO2 by hydrothermal method with an insert with a

10 nm scale bar [108] (d) CNFs sparsely coated with TiO2 nanoparticles using sol-gel [134],

(e) CNT-TiO2 hybrid made using sol-gel [°1], (f) a random distribution of rice grain
shaped TiO2 nanoparticles coating MWNT's [120],
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Likewise, Ouzzine et al. and Lee have also noted that their CNFs were unevenly coated
when they tried to coat them with TiO2 nanoparticles using the sol-gel method (Fig
2.3.4 (d and e) and that the coating was not complete even after they acid treated their
fibres [°11. [134], Xia et al. were able to synthesise rice-grain shaped TiO: particles next to
fibres using an autoclave-type of hydrothermal reaction, however, they too were not
able to control the coverage or the particle size (Fig 2.3.4 (f)) [120]. The above authors

generally all acknowledged that the coating was not as consistent as desired (Fig 2.3.4).

In this study a simplified one-pot hydrothermal method to synthesise a CNF-TiO2 hybrid
is presented. Likewise, the effects of the duration of the functionalisation of these CNFs
on the size of the TiO2 nanoparticles as well as the reaction time on the extent of TiO>
coverage are systematically presented. To our knowledge this is the first time that a
systematic study on either of these variables in relation to CNFs synthesised from coal

fly ash is presented.
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