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Abstract

The synthesisand application®f carbon nanomaterialCNMs) such ascarbon
nanofibres(CNFs), carbon nanotubes (CNTs) and carbon nanospheres (CNSSs)
have attracted a lot of attentiasue to their uniquechemical and physical
properties.For the synthesis of OMs with desired morphologyo occur,one
needs to considethree componentsjamely, the catalyst, carbon source and
source of power. Howevgthe cost ofthe catalysts involved in makifgNMs is

one of the challenging factorBue toproperties such as high aspect raGdM

use as fillers in polymer nanocompesi has been on the forefront to improve the
mechanical strength of polymer materials such as polyesiare to their
hydrophobic nature, the interaction between the filler and matrix tends to be

problematic

In this studywe investigatd the use of avaste material, coal fly asis a catalyst

for the synthesis of CNMasing the chemical vapour depositiorethod The use

of CO, and GH, as carborsources eitherindependentlyor togethey was also
employed. A comparison of two different ashes was alseestigatedLastly, the

use of these synthesized and acid tre&téiMs as fillers was examined. The
catalysts andynthesizedCNMs were characterised using SEM, TEM, EDS, laser
Raman spectroscopyXRD, BET, TGA and Mossbauer spectroscopy. The
mechanicaproperties were investigated by testing the tensile, flexural and impact

properties.

The synthesis of CMs using fly ash as a catalystithout pretreatment or
impregnating with other metals waechieved.Optimum vyields and uniform
morphology was obtagd at 650°C, at a flow rate ofL0O0 ml/min usingH, as a
carrier gas and £, as a carbon sourc&ldssbauerspectroscopy revealed that

cementite (F&C) was thecompoundesponsible for CNF formation.

Further CNMs were formed over fly ash as a catalysing CQ as a sole carbon

source, an additive and a carbon source before reacting whth Buvha was
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found to be a better fly ash catalysdmpared to Grootvleand an optimum
loadingwasachieved a0.25%.Treating the CNFs withlCI/HNO; resulted in tk

highest tensile, flexural and impact strengths.

This study hasighlightedthe use ofwo waste materials, as a catalyst and carbon
source for CNM formation. These CNMs were shown to play a major role in the

mechanical properties of polymers.
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C02/C2H2:

CoHao_Ho:

CoHa_No:

H2,CoHo No.

N2,CoHy_ Ho.

CO, used as carbon source, then flushed out with hydrogen

and hen introducing ¢H»

CO, and GH», used as carbon sources in a reaction at the

same time

Hydrogen used as a carrier gas in the presence of acetylene

as a carbon source

Nitrogen used as a carrier gas in the presence of acetyle

as a carbon source

Hydrogen used as a preeductant in the presence of

nitrogen as a carrier gasdacetylene as a carbon source

Nitrogen used as a preeaction gas in the presence of

hydrogen as a carrier gas and acetybsha carbon source
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Chapter 1: Overview and Scope

1.0 Introduction

Fly ash, also known as pulverised ash, is one of the largest produced solid wastes
in the world due to the global reliance on coal fired power plants for the
generation of electricify Fly ash mostly consists of silicon dioxide (Sifp
aluminium oxde (AlLOs) and iron oxide (F£s3) minerals mixed with other
elements such as calcium (Ca), magnesium (Mg), silica (Si), sodium (Na),
aluminium (Al), iron (Fe), and potassium (K). In small amounts various trace
elements such as cadmium (Cd), copper (Crserac (As), selenium (Se), zinc

(Zn), molybdenum (Mo), manganese (Mn), lead (Pb), boron (B), chromium (Cr),

cobalt (Co) and nickel (Ni) are also found.

At present less than 30% of the fly ash produced worldwide is currently being
recycled. Countries thare onthe forefront in terms of rasing fly ashinclude

the EU (90%), China (67%), US (50%) and India (45%). Other nations such as
South Africa (SA) are still struggling to find ways to reuse this material, itgith

usage levels at only 5% and this rhp# the construction industry.

The management and disposal of these large amounts of coal combustion by
products, such as fly ash, has led to many environmental prdbléagor
environmental concerns arise from the toxic metal content contained in these
materials, albeit in small amounts. Dumping of the ash leads to the possibility of
these toxic metals lehing out inb the ground watenearby surface water or by

it being blown awayleading to air pollutioh There is also a long term financial
burden associated with the maintenance of the land onto which it is dumped,
which has led researchers to try find ways of using fly ash as a value added
product.

At present the fly ash has been used in a lot of applications such as in:

construction, agriculture, environmental protection, depth separation, the ceramic
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industry and in catalysidn recent years, researchers have attempted to explore
the use of coal fly ash as a catalyst for carbon nanomaterial (CNM) production.
Factors soh as the affordability of fly ash and its ready availability, have
increased the interest of this waste material in the nanotechnology fikldre
importantly, it contains all the metals that are normally used as catalysts for CNM
production such as Fe, Co and Ni.

In this study the Rosheville coal fly ash (a blended waste coal fly ash material)
was used as a catalyst for CNM synthesis without anytrepagment or the
addition of other metal®Roscheville ash is a combination of different ashes that
were manufactured at different power stations and were dumped off at
Roscheville. HereMéssbauer spectroscopy was used to identify which metal in
the coalfly ash was responsible for CNM synthesis. After this, studies comparing
nitrogen (N) and hydrogen (k) as carrier and prEeatment gases were
performed, by interchanging these gases in the reaction to obtain optimal yields of
CNMs of uniform morphologis. In a follow up study, the use of a different
carbon source (C® which is a waste material as well, either as a sole source or
as addition to the traditional carbon sourceH$} was conducted. This was
performed to see the effects that 8@uld haveon the yield and morphology of
CNMs formed. A comparative study of two further waste coal fly ashes (i
Duvha and Grootvlei) was then conducted. These two ashes were chosen because
of their vastly different textures and morphology to each other and Ribshe
Because of their excellent properties, these CNMs from ash were used as fillers to
improve the tensile mechanical strength of polyesters. Different loadings were
used and the one which gave the highest strength was used in the proceeding
studies. Tdurther improve the strength of these polymer materials, these CNMs
were also treated with different oxidants and acids to assist with the interaction

between filler and matrix.
Currently CNMs are produced using a variety of techniques, such as laser

abation, aredischarge and chemical vapour deposition (CVD). During laser

ablation, a carbon target doped with catalyst particles is vaporised by -a high
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powered laser and CNMs are formed. Fbe arcdischargemethod a large
current is applied between twagh purity graphite electrodes such as the anode
and cathode which then leads to carbon vaporisation. In CVD, a hydrocarbon gas
mixture (e.g. GHy) is reacted over a supported metal catalyst resulting in CNMs
being formed if proper parameters are mairgdinAll these techniques present
their advantages and limitations, but the most promising and widely used method
for CNM production to date has been the CVD technique. This is due to the
method being straight forward, cheap and not requiring a lot of.sldps
synthesis of CNMs using CVD method was first reported in 196MHowever,
interest in the field was ndy sparked after 1991, when ljima reported the
nanometre sized carbon nanotubes using thelischarge methdd Thereafter,
CNMs such as carbon nanotubes (CNTs) and carbon nanofibres (Qid¥s)
received a lot of scientific and industrial attention, duehe unique properties
they possess, includinghi gh Youngds modul us and tens
good thermal and electrical conductivifie¥hese unique properties have led to
CNMs being used in a lot of applications such as biomedical, electrical,

automobile, aerospace and in catalysisiemtion a few.

1.2  Problem Statement

A literature study of the CVD technique for CNM production has revealed that
several factors still limit its commerciapplicability***®. One of the major
issues is the cost associated with the catalysts used in the CNM synthesis. CNMs
are normally synthesized from expensive metal catalysts including transition
metals such aBe, Ni and Co. Fly ash contains them (Fe) in trace amd@ari%o )

as there is an abundant supply of fly ash, and hence the use of fly ash as a catalyst,

offers an affordable alternative.

1.3 Research Questions

The following research questions were posed

1. Can carbon nanomaterials (CNMs) be synthesized from South African
coal fly ash without the addition of a catalyst or-peatment?

2. Is this method reproducible?
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3. What are the optimum conditions to achieve reproducibility and high yield
of these CNMs?

4. Cana waste product (i.e. GDbe used as a carbon source on its own or
will its use as an additive or peactant to acetylene give better ygld
different types of morphology?

5. Can CNFs made from coal fly ash be used as a primary reinforcement in a
polyestempolymer? If so, will the mechanical strength of this composite be

higher than the polyester by itself.

1.4  Research Aims and Objectives

1.4.1 Broad Research Aims

Studies that have demonstrated the use of fly ash as a catalyst or template in the
synthesisof CNMs are limited®!’. Fly ash has previously either been used
directly as a support for other more active metallic catalyst particles after
extensive treatenf. At present, no research has been done using South African
coal fly ash to make CNMs. The aim of this work is therefore to use South

African coal fly ash as a catalyst to make CNMs via the CVD method.

This thesis reports a simple, direct route for thelssgis of carbon nanomaterials
using coal fly ash as a catalydtlo pretreatments or additions of expensive
catalysts were used as the coal fly ash was used as received. This study also
reports on the addition of functionalised CNFs into a polyester mylym test

their reinforcement capabilities.

1.42 Specific Aims:

The specific aims of this study have been to:

)] Characteriseas received fly aslusing Xray fluorescent spectroscopy
(XRF), energy dispersive spectroscopy (EDS) amdder Xray diffraction
(PXRD).

i) Synthesize novel nanofibres from fly ash via CVD.

iii)  Understand the characteristics and chemical nature of the nanofibres by

using powder Xray diffraction (PXRD), energy dispersive spectroscopy
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(EDS), Fourier transform infrared spectroscopy (FTIR), nitrogen
adsorption using Brauné&mmettTeller (N, BET) analysis, transmission
electron microscopy (TEM), scanning electron microscopy (SEM), thermal
gravimetric analysis (TGA) and Mdssbauer spectroscopy.

Iv)  Study the effect of the important operating vhles, namely: flow rate,
gases and temperature, for the synthesis of CNMs in order to obtain
optimum reaction conditions.

v)  Compare the use of varying carbon sources such as carbon dioxige (CO
and acetylene (£1,) for the synthesis of CNFs.

vi) Test the mechacal properties, such as tensile strength of the polyester

before and after mixing with CNF fillers.

1.5 Hypothesis

Based on studies that have been conducted using metallic catalysts with the same
metals contained in fly a&#*, the following hypothesis has been formulated:

Without any additional catalyst or preeatment, South African fly ash can act as

a catalyst in the synthesis of carbon nanofibres.

1.6 Structure of the thesis

This thesis is organized into nine chapténsjuding this chapterstructured as
follows:

Chapter 1: Overview and scope

This chapter gives an overview of the area under study, justification for the study
and highlights the problesncurrently facing the synthesis of CNMs from fly ash

as a catalyst.

Chapter 2:  Literature review

Here a literature review on fly ash and CNMs is presented. This chapter reviews
the different uses of fly ash ande effect of catalyst and carbon souccethe
synthesis of CNMs. Lastly the methods used to make these CNMs and their use in

polymer composites is presented.
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Chapter 3:  Materials and methods
In this chapter the materials, methodology and characterization techniques used

are presented.

Chapter 4: Direct synthesis of carbon nanofibres from waste coal fly ash and

a study of the metals responsible for CNM production using EDS, Mdssbauer

and Powder X-ray diffraction

Results on the synthesis of CNMs using Rosheville fly ash as a catalyst are
presated in this chapter. Heréhe metals responsible for CNM synthesis were
studied using EDS, Mossbauer and PXRD. This chapter has been published as:
Hintsho, N.; Shaikjee, A.; Masenda, H.; Naidoo, D.; Billing, D.; Franklyn, P.;
Durbach, S. Nanoscale Reselarletters 2014, 9,-11

Chapter 5:  Effect The effect of nitrogen and hydrogen gases on the CVD
synthesis of carbon nanomaterials from acetylene, using South African coal

fly ash as a catalyst.

In this chapter the effect nitrogen and hydrogen gaseseoWD synthesis of
CNMs using acetylene as the carbon source, are presented. The chapter also
provides the effects of using different temperatures and varying flow rates of these

gases on the synthesis of CNMs.

Chapter 6: The effect of CQ on the synthess of carbon materials via CVD
using fly ash as a catalyst

Here, the use of C{as a lone carbon source for CNM synthesis is presented. The
effect of using C@as an additive and a carbon source prior to reaction wih C

is also reported. This chaptershbaeen published adl.C Hintsho; A.Shaikjee

P.K Triphati.; P.Franklyn; S.D. Durbach, RSC Advances 2615377653781.

Chapter 7: A comparison of Duvha and Grootvlei fly ashes in their ability
to synthesise CNFs
In this chapter a comparison of Duvfwery fine) and Grootvlei (very coarse) fly

ash and their ability to form CNFs using acetylene as a carbon source and
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hydrogen as a carrier gas at varying temperatures, is presented. Mechanical
properties such as tensile strength are also presented.

Chapter 8: Synthesis and characterisation of a CNF/polyester composite
In this chapter the synthesis and characterisation of a novel CNF/polyester
composite is reported. Special attention is given to the mechanical properties of

this CNF reinforced polyesteomposite.

Chapter 9: General discussion and conclusions
In this final chapter the main findings of this entire study are summarized. In
addition an outline of aspects that require further investigation based upon the

results of this study are outlined.
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Chapter 2: Literature Review

This chapterpresents a review ofiterature associated with fly ash, carbon
nanomaterials (CNMs) and carbon polymer nanocomposiliessly, this literature
review will generally focus on fi ash, its disposal methods and its uses in
different applications. Secondlyhe use of fly ash as a catalyst for carbon
nanomaterial (CNM}ynthesis will be discussed and the methods used for the
synthesis. Lastlythe use of CNMs such asrbon nanotoes/carbon nanofibres
(CNT/F9 in nanocomposites as fillers to improve the mechanical strength of

polyesters will be discussed.

2.1 Coal

South Africa ranksiighly amongst the countries that generate the most electricity
from combustion of coal in powetasions. Due to the increased demands of
electricity, more than 100 million tons of coal are being used anAu&lbuth
Africa is ranked as the fifth largecoal producer in the world and the third largest
coal exporter,accouting for 126 of the international coal trati® Several
authors compared coal in terms of its export ValtieThey clarified that th coal
produced in South Africa is amongst the cheapest in terms of its mass and in
terms of its energy content because of its low grade.

Coal is regarded as one of the primary energy sources in the world and has
characteristics that are greatly dependenthe contents of moisture, ash, volatile
matter, carbon, hydrogen, oxygen, sulphur, nitrogen, calorific vaiaking
parameters, ash composition and fusion charatiteyi due to its complex
naturé®>*8, It is primarily formed from ancient plant material that accumulated in
surface environments where the complete decay of organic matter was
prevente®?® It is a hydrocarbomich, fossitfuel resource and like other fossil
fuels it has been formed over lhuns of years, hence it is classified as a-hon

renewable energy souf¢é®,
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2.1.1 Classification of coal

Coal is classified according to its heating value and its relative content of
elemental carbdf. There are three different forms of coal that exist, namely:
anthracite, lignite and bituminous cddls Anthracite contains the highest
proportion of pure carbon (about-88%) and heat value (13,505,600 Btu/Ib)

of all forms of coal. Bituminous coal h&sver concentrations of pure carbon {46
86%) and lower heat values (8,308,600 Btu/lb). This form of coal is often sub
divided on the basis of its heat value, being classified as low, medium, and high
volatile bituminous and subituminous. Lignite the last form of coal, being the
poorest of the true coals in terms of heat value (58800 Btu/lb), is soft and

contains (4650%) pure carbon with low organic matuffty

2.1.2 Mineralogy and chemistry of coal

Carbonaceous material that results from #weumulation and decay of plant
matter in a fresh water environment is the primary component of cGalal is a
complex mixture of organic and inorganic constituents that contain intimately
mixed sdid, liquid, and gaseous pha&®&dt contains environmeally detrimental
minerals that were deposited along with the plant materials that were formed
during calcificatioR®. The types of minerals that are mostly found in coal are
depicted in Tabl@.1.

Table 2.1: Minerals found in coal
Type of minerals found in coal

Aluminiosilicates Sulphides
Calcites Chlorides
Ankerite Silicates
Dolomite Pyrites

Siderite Carbonates

The trace elements in coal are strongly associated with one or more of these

minerals. It is alg observed tht the high ash (20 %) coal contains much more
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quartz, whereas the carbonates areditr@inant minerals in low ash 18 wt %)

coaf*3%,

2.2 Coal fly ash and its classification

The use of coal in combustion systems can give rise to operational and
environmental problemsmainly due to the inorganic constituents present in
coaf? *3, As a result of coal combustion to generate electricity, more than 100
million tons of byproducts, including the heterogeneous waste material known as
coal fly ash are bem generated annuallyvorldwide Fly ash, also known as
pulverised ash, is the largest produced industrial waste in the world due to the
global reliance on coal fired power plants for the generation of electficity
According to Yaoet al, coal fired generationf electricity accouns for 30% of

the world electricity suppfy This is expected to increase to 46% by 2530his

is due to the fluctuating high pricés oil and natural gas, which makes the use of
coal fired electricity generation economically attractieepecially in countries

that are large coal producers (Fig. 2.1).

Rest of the
Germanﬂ.lo(yo\ W0r|d, 17.60%
SouthKore
2.20%

RSA2.40%

Russi
Federation2.50%

Japar3.30%

India 86

Figure 2.1: Distribution of coal consumption worldwide in 2012*

2.2.1 Chemical composition and physical properties of coal fly ash

Cod fly ash is a grey powder (depending on the iron anebumt carbon
content), that is light in texture and consigstostly of fine particles with an
average size of 20 um. It is a heterogeneowsaterial thais mostly amorphoys
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depending on the coafdge and combustion conditions. This material has a low to
medium bulk density (0.58.86 g/cnt), surface area (36800 m%kg) and a pl
range of 1.212.5, with most asheshowingalkalinity. Chemically, oalfly ash is
composed of calcium (Ca), magnesiumg(ivsilica (Si), sodium (Na), aluminium
(Al), iron (Fe), and potassium (K) with various trace elements sudadsium
(Cd), copper (Cu), arsenic (As), selenium (Se), zinc (Zn), molybdenum (Mo),
manganese (Mn)ehd (Pb), boron (B), vanadium \¢hromium(Cr), cobalt (Co)

and nickel (Ni¥°. Silicondioxide (SiQ), aluminium oxide (AlOs) and iron oxide

(Fe0s) form the basis of the mineralsat are present in coal fly &h

Fly ashconsists ofarticlesthatare spherical in shaghbat includesolid spheres,
cenospheres, irregutahaped debris and porous-barnt carbon (Fig. 2.2). There

are mainly two types of ash, classand C. Class F is highly pozzolanic, meaning
that it reacts with excess lime generated in the hydration of Portland cement and
contains less than 20lime content. This type of ash is produced from anthracite,
bituminous and subituminous coals coatning less than 7% CaO.l&s C,
normally originates from the sdiituminous and lignite coals. It consists mainly

of Ca,Al, and Si with a lower loss on ignition (LOI) than class F coal fly ash and
contains more lime (80%)’.

& || Unburnt carbon

Figure 2.2: Various morphologies of coal fly asf’
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2.2.2 Disposal of fly ash

As a result of the increased demands for generating electricity, huge quantities of
coal are being combusted, leading to high coal fly ash ptiotuand hence high
disposal into ash dump sif8sThe management and disposal of large amounts of
coal combustion byroducts such as fly ash has led to a lot of environmental
concern$®. The major envimmental concern arises due to some of the toxic
metals contained in fly ash and dumping that might lead to leaching of the metals
either into ground water or nearby surface wat®ome studies have reportibet

metal contaminants such as V, Cr, Ni, Cd and Pb have been shown to be hazards
to the environment, even though they are foahtbw levels (ppm). Nyalet al

studied the leaching behaviour and geochemical partitioning of some trace
elements in a 20 year old ash ddfhfheir results found that leaching of the trace
elements occurred, thus leading to a threat to the air, surface and ground water,
soil and crop pyduce. In another study by Neugaand Danahoe, batch and
column leaching tests were conducted evaluate the leachability of several
element$'. Their findings showed that older unlined fly ash disposal sites could

pose an environmental risk of contaation.

Two methods are currently usearldwide for disposing off fly ash, namelgry
disposal and wet disposal methods. During the dry disposal method, the ash is
transportecby truck from the site and then disposed of in any larffdfilh wet
disposal, the ash gets transported as slurry through a pipe and disposed of in an
ash pnd. Wet disposal has been the method most commonly used because of the
lower cost associated with it compared to the dry method. In recent years though,
the former method has been undescautinyas more studies have revealed that
due to the environmeritaeasons associated with the leaching of metals from
ponds, wet disposal may not be so safe, hence the need t@ Budable

utilization of the ast**,
2.3Uses of fly &h

In-order to find use for this material, understanding the physical, chemical and

mineralogical properties of flysa is of high importance, as these propertids wi
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ultimately be the determininactor in its use. The specific properties depend
mainly on the type of coal that was used, whether it was bituminous, lignite or
subbituminous and also the combustion coiodis. Research has shown the use
of fly ash in various industriesonstruction, for the production of cement and
concrete, catalysis fahe synthesis of zeoliteas afiller in the polymer industry;

as a soil additig in agriculture for compostingnproving crop and growth yield,
petroleum for use as catalysémd water treatment for neutralization of acid mine
drainagé®*>“®. Though the ash has been applied in various industries, its use is
limited sincemore than 70% of the ash produced worldwide is still unattended

43,49,50
to .

According tothe Central Electricity Authority (CEA) in the 201ffhancial year
about 160 million tons ofish wasgenerated in Chinawhich is the highest
producer of ash, out of which 110.87llion tonswas utilised. In 2013, South
African electricity companyESKOM, was reported to have produced about 25
million tons per annum of coal fly ashFor that large amount of fly ashasluced
annually, only about 49 was used in the industries mentioned above, with the
main uses being in the construction, iagiture and polymer industriesn the
constrution industry, the main benefif coal fly ash was to reduce the amount of
nontdurable calcium hydroxide (lime}y converting it into calcium silicate
hydrate (CSH), which is the strongest and most dugadiiion in concret®.

In the polymer industry, which has growastly in the past 20 years, fly ash has

been used as filler ianattempt to improve the strength of polymer matetfals

Fillers can be defined as particles that can be added to plastics or composite
materials either to lower the use of an expemgwaterial or to improve the
properties of the materidfs At presentmore than 53 million tons of diffené

types of fillers are used every year. In the last decade, carbon nanomaterials have
been shown to be the filler of choickie to their properties such as tensile
strength, elastic modulus and electric and thermoaductivity>>’. Thus, with a
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small addition of these, an improvement in the mechanical and electrical

properties of various materials can be expéttéd’,

Recent review$have presentedhe work done irterms of the uses of fly ash
Also other reviewshave been conducted dly ash utilisation such asa soil
additive” °*®2, glass cerami@d as a filler or substitute in concr&, catalyst for
heterogeneous cataly¥is adsorbents fomercury removal and waste water
treatmerit” °® etc. However, as a recéngrowing field, the use of fly &sas a
catalyst or catalyst support in the synthesis of carbon nanomaterial sytik®sis
not yet been explored or reviewed.

Other use®f this ashsuch asn environmental protection, depth separation, and
in the ceramic industry and as a valuable metal recovery element &laeebeen
explored®. Recycling coal ash in these applications can assist in achieving
significant economic and environmental benefits. At presbatreuse of fly ash

is at an estimated 25% ldwith the leadingregions ornations being thé&U
(90%), China (67%)US (50%) and India (45%). Other nations such as South
Africa (SA) arestill battling on how to reuse this material, with their usage levels
at only 5%.

2.3.1Fly ash as filler inthe polymer industry

India, China, Australia and South Africa are the largest producers and users of
coaf*’®. Researcérs from across the globe have demonstrated the use of fly ash
as a filler in the polymer, nanotechnology and construdtidastry*". In one

study, Hundiwaleet d. investigated the use of different types of composites of
varying percentages of Indian fly ashat were prepared using the two roll mill
method®. Tensile strength, modulus, hardness and density were some of the
properties investigated. The study showed that the fly ash filled composites
improved the mechanical strength of the rubber to a maximum compared to those

filled with calcium carbonate.
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In another study, Menoet al used fly ash as a filler in the presence of cardanol
prepolymers (PCP) and hexamethylene tetramine cure’®PQMReir results
showed a decrease in the amount of energy used for mixing and an increase in the
tensile properties (tear strength and thermal stability). Though these results were
positive, the majority of other investigations performed have found the
improvementto be toomarginal®’®’®, In a different studyChaowasakoet al

found that the mechanical strength of polyisoprene rubber filled with fly ash was
not improved when auopared to the rubber filled with silita Alkadasiet al.
suggested that using silane coupling agents such astiehdrosilane in fly ash

filled rubber could improve the mechanical properteesl here was a 20%
improvement in their tensile strength in their study®. Additionally,
Sombatsombopt al studiedthe effects of untreated fly ash as filler in natural and
styrene butadierfé They suggested that fly ash silica can be used in hatura
rubber at concentrations of less than 80 but could not be used in styrene

butadiene due to deterioration of property.

Previous reports suggested that the decrease in the fly ash performance could be
caused by the use of untreated fly ash, whichdeada reduction in fillerubber
interaction resulting in smooth surfat®8. The induced crystallinity also played

a role and Pautt al. overcame these difficulties by preparing nanostructured fly
ash using mechanical activattonTheir results showed an increase in surface
area, better surface activity and an amorphous material. They explained that the
amorphous material would be beneficial for applicaticweh asa particulate
nanofiller in polymer maices, which could in principle lead to better

compatibility with various polymer matricas’ 84,

2.32 Fly ash asfiller in the construction industry

In the construction industry, fly ash has predominantly been used as a substitute,
either as raw material or an additive. Fly ash has been shown to improeedhe |
term durability properties of concrete by reducing the ingress of aggressive agents
such as chloride ioffs In general, the amount of ash added for concrete ranges

from 1535% and can go as much as 70% for concrete in construction like
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pavement, walls anparking lots. McCarthy and Dhinvestigated the usef low
lime ash as a cemewmbmponent wherehey found that up to 45% could be
combined with Portland cement-ander to produce different kinds of concrete

design strengt®.

Josephet al evaluated the engineering properties of geopolymer concrete from
alkali fly asif°. Their resultsshowedthat the geopolymer concrete gave a higher
value of modulus elasticity compared to ordinary cement condrkie.material
wasshown to be highly useful igeotechnical applications. Edit al studied the

use of pozzolanic and compacted fly ash as a hydraulic barrier in |ddTitey

found that pozzolanic fly ash did not crack due to the low shrinkage it possessed
and compacted ash underwenslaght change.Therefore pozzolanic as was

found tohavebetter qualities.

From the abownentioned studies, it has been shown that fly ash can be
successfully used diler in the construction industryn othercountries such as

the US and EUthis industry can be affected by seasonal changes at tirhes.
cement is mostly needed during the summer months when building conditions are
at their peak, but the downside is that the ash is mostly produced during the winter
months. This is due to coal generat that are restricted to double shifting in
summer causing the loss on ignition (l@bntentof the ash to be increased, thus

reducing the quality of the ash.

2.3.3Fly ash as a soil additive

Research on the agricultural uses of fly ash has beenedioréfront in the past
few decade’®®®*®% This is due to thessential micronutrients that are contained
in the ash. Fly ash contains mawutrients such as P, K, Ca, Mg anda&l
micronutrients such as Fe, Mn, Cu, Co, B and Moexcept organic carbon and
nitrogen.This materiahas been shown to cause harm witesettles on leaves but
when applied scientifically for agricultural purposes, it has proven to be
beneficiaf®. In agriculture, it has been used for improving soil properties, as a

source of plant nutrients, as a pesticide, in composting and for imgrorop and
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growth yield. In an attempt to alter the soil texture, increas®o porosityand
improve the water holding capacitiasuet al addedthis ash to improve the
physical and chemical properties of soil and shifted the USDA textural class of

therefuge from sandy loam to silt lo4fm

Changet al observed that among five soil types, Reyes silty clay showed an
increase in the bulk density varying between 1.25 and 1°80vghen testig the
water holding capacity, Rdeyet al found that fly ash amendment increased the
water holding capacity of sandy/loamy sodlg 8%, which in turn ld to an
improvement in the hydraulic conductiVifyIn a similar studySakar and Rano
revealed that the fly ash obtained from a therpower plant working ostoker

fired combustos had the highest water holding capacity, followed by one working
on pulverised fuetombusor®®. This improvenent in water holding capacity was

of paramount importance for the growth of plants under rain fed agriculture.

Looking atother properties of fly ash, such the soil pH,anddepending on the
source, fly ash can be acidic or alkalii@e hydroxide and carbonate salts found
in the ash give it the ability toeutralize the acidity in soil. Fly ash has been
shown to act as a limiting material to neutralise soil acidity and provide plant
available nutrienf§. Guptaet al. usedan excessie quantity of uaveathered fly

ash to altethepH and increase the soil salirfity

In an effort to analyse the biological properties of sbgre has not been a lot of
research that has been conductedhie field®’. Several laboratory experiments
have been conducted, whdtehas beershown that the uweathered fly ash,
particularly ina sandy soil, greatly inhibited the microbial respiratory enzymatic
activity and soil Ncycling processes like nitiifation and Nmineralisation®,

These inhibitions could have been caused by the excessive presence of soluble
salts and trace elements found in theneathered ash or extremely alkaline (pH
11-12) asf% Applying lignite fly ash also yielded negative uts as there waa
reduction in the growth ofodl borne pathogenic microorganisms as reported by

Karpagavalliet al where the population oRhizobiumsp and Psolubilizing
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bacteria were increased under the sdifledwith either farmyard manure or fly
ash individually®. Addition of Class F bituminous fly ash to soil produced
positive results, as it improved the population of fungi, includaniguscular

mycorrhizal fungi and gram negative bacteria sisown from the analysis of

community of fatty acids.

Tiwari et al isolaed 11 bacterial strains from the rhizhospheric zone of
Typhalatifoliaand inoculated them separately in the fly ash to investigate their
ability to increase bioavailability of toximetald®. They found that most of the
bacterial strains either enhanced the mobility of Zn, Fe and Mn or immobilised the
Cu and Cd. Though most of the fly ash applications have been covered in
agriculture 8 an amendment, this waste material has also been used to solve soil

shortage problems.

Fly ash was used as a source of plant nutrients. Chemically, fly ash contains
elements such as Ca, Fe, Mg and K that are essential for plant growth but also
other elenents and metals that can be toxic to the plants. 8aaliexamined the
principal chemical properties of artificial $a@onsisting of organicesidue and
inorganic fly asf’. Their results showed that tlhaetificial soil was suitable for

agricultural use after irrigation and desalination.

Because fly ash lacksome nutrientsthis deficiency has somehow limited the
application of fly ash in agricultural use or as an additive. Therefore, several
studies hag been carried out to blend fly ash with poigly acid forming
organic byproducts such as sewage sludge, poultry and animal maQe
application of fly asthasbeen shown to have more advantages such as enhancing
soil organic matters, decreds®ioavailability of toxic metals and indirectly
stimulating microbial activity. Amongst these amendments, the farm manure and

sewage sludge have beenind to be the most effective.
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2.34 Fly ash inenvironmental protection

In an effort toincrease the use ohis material, it has also been usedthe
reduction of the environmental burden. Fly ash is mostly alkaline and mostly
contains a large amount of dnurnt carbon with a negatively charged surface at
high pH. Because of all these properties, it is expetveldave a high adsorption
capacity. The feasibility of using fly ash as a low cost adsorbent instead of using
the commercial activated carbon or zeolites for various adsorption processes has

been studied.

In the removal of organic pollutants, Gianoncetlial used dried activated slge

and fly ash to remove pheridl They found that the maximum phenol loading
capacity for each sorbent was 9in@/g for dried activated sludges and 27.9 mg/g
for fly ash at 100mg/l initial phenol concentration. Kaalso removed
chlorophenol efficiently from waste water using a fly ash coltfmvatheswaran

and Karumanithi investigated the removal of chyrsoidine R from aqueous solution
using fly ash as an adsenit®. Sing also showed the adsorption capacity of fly
ash in the removal of metribuzin, metalochlor and atrazine from Xater
Increasing the fly ash content resulted in an increase in the amount of herbicides
adsorbed. The maximum adsorption capacitiesewfound to be 0.56, 1.0 and
3.33 mg/g respectively. Other organic pollutants such as chlorophenols, organic

acids angolychlorinatedbiphenyls were also efficiently adsorbed by fly ash.

2.3.5Fly ash as a catalyst
The use of metal and metal oxides ambysts has been welbcumentet!*'%. In
catalytic applicationscoal fly ashhas been investigated fits potentialas a

replacemento reduceconsumption bmaterials that are expensive to prodite
114

In the past, fly ash had been used as a catalyst support in industries such as
hydrogen productidfi**® water gas cleaning (SOx and N&%'® methane
oxidation, water treatment and petroleum hydrocrackitg’. Fly ash haslso

been used in the coal conversion processes fatioea in gas, liquid and solid
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gas phase as a futlatalyst®*?*'* These studies include, the steam methane
reforming and water gas shift reactions, gas phase oxidation, liquid phase
hydrocarbon cracking and alkylation, aqueous oxidation, solid waste pyrolysis

and solvent free reactiofable 2.2§°122143

Though fly ash had been used for the above mentiapptications,of interest

lately, has been its use as a catalyst for carbon nanomaterials syhthé&gid®,
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Table2.2: Coal or Wood Fly ash as catalyst

Catalyst Function Application References
Coal fly ash Synthesis of novel zeolite NaX Biodiesel production 108

Rl JECHEICCIES Il Synthesis of carbon nanomaterials Carbon nanomaterial production °

Japanese fly ash Synthesis of carbon nanomaterials Carbon nanomaterial production *’

Carbon rich fly ash Synthesis of carbon nanomaterials Carbon nanomaterial production %

South African Synthesis of carbon nanofibres Carbon nanomaterial production *#°

fly ash

Coal ash Catalytic activity of coal ash in gas phasaatéons for synga: Steam methane reforming ai
production water gas shift reaction

Coal fly ash Catalytic xxidation of VOCs in the thermal process Gas phase oxidation

Coal fly ash Catalytic oxidation of VOCs in nethermal process Gas phase oxidation

Coal fly ash Catalytic oxidation of odorous Sulphur compounds Gas phase oxidation

Wood fly ash Compare the activity of wood with coal fly ash in the catal Catalytic ozonation

oxidation of hydrogen sulfide and methanethiol

Wood fly ash To destroy HS using the catalytic oxidatn in air Gas phase oxidation

Wood coal fly ash Test wood fly ash as a catalyst for catalytic oxidation Gas phase oxidation

aldehydes

Glass WSl Test the catalytic activity of three different types of microsph: Gas phase oxidation
microspheres separated from coal fly ash oxidative conversion of methane

130

131
132
133
113

134
113 134 135

136

separated from coal
fly ash
Synthesis of zeolite beta for commercial catalytic applications Liquid phase hydrocarbon crackir **’
and alkylation
Conveting fly ash into a zeolite using the alkali fusion mett Liquid phase hydrocarbon crackir **
and tested it for cracking of a heavy crude residue. and alkylation
Alkylation of phenol with terButyl alcohol over a catalys Liquid phase hydrocarbon crackir **°
31) synthesized from fly ash #DP-31) and alkylation
Testing the fly ash samplesrfair oxidation of sodium sulfide  Aqueous oxidation 140
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Coal fly ash Investigated the application of fly ash as a heterogeneous f Aqueous oxidation
oxidation for reactive dydecomposition.

Coal fly ash Removal of dye using fly ash as a catalyst Aqueous oxidaon
Coal fly ash Pyrolysis of polypropylene using fly ash derived zeolite Solid waste pyrolysis
catalysts

NaOH/Fly ash Comparing the catalyt performance of FSA to commerci Solid waste pyrolysis
catalysts.

=R ISl olelgcle] Employing fly ash as a recyclable solid base Knoeveld condensation reaction
CaO

ST IS elgcle]l Synthesis of fly ash supported CaO for the transesterificatic Transesterification
CaO soybean oil and converting it to fuel grade

Activated fly ash Synthesis of a solid acid catalyst for benzylation reaction: Benzylation reactions
loading zirconia orthemically activated fly ash
Coal fly ash Investigation on the selective catalytic reduction of NO withs! Selective catalytic reduction

using fly ash as a catalyst

12

141
142

143
144
145
146

147
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2.4 Carbon nanomaterials (CNMs)

Carbon nanomaterials can blefinedas a group of different forms of carbon
found in thenanometrerange (3100 nm). In the past 25ears, there has been
extensive research in these materials since the landmark paper by ljima in 1991.
Prior to that carbon was known to exist in two forms, diamond and grapfite
From that work by ljima, it was discovered that carbon with &bepdingcan

form other stable ordered graphitic structures such as CNTs, CNFs, graphene,

amorphous carbon and CNSs to mention &¥ew

CNMs consistingof graphitic layers have been on the forefront due to their
unique properties and potential use in varying applications. Amongst these CNMs,
CNFs with a diameter range of1®0nm have attracted a lot of attention ire th

last two decades. This material was first discovered by mistake as an unwanted

product during the catalytic conversion of carbon containing tf4ses

Carbon nanotubes (CNTs) and carboanofibres (CNFs) are cylindrical
nanostructure materials, whicheapart of the carbon allotrogés CNTs/CNFs
belong to the fullerene family, which is a group of material tonsist of 60
carbon$®***3  CNTs/CNFs possess interestingroperties, such as their
extraordinary electrical and high mechanical strength that make tiseful in
different applications such as polymer and other fields such as material science,

functional and biomedical devices

Thus far,the Chemtal Vapour Deposition (CVD) method has been the most
popular method used to manufacture carbon nanomatetidisis is due to the
simplicity of the method, requiring low temperatures and more importantly, due to
the suitability of thematerials for use in industrial fluidized bed reactors.
Generally, CNTs and CNFs can grow by diffusing carbon through a metal
catalyst, thus resulting in a graphitic filament>®. Three types of filaments are
formed based on the angle of graphene Eyeith respect to the filamert4
They are either stacked, herringbone or nanotubular 2By If stacked or

herringbone, nahoébyes a ( &3agarad | blaeddif thiey are
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nanotubular in shme, t hey ar e (FigR3cPd® Ifi altarmatve ub e s O

definitions, f the filaments are highly crystallized and have tubular structures
approximately below 2@m, they are nanotubes but if defective and have larger
diameter filaments, they aranofibres According to Tecet al, CNTs form when
diameters of filaments aréd,m or les§2 This process occurs when the bond
terminating species such as hydrogen in gaseous phase are not in abundance. This
is due to the single graphene layers consisting of many dangling bonds that
correspond to high energy states. Eliminatiorthafse species results in a high
reduction of the total energy of a reduced number of carbon atoms, thus
promoting the formation of tubular structurés

Ooc—0O)

[ ]

Figure 2.3: Carbon nanostructures:(a) CNFs composed of stackedagphene

cones;(b) herringbone type CNFand (c) Tubular type CNTs®

A study by Rodrigue et al was one of the first to propose the mechanism of
nanofibresgrowtt®. The study focused on the ability to create faceted catalyst
particles by either controlling or tailoring the structureafofibresthat are either
herringbone or stack8Y The study demonstrated under certain conditions that
the catalyst particles went through surface faceted reconstruction to form different
shapes ohanofibres The study further showed that herringbormettres were
formed when a catalyst particle was an alloy. It was shown that wh&tu Fe
particles were used in ai,/H, gas mixture at 608C, stacked structures were
formed from Febased catalyst in a @d, environment. Nolan and colleagues
further stagd that H plays a huge role inanofibre growttand the presence of,H

can reduce the larger number of dangling bond at the edges of the stacked graphite
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plate$®. H; also reduces the formatiasf undesiable carbon feedstockhis is

due to the hydrogenation effettat H, has on the reactive carbon species in the
gas phas® Even though transition metal particles can decompose the
hydrocarbons from the carbon source gas, they require arstipthhe growth of
nanotubesianofibres®”. Two growth models, namely tip growth and root growth
are currently used to define the growth of these carbon nanomaté&tfalsrhese
growth patterns are based on the interactietwben the catalyst and support. If
there is a weak interaction between the two, tip growthvisured vice versa, if

there are strong interactions, base growth o&€lrs

(Ei) JEXTRUSION OR ROOT GROWTH

nm

7'\
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Figure 2.4: Schematicdiagram of CNT growth mechanisma) Root growth b)

Tip growth 13

2.4.1 Carbon nanotubes and carbomanofibres usingfly ash as a catalyst

Fly ash plays a major role during the formation of CRV€® Thee materials

need to have the ability to decompose hydrocarbons and form CNMs, thus,
emphasis has to be put on selecting the appropriate catalysts. Transition metals at
present are seen as the most effective catdlysEhis is due to their catalytic
activity of decomposing volatile carbon compounds, ability of metastaiokede
formation and diffusing carbons through and over metal parttléze, Coand

Ni are commonly used transition metals because the solubility of carbon in these
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metals is finitt"., These metals are used due t
shells that give them the ability to interact with carbon and exhibit catalytic
activity'*

Reports on the effectiveness of fly ash as a catalyst or template in the synthesis of
CNMs are limited®"". Six studies, thus far, have reported on the use of fly ash on
its own as aatalyst for carbon nanomaterial production using the Fluidized Bed
Chemical Vapour Deposition (FBCVD) method.

Yasuiet al synthesised CNTs (Fig.5a-b) using a Japanese fly ash in an electric
tubular furnace as a catalystThe aim was to produce & that could be used

for the manufacturing of electronic devices and high frequency materials due to
fly ash having properties such as low dielectric constant materials. Iron (5%) was
added to the mixture with methane and ethanol used as carbon souinggis at
temperatures while helium and argon inert gases were used as carriers. CVD was
used because it produces large amounts of Giiisdoes not require a vacuum
system®. Their results showed a low production of CNTs that were of poor
quality as a lot of amorphous carbon existed as manifested by the more idtens
peak than the @eak undeRaman spectroscopy This therefore, leads to the
realisation that in order for these CNTs to be used as electrical and optical

absorbents, the processing during their production should be optimized.

Dunenset al also slowed that CNTs and CNFs (Fig 2-8) could be produced
using theAustralian coal fly ash. However, multiple steps had to be followed
and iron had to be impregnated on the Australian fly ash. This was done in order
to produce a low cost cdyat of which dter calcination the resultant catady was
formed. In their study,thylene, which is expensive, was used as a carbon source
to synthesize the materials at 6%0 During that study, it was shown that natural
iron in fly ash was inactive for CNT growtmder selected reaction conditions.
They postulated that the inactivity could be due to the heterogeneity of the iron
location and composition of the received ash. Diamendal. demonstrated

through the use of various etching treatments that the locdtithe aron and its
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morphology differs considerably between even fly ashes of the same ¥&mple
That could be due to the nthomogeneous nature of the coal. Another possibility
could be that iron appears in various forms; however, the required form fbr CN
growth is iron in reduced form, which can be achieved through the use of gases
such as K Therefore, it can be concluded that iron needs to be reduced or located
on the surface or be in a form that is catalytically active for CNT growth. Due to
the lowbulk density, high strength and intrinsic stiffness, they suggested that the
CNTs produced in that study had potential to be used in composite materials such

as concrete and polyméts

In an effort to improve on the aforementioned studies, Setlail used carbon
rich fly ash from Saudi Arabia as a catalyst for CNT praduc(Fig 2.5-f)***

Two pretreated samples in air at 75C, to release unburned carbon, were
synthesized using low pressure CVLPrior to gnthesis, the fly ash was
ultrasonically treated in order to produseultrafine powder. Acetylene was used

as a carbon source while nitrogen was used as a carrier gas. The results showed
iron as the most abundant element in sample 1lrgcicel dominatedsample 2.

Iron also produced nanotubes arahofibreswith large diameters and lengths in a

few micrometres. Their study showed that the approach taken could be used for
large scale production of CNTs with different diameters at a lower prlear

study was rather an improvement to the studies conducted by ¥asali and
Dunenset al in terms of cost even though plenty of {steps needed to be taken

to obtain their resultd °’,
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Figure 25: SEM images of CN\Ms by (a-b) Yasui*? (c-d) Dunens® and (e-f)
Salah'**

In a recent study by Saladt al. several parameters were intigated, such as
flow rate, gas pressure, temperature and growth'tfhiEhe produced CNTs were
characterised using TENhicro Raman spectrosco@nd XPS Consistent results
were found iaterms of uniformity, conversion and lengths produced under
optimized valuesThe optimum temperature for produgithese CNMs was 650
°C andthe CNT diameters wersund to be in the range of 2 nm.Raman
spectroscopghowed the traditional D and G bands with an intensity ratio of 1.4.
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Under XPS botlsp2 andsp3 type of bonding was observed. Two bands at 288.2
and290.5eV were also identified they could be assignedatdoxylicgroups and

"t poqde

15.0kV SEI SEM WD 7mm X 30,000 15.0kV SET SEM

Figure 26: SEM images of CNT's produced fromSaudi Arabian fly ash'?®

These studies have been conducted using a wieterials as a catalyst in an

effort to reduce the costssociated with manufacturif@NMs. It is well known

that for the synthesis of CNMs to occur, factors such as energy source, catalyst

and carbon sourseare needed. The most commonly used carbon sparee
hydrocarbons in particular acetylene and meth@heugh these are widely used

they have some drawbackad requirehigh temperature®r CNM synthesisIn

recent times, researchers have attempted the use of oxygen containing species

such as carbon dioxide as a carbon source for CNM synthesis (Table 2.3). This is

due to the materialsobeing a waste materal
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2.4.2 The effect CQ as a carbon sources on the synthesis of CNMs

Several research groups have optimised the synthesis of these CNMs targeting
different carbon sourcesincluding carbon dioxideMotiei et al. synthesized
CNTs from scCQ using magnesium at temperatures above P@® In their

study, CO, was reacted wh metallic Mg in an autoclavéor 3 hr. From this
reaction, MgO, CNTs and fullerenasere formel. From this study, other studies

followed.

Lou et d. reactedmetallic lithium with CO; at temperatures > 55€C"*%. From
that study XRD patternsshowed that well crystallized graphite was formed. Lase
Raman spectrosco@lso confirmed th® and G bands with the [l ratio being
greater than 1 A follow up study by Lou and others in 2005 using scCénd
alkali metals was conducted to form CNTs ranging from-B80°C**>. CNTs of

different morphologies were formed such as laglimpelike and porous etc.

In a study by Zhanget al, Y junction CNTs wereformed using sodium
borohydride (N8H,) at 700°C'**’. The Y junction morphologies could have been
caused by the presence of hydrogen as the reductant. From these studies it was
clear that the catalyst used, temperatures, reductant and pressures used play a
majorrole in the type of CNTs to berimed. For examplghe use okupercritical

carbon dioxidegaCO,) required excessively high pressures. For the CNTs to have
formed using manganese, temperatures as high as “@@0@ere needed. To
combat thesehallenges recent studies have shown that adidition of an Q

species to the traditional carbon source such #$, @nd CH can assist in
improving the yield of these CNM#&s shownin the tabé below(Table 2.3,

product yields formedrom these sourcsewere very low; the amount of energy
required for these CNMs to occwasvery high as temperatures at timesuld

get to 1000C.

In an effort to assist with the challenges with the use of this &0a sole carbon

source, Magreet al, suggested using G@nh an equmolar ratio with GH, for the
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synthesis of CNTS’. This investigation was inspirdoly a study where CNTs
were grown from using CaGOsupport that produced GOby thermal
decomposition. For their studies thoudigO was used as a catadlysupport
instead This choice in catalyst support was based on the fact that ddg not
form a carbonate at temperatures above®80@-romtheir study, increased yields
and high quality CNTs werebtainedat a maximum temperature of 68G,
beyond this temperatusanophous carbon was observédother interesting fact
to note from thie study was that, normally 75C is required to form CNTs using
MgO as a support but with thewdmolar ratio, CNTs were formeddom as low as
400 °C. They suggestethat this could be de to oxidative dehydrogenation of
acetylene with Cg which has been extensively used in the olefin industry for the

manufacturing of unsaturated hydrocarbons.

Table 2.3: The use of CQ as a carbon source for CNM synthesis
Reductant Yield Temp Product Refs

(%) (°C)

Manganese 1000 CNTs 142

Lithium 90 550 CNTs, graphite anc¢*®
amorphous carbon

Sodium 4.2 700 Y - Junction CNTs, **

Borohydrite Graphite

Argon 50 790810 CNTs 146

2.5Methods used for the synthesis of carbonanomaterials

Several methods have been used in the formation of carbon nanomaterials in
sizeable quantitiesThese include the pyrolysis of hydrocarbons using metal
catalysts and carbon monoxide dispropodigson a metal catalyst. The three
most commaly used techniques thougimclude, arc discharge, laser ablation,

and CVD.Of these method€;VD has beemt the forefront.
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2.5.1 Arc discharge

An arc discharge can be defined as an electrical breakdown of a gas that produces
an ongoing plasma discharghat comes from a current through non conductive
environmentssuch as aff. This method is characterised by having a lower
voltage than CVD and mostly depends on thermionic emission of electrons
supporting the arc. For CNT synthesis, a current is madeass through two
graphite electrodes which are placed end to end in an inert gas filled environment
such ashelium, argon ornitrogen. Thereafter high potential difference @0 kv

and current ranging fron20 to 100 A is applied causing a high tempaea
dischargeat ca. 4000 °C. The heat therauses sublimation of carbon on the
positive electrode which in turn deposits on the negative end of the electrode
resulting in the formation of CNTs. This method produces highjstalline
CNTs, but has a pooefficiency as the product contains more than 60%
impurities. The quality of the CNTs mostly depends on the lowering of the
current meaning that the lower the current, the better the quality of ONigk
energy amouns of energy consumed to make these T8Nalso limits this

technique for large scale CNT producfion

2.52 Laser ablation

This method was developed by Smalley andwookers in 1995 at Rice
University’®. At presentthe arc discharge and the laser ablation method are the
most commonly techniques for the synthesis of high quality CNTs. In this
method, the carbon sourcedsped with small amounts of metallic catalysts (Co
and Ni) that are then vaporised with the help of a pulsed laser beam in the
presence of an inert gas at very high temperatures and constant pressure of 500
Torr. As the laser beam impregnates the targetemad, vaporisation and
condensatioralso occuis at comparatively lower temperatures. Howeuvbese
methods have a lot of limitations. The most notable one is the fact that high
temperatures 3000°C are required to form CNTSs, thus making this process n

feasible for large scale synthesis.
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2.5.3 Chemical Vapour Deposition

Chemical Vapour Deposition (CVD) can be defined as a gas phase deposition
method that takes place in a vaaiwchamber and involves the deposition of solid
materials directly via vapouransformation. In the absence of chemical reactions,
this method is known as physical vapour depositibhis is a simple and
economial technique that is used for synthesfscarbon nanomaterials. Because

of its versatility a number of carbon sourciesany stater form can be used.

This method, developed by Endbal consistently shows potential and is one of
the weltresearched methods for the deposition of catalysts onto sufpdttis
preferred because it is fast, efficient, and produegmsits that have shown high
quality*®. Secondly, due to engineering and fundamental aspects, it can be
applied in large scale applicatiorfsor the formation ofa carbon nanomaterial
during CVD, a catalyst, carbon source and heat are needed for a pitatess
normally takes place in a horizontal tube furnace (Figure 2hi3.type of reactor
normally consistof a furnace, quazttube, a boat consisting of a catalyst, an inlet
and an outlet gasonnector During CVD, transition metal particles act as a
seed/nucleation site for carbon nanomaterial formatfoThese metals anesed

to catalyzethe formation ofcarbon nanomaterials, thus playing a role in the

structure and quality of materials produted

During this process, a growth temperatisrset, a carrier gas such as argon (Ar),

H, andN, are flushed through the quartz tube so as to form an inert atmosphere
and reduce the catalyst particles durirgptimg. It is worth stating that ;Hs

mostly considered as a reactive gas rather than a carrier gas. This is due to
hydrogen having the ability to create a reducing environmenthicatalytic

metal thus preventing poisoning of the catalytic surfacge darbon deposition,
which reduces undesirable carbon depofitsnationt® . After the ramping
stage, a carbon source is introduced during the reaction phase, thereafter, the
reaction is allowed t@ool down and the sample is collected. Even though CVD
has been the method of choice, as mentioned eaherpyrolysis method has

also been used for CNT ribbon formatién
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Figure 2.7: Schematic diagram of the chemicalvapor deposition apparatus
149

2.6 Other methods used for he synthesis of carbon nanomaterials from fly

ash
2.6.1. Pyrolysismethod
Pyrolysis is one of the most common methods used in the chemicatrindu
can be defined as ainreversible thermo chemical decompositiarethod of
organic materials at elevatéedmperatures in the absence of Dinvolves the
change of the chemical composition and physical phase. It is one of the processes
involved in charring wood starting at 260- 300°C.

During pyrdysis, samples are ruat an isothermal condition in atiwontal quartz

tube furnace under an inert gas. The hot zone of the furnace gets heated to a
certain temperature and controlled using a thermocouple. The diagram of the set
up has been shown in previous studiésThe weighed amount of the samjise

keptin an alumina crucible, and then placed in a graplegeldr. Thereafter, the
sampleis inserted in the dd zone with an inert gas either i, br Ar flowing

under a specific flow rate and for short periods of timeg3Dmin, 2min). Itis

placed backin a hot zone for a longer period (10, 20, ®in). Then after

pyrolysis, the samples removed back from the hot zone and plaoethe cold
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zone for 30s using a graphite feeder. The resultant prodaishen stored in a

small sample bottle used foalculation and analysis.

In one study, the pyrolysis method was used using a cotagmyvinyl acetate
(PVA) andFly Ash (FA), where FA was a catalyst for the sedfembled CNT
along geometrical CNT structuréé The aim was to make CNT ribbons/ropes
grown on the surface of FA that would have potential to be used for fabrication of
high strength composite materials. The results under SEM showed knotted,
twisted ribbons while TEM also showelke formatiomm of U- and spiral shaped
CNT ribbons with size ranging from 830 nm in width (Fig.2.8ad). Good
graphitisation with &/Ip ratio = 1.61 from Raman spectroscopywas also
identified. This was a much bigger improvement fram Ig/lp ratio of 1.17
obtained vien fly ash iron impregnated iron nitrate was used, with gaseous
mixtures such as ethylene, hydrogen and nitrogefihe study showed the
produced CNTs had potential to be used as filler materials for the fabrication of

composites with metals and polymer.

Figure 2.8: TEM images of CNT, a) growth of aligned CNT ribbons, b) single
ribbons, showing constant width; c¢) Ushaped and d) spiral shaped CNT
ribbon structures*’
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2.6.2 Ball milling

Though CVD has been the most widely usedhoe for the formation of carbon
nanomaterials, other leading fly ash countries such as India, have been focusing
on converting the microsized ash to nanomaterial ash that can be used in polymer
composite$>*'8 Ball milling has been the technique of interest due to its
simplicity, relatively inexpensive productionts appicahlity to any class of

materials and its ease to be scaled up to large quantities.

Ball milling is a mechanical treatment method where powder particles are
subjected to a severe plastic deformation caused by ongoing compressive loads
coming from thermpacts between the balls and the'&sfhis process physically
results in an altered fly ash from a smooth, glassy inert ash to a rough and more
reactive ash. Chemically, the ash becomes amorphous with crystalline sizes at the
nanometrelevel from micresized ash. The roughness could be caused by the

exposure of the inner crystalline core which may have eroded during ball milling.

Indian ash has been used to convert microstructured materials to nanomaterials
(Fig 29a-b) using high energy ball millingndia is one of the leading producers

of ash and currently generates about 112 million tons anntallyey are faced

with a problem due to the shortage of space required to accommodate large
volumes of its geeration thus it has become a nationdll as it is an
international priority to try and find new applications for this waste raw material.
India has invested millionsf dollarsin polymer research as an initiative in trying

to create nanostructured fish materials to be used as fillers in improving the
strength of rubbers. Some groups used class F fly ash that was subjectdd to hig
energy ball milling for 60 hand converted the ash to nanostructured mat&tials
This is ash that is pozzolanic in nauhat contains less #n 20% lime (CaO)
content. Theesults found that the average particle size was reduced while surface
area and total surface free energy were increased. The surface texture change in
morphology was depietl as can be observed in (F@9ab) from glassy to

amorphous and the crystalline size was reduced dramatically.
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Figure 2.9 (a-b): TEM images of fly ash samples ball milled for 60 hr®

2.7Mechanical properties of carbon nanotubes andcarbon nandfibre s

As mentioned before, CNT/Fs have unique electrical, mechanical and thermal
properties but due to their small size it has been difficult to measure their
mechanical properties by direct measuren@niExperimental techniques such as
SEM, TEM, AFM, laserRaman spectroscomnd theorécal models have been
used to describe the medieal properties of CNTs. Colemaat al used laser
Raman spectroscopppectroscopy to measure the elastic moduGTs and this

was foundto be2.8-3.6 TP&°. In their study,Mitall et al reported a meanical
strength of 1.8 Pa for CNTs and reportabat because of this high modulimgh
stiffness coupled with a low densitihese CNTs could be used to improve the
mechanical strength of compositesOther researchers have also reported on
these greapropertie&®. To fully use the mechanical properties of these CNT/Fs,
CNM/polymer composites have been formulated, and because there is wide range
of applications these nanocomposites can be used in almost everyrfithis

study we plan to use thein polymer composites as well.

2.8 Carbon nanomaterials/polymer nanocomposites

A polymer nanocompositezan be described as a combination of a polymer
matrix anda filler that has at least one dimensiim a nanometrerangé .
Carbonaceous nanofillers such as CNTs have been shown to play a very
promising role due to their high aspect ratio, tensile strength and mechanical
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strength™. For the polymer nanocomposit® achievetheir ultimate mechanical
strength, certain paramegsesuch as CNT/F structure, alignment of the filler into
the matrix, dispersion technique of the CNT and the interaction between the
nanofiller and polymer matrix need to be optindi€é From the parameters listed
above, the dispersion and the strong irdoa betwen CNT and matrix have
been the most challenginp overcomein the performance of CNT/polymer

nanocomposites.

To overcome the dispersion challenge, several methods have been proposed in
literature. These include solution mixing, melt processing andsitin

polymerisation.

2.8.1 Preparation of carbon nanomaterial/polymer nanocomposites

To optimise the properties of polymer nanocomposités imperative to disperse

the carbon nanomaterials in the polymer matrix efficiently in order to overcome
some ofthese agglomeration challenges, hence the methods mentioned above

have beempreferredas they offer a lot of commercial viability.

Of these methodssolution mixing has been the most favoured because of its
simplicity. During this methodhe filler (CNT/F) and the polymer are mixed with

a suitable solvent, whidls thenevaporatedn a controlled condition after forming
nanocomposite films on the surface of the substrate. In a study where CNFs were
added to increase the fracture touglsnafsepoxy compsites, 0.5 and% loading

were enough to secure a 66% and 78% increnrespectively Preparing the
thermalplastic polyutherane composites by melt mixitite tensile strength of
these nanocomposites was increased b 4inga 4% loading A further
addtion of these CNFs into the matrix, led to a dramatic reduction in the
mechanicalstrength of these nanocomposites. This decrease could have been
caused by increase in the voids or other defected sites coming from the CNF
bundles. These normally lead toess concentrations under dynamic loadings
leading to failure at lovstrain values. Thougthis method is populaKanget al

used ultrasonic agitation for the dispersion of acid treitelli-Walled Carbon
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NanotubegMWCNT) into the polystyrenematix’®. Using this method it was
observed that compatibility sses of the functional group and polymer matrix

arose.

To overcome this problemanother method of surfactant addition was used.
Beside those challenges, the restrictive factadhesolution mixing process is the
solubility of the polymers inta solvent. To reduce these issues, melt processing
was used, which is a method more suitable for thermosetting plastics polymers
such as polyesters, polystyrene etc. This method is based on medtipglymer

to form a viscous liquid and then blend it with the filler. This method even
though it is more suitable for a wider range of polymesan be less proficient
than even solution mixingespecially if the thermoplastic is highly viscous. This
high viscositymight lead to difficulty in achievingghomogeneous distribution of

carbonnanomateriain the polymer matrix.

To deal with the polymers that canrim# processed using nehixing or solution
processingin situ polymerisation is used. Thimsethod isusedfor polymers that

are insoluble and thermally unstable. Several investigations have been conducted
using MWCNT/polyurethart®® MWCNT/polypyrolé®, MWCNT/nylon 8™

and some studies on epoxy based nanocomptdites

2.8.2 Functionalisation of carbon nanomaterials

As it was pointed out before, because of the strong van de Waals forces, the
interactionbetween the filler and matrireeds to beenhancedas these carbon
nanomaterials ha a hydrophobic nature. It is of utmost importance to change the
state of these carbon nanomaterials so as to achieve the ultimate mechanical
strength. To enhance the strength of these polymer nanocomposites, several
methods of functionading of these CMIs have been conducte@nd these

includecovalent andhon-covalentfunctionalization

Covalentfunctionalizationis the most popular of the two. This method is based on

the covalent linkage between carbon and other functional groups.
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Functionalzation acurs when the $phybridisation bonding changes to®sin

this process, strong acids and other oxidising agents such a& HONO;'®,
H.SO®, KMnOs/®*® and HO,'® have been used to oxidise these carbon
nanomaterials and insert functional groups such as carbetghe, alcoholetc

on the surface. After the attachment of these grothes nature ofthe carbon
nanomaterials changé&om hydrophobic to hydrophilic, thus leading to a strong
interaction between the filler and polymer matrix. Keh al. investigatedthe
effect of acid and Nbitreated MWCNTSs on to epoxy resiisThey found the
tensile strength to have been greathprovedby 6% and 73%respectivelyas
compared to the untreated MWCNTs which recordedngthof 61%. Seyhan
also tested the mechanidamhaviour and fracture toughnessa hybrid polyester
nanocompositdy using NH treated different forms of CNTs through a 3 roll
milling method. The results showed that all the amine functionalised CNTs
performecbetter than the untreated CN¥s

2.9 Application of carbon nanomaterials formed from fly ash as a catalyst.

Up to date, no indusal scale application has been realised. The amorphous,
alumina silicate nature of the fly ash makes it a possible raw material for many
industrial applications. The iron identified in the ash, has been identified as the
catalyst responsible for CNM forriian, either found as FeO, #&; or FgO,. Fly

ash, thus far, has been used as an alternative to replace activated carbon or zeolite
for water pollution treatment. Thnormally depends on the origin and chemical

treatments used.

In recent years, some tlie emerging fields such as biomedical, aerospace and
catalysishave been usinfly ash material for carbon nanomaterial production.
Thus far, six studies have reported the production of carbon nanomaterials using
fly ash as a catalyst via the CVD metftd. Yasuiet al formed CNTs of low
quality using Japanese a5hOn the other hand, Dunenst al synthesized
MWCNTs and CNFs of high standard using the iron impregnated Australian fly
ash®. Salahet al managed to form large, well dispersed, low cost CNTs using
carbon rich Saudi Arabian fly aSh None of these studi¢sough, have reported
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on the application of the CNMs formed. Dunezisal. suggested that the CNTs
and CNFs formed from the Australian ash could be used in polymer composites

In the formation of other nanomaterials from ash by ball milling, most @f th
studies suggestetthat the formed nanostructures could be used as reinforcing
fillers in polymer matrice$"®. Though small advances have been made, there is
still a lot of unused ash and several hindrances have to be overcome in order to
use large amounts of fly lasin different industries. These are normathe
technical, economical and legal barriers. The technical and economic barriers are
mostly caused by fly ash production, specification and standards that are set, for
this material to be used in several apgiions. Other economic factors could be
the high cost associated with the transportation of low unit value ash and

competition from locally available natural materials

2.10 Conclusion

This review has shown the use of fly ashadidler, a soil additie and a catalyst.

In the catalysis field, the use of this material is moving more towards the
importance of this material for CNM productioHowever, more research still
needs to be conducted in the fisithere fly ash can be used solely as a catalyst
without the use of a piteeatment or impregnation to produce CNMs of high
quality. As the previous studies have shown, to obtain the desired results, the
process can be tedious and expensive hence optimisation sstliggng the
temperature, varying flonates and carrier gases should be carried out. In addition
to the catalyst, the carbon source also pkysige role ifterms of cost and the
quality of the CNMs produced. Furthermore, these materials need to be tested in
different applications, so as torapare theimperformancevith CNMs produced

from pure catalysts. Several authors though strongly suggested their use as fillers
in the polymer industry to be used as reinforcements. As had been pointed out in
the previoussectiors for this application, CNMsgenerally need to be treated
using various acids at moderate concentrations in order to remove impurities and

assist with the interaction of the filler and polymer matrix.
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Chapter 3: Materials and Methods

3.1 Introduction

This chapter sets out information on the materials and a detailed methodology
describing the instruments used for the characterization of materials that were
synthesized, the cheaal solutions and equipment used in this study. This chapter
is divided into variousectiors and the lists of chemicals (Table 3.1), gases (Table
3.2) and equipment (Table 3.3) used in this study will be presented. The synthesis
of carbon nanomaterials KBs) using the chemical vapour deposition (CVD)
method is also detailedSéction 3.3.1). Acid functionalisation and treatment
methods that were used on these CNMs are explaiSedtion 3.3.2). The
techniques and methods used to characterise these CNMasaralescribed
(Section3.4). Lastly the use of these CNMs as fillers in an attempt to improve the
strength of a polyester polymaevill be described. Here the synthesis of this
composite by vacuum assisted resin transfer moulding (VARTM) and the

mechanichtests (tensile, flexural and impact) are fully described.

3.2 Materials, Gases and Equipment used

3.2.1 Materials

The chemicals, gases and equipment that were used in this study are presented in
Tables 3.1and 3.3 respectively. All the gases usedhiststudy were supplied by
AFROX (African Oxygen Limited) and were accompanied by aiftw=te of

analysis
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Table3. 1: List of chemicals used in this study
Chemical Name Specification (%)  Supplier

Hydrochloric Acid (HCI) 55 Sigma Aldrich, RSA
Potassium  Permanganate [§ek) Sigma Aldrich, RSA
(KMnO 4)

Nitric Acid (HNO 3) Sigma Aldrich, RSA
Sulphuric Acid (H2SO,) 98 Sigma Aldrich, RSA
Polyester GP Lam 410 52-65 AMT resin
Butanox-M50 Catalyst 2% AMT Resin

©
(0¢]

Table3.2: List of gases used in this study

Chemical Name Specification (%) Supplier

Hydrogen 99 Afrox, RSA
CO; 99 Afrox, RSA

Table3. 3:List of equipment used in this study
Equipment Supplier

Kimix Chemicals & Laboraton
Suppliers, RSA
Porcelain Dishes Kimix Chemials & Laboratory
Magnetic Bar Suppliers, RSA
Oven Kimix Chemicals & Laboraton
Muffle Furnace Suppliers, RSA
Pure Lab UHQ de- ionizer Scientific, Series 2000, RSA
Horizontal Tube Furnace (for CVD) HeElEhlC il oBREITA
ELGA, USA
Home built
Mould Home built
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3.3  Experimental Procedures

3.3.1 Synthesis of carbon nanomaterials via chemical vapour degtion
(CVD)

Untreated waste coal fly ash was obtained from the Electricity Supply

Commission (ESKOM) Research and Innovation Centre (Rosheville, South

Africa) and was used without any treatment or modification. Carbon deposition

was achieved using CVD dadcetylene (gH,) over the untreated fly ash. In a

standard reaction: fly ash was used as a catalyst, while eithkra@d or CQ

served as carbon sources, whileddd/or N were used as carrier or preaction

gases.

In a typical synthesis experimer®)0 mg of ageceived fly ash was uniformly
spread in a small quartz boat and placed in a quartz tube, in the centre of a
horizontal tube furnace to ensure controlled heating. A gas mixturgHaf B, or

N, was introduced into the quartz reaction tubeoulgh the gas inlet and
exhausted through the gas outlet. Gas mixtures of three typds/Ng, CH./H,

and GH2/H,/N,) with a total flow rate of 100 ml/min were studied. In addition,
temperatures ranging from 48C to 750°C in 100°C intervals were stueld,

with these gas mixtures. The fly ash was first heated 4C1fdin in H,, N, or a
mixture of both gases for periods between 45 to 75 min to reach a desired
temperature. Acetylene gas was then introduced into the reaction zone for a period
of 45 min. Thereafter, the flow of &1, was terminated and the reactor wasled

under B and/or N to ambient temperaturd typical CVD synthesis set up is

shown Fig. 3.1.
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Figure 3.1: CVD set up for CNM synthesis using coal fly ashsa catalyst;
acetylene as a carbon source and nitrogen as a carrier gas.

Upon obtaining the carbon nanomaterials formed, the percentage yield was
calculated using the formula below:
% Yield = gP-gC/gC x100
Where:
% Yield= Percentage Yield
gP " Total mass of product

gC  =Total mass of catalyst

3.3.2 Acid treatment of synthesizedctarbon nanofibres (CNFs)

Pretreatment of CNFs with an acid or an oxidising agent was performed prior to
mixing the CNFs with the polyester resin. The CNFs were-taeatedusing a
previously optimised method by Padt al to observe whether acid washing
would improve the adhesion between the CNFs and the polyester pblyroier
treatment is primarily to add functional groums the surface of the CNTs/CNFs

to cause chemical attachment to the polymer and to enhance dispersion in the
polymer matrix. The aim of prdreating the CNFs in this studwasto reduce
metal impurities from these materials and to generate functionapgrsuch as
carbonyl, carboxyl and oxygen containing groups on their surfaces. These
functional groups have been reported to induce a change in the chemicalpnake
of the outer layer of such materials, helping them to change from a hydrophobic

nature toa hydrophilic on& This in turn was expected to promote more uniform
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dispersion of these CNFs in the polyester polymer. CNFs synthesized from Duvha
fly ash were either treated with HCI/HN@ixture and or KMnQ@ solution as

follows:

3.3.2.1Functionalisation of CNFs using KMnO,4

Aliquots of 500ml of a 1M solution of KMn@was prepared by dissolving 7.9016

g of KMnQy in distilled water. The solution was stirred using a magnetic stirrer
until the KMnQ, had dissolved4g of CNFs was added to 200 ml of the K®In
solution. The mixture was stirred for 4 lat 40 °C. The CNFs were washed with
distiled water to remove the residual KMpOThe CNFs were then dried

overnight in the oven at 90 °C.

3.3.2.2Functionalisation of CNFs using HCI/HNG;

Approximately 4 g ofCNFs wee added to 300 ml mixture of %8 wt %
hydrochloric acid and 38.0 wt % of nitric acid (volume ratio of 3:1). Thereatfter,
the mixture was refluxed for 2 kat 90 °C. The CNFs were then washed with
distilled water until the rinse solution reached pM.@he acid treated CNFs were

then dried overnight in an oven at 90 °C.

3.4  Characterization techniques and experimental details
Various techniques, such as, scanning electron microscopy (SEM), Energy
Dispersive Spectroscopy (EDS), BrawignmettTeller N2 adsorption (MNBET),

thermal gravimetric analysis (TGA), transmission electron microscopy (TEM),
laser Raman spectroscopy-ray fluorescence (XRF), Xay diffraction (XRD)

and Mdssbauer spectroscopy, were used to characterize the synthesized CNMs. A
summary of the techniques used and the information they provide is given in
Table 3.4 below. The aim of these characterization methods was to study the

physical and chemical properties of the synthesized materials.

Page p9



Table 3.4 Characterization techniques uskduring CNM synthesis

Techniques Function

Brauner-Emmet-Teller ( N.BET) Surface area, pore diameter and p
size distribution

Fourier transform icICOM |dentification  of functional peak
spectroscopy (FTIR) present

HICUS UISS e I e[ s M e e NIele]o)Y | Crystallinity and particle size

(TEM)

STe=Lla e MCI Cleife iMoo N ] )YARIRVY) Surface morphology and elemen
& composition

Energy  dispersive  spectroscop

(=)

Laser Raman spectroscopy Crystallinity

LUGHE EWVnREERELSERQECIAVI Thermal stability

X-Ray diffraction (XRD) Crystallinity, particle size and pha:
X-Ray fluorescence (XRF) Elemental analysis of minor and maj
Mossbauer spectroscopy Chemical and structural information

3.4.1 Scanning electron microscpe (SEM)

Scanning electron microscopy (SEMjicrographs were obtained using a-FE
SEM ZEISS SIGMAmicroscope (Zeiss, UK). Carbon tape was placed on top of a
specimen holder and a small, representative amount of fine powder was dusted on
the tape. The specan was then introduced into the SEM. This SEM was coupled

with an EDS detector using GENESIS software for qualitative elemental analysis.

3.4.2 Transmission electron microscopy (TEM)
The surface morphology of the CNMs that were synthesised was further
chaacterized using TEM (Tecnai, G2 F20TXvin MAT, Hillsboro, USA). A

small amount (# mg) of the powder samples GNMs were diluted in 10 ml of

Page p0



ethanol followed by sonication for 5 min. Specimens were transferred onto the
holey carbon film double layer 80mesh copper grids (i.e. the sample holder) and
allowed to dry at room temperature. The specimens were then characterized by
TEM.

3.4.3 Brauneri Emmet-Teller (N.BET)

Surface areas, pore volumes and pore size distributions of the CNM samples were
determired by means of the Brun&mmettTeller (N, BET) technique using a
Micrometrics TriStar instrumentNlicrometrics Instrument Co., Norcross, GA,

USA). Approximately200 mg of the catalyst powder was weighed and degassed
in micrometrics Tri star 3000 by flamg Helium (He) at 90C for 1 hr, and then

held at 350°C for 16 hrs. As the temperature increased, water vapour was
desorbed from the surface and pores of the sample. The sample wasdbédn

down and weighed again. The TriStar machine used physicar@odn and
capillary condensation of Nto obtain information about the surface area and

porosity of each solid material

3.4.4 Fourier transform infrared spectroscopy(FTIR)

A Bruker Tensor 27 Fourier transform infrared spectroméBuker AXS,

Karlsruhe, Gerrmany) was used for the qualitative analysis of the functional groups

that were present on the CNMs formdthe instrument was first cleaned and set

up according to the manufacturero6s instr
before the analysiApproximately 15 mg of the catalyst powder was placed on

the attenuated total reflectance (ATR) sample holder &ruker Tensor 27

Fourier transform infrared spectromef€he sample were analysed in the range of

3804000 cm' and the then baselines weoerrected and the spectra were
smoothenedSpectra were the obtained depending on the characteristics of each

sample.
3.4.5 Thermal gravimetric analysis (TGA)

To obtain the thermal stability of the carbon nanomaterial, thermal gravimetric

analysis (TGAwas performed on a Perkin Elmer TGA 4000 Thegnavimetric
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analyser(TGA; PerkinElmer, Waltham, MA, USA). Approximatelyl0 mg of the
catalyst powder was weighed and inserted into the sampleTharsample was
heated from 35 °C to 900 °C at a rate of @Iniin under air (50 ml/min). The
mass of all samples was kept constaat {0 mg) in order to reduce the effects of

variability in measurements.

3.4.6 Laser Raman spectroscopy

The structural features of the synthesized CNMs were investigated using laser
Raman spectroscopy (Jobk¥von T64000 Raman spectrometer (Horiba
Scientific, UK)). The spot size on the sample was ~1.5 um in diameter and the
excitation wavelength was 514.5 nm from an Ar ion laser. A grating with 600
grooves/mm was used to disperse thectrum onto a charge coupled detector
(CCD).

3.4.7 X-ray diffraction (XRD)

X-ray diffraction (XRD) experiments were performed on D& Advance
diffractometer from Bruker AXS, (Bruker AXS, Karlsruhe, Germny).
Approximately 100 mg ofCNFs was ground to a dmogeneous powdefhe
catalyst powder was placed into a sample holder using a spatula to make the
surface even and introduced into the-ray diffractometer. The phase
identification was performed by searching and matching obtained diffraction

patterns wit the powder diffraction file data base with the help of EVA software.

3.4.8 X-ray fluorescence (XRF)

XRF analysis was performed on a Paradytical PW2404 wavelength dispersive
spectrometer (PanAnalytical, Almelo, Netherlands). Approximately 5fly afsh

was mixed thoroughly with 2% polyvinly glue, Mowiol binder. The mixture was
then compressed under 10 MPa pressure in order to form a pellet for the analysis.
The pellet was then exposed tg K 24.9 and KK = 22. Xrays were generated

from arhodium tubeand the data was integrated and analysed.
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3.4.9 Mdossbauer spectroscopy

Mossbauer spectra were recorded using an acetorAdlgdsesonance detector
equipped with®>’Fe enriched stainless steel foils mounted on a conventional
velocity drive system outsed the implantation chamber. The detector was
mounted 90to the beam direction and ©@lative to the crystal surface normal.
The velocity and isomer shift values are calibrated relativé}Ee at room

temperature.

3.5 The CNF polyester/ composite fabrication procedure

CNF/polyester composites were manufactured using the Vacuum Resin Transfer
Moulding (VRTM) method. Théibre composite (FCs) specimens were fabricated
using different fibre rass fractions 00.1250.5 % for all the different treated
CNFs. The corresponding resin content was determined using thé2ka2

standard

M= M1 (100-M 3- W/ WK

where

M, = masof fibrein grams

M, = massf resinrequiredn grams

W, = fibre contat as a percentage of the total mass

K =constat represeting 10%o0f excessesinlostthroughspills.

Before proceeding with the fabrication process, the steel mould was cleaned using
acetone and then dried using a dry cloth. As part of the primingguwoe, a thin

film of MR8 release agent was applied to the mould surface. Fig. 3.2 shows a
schematic of the 3 piece VRTM mould used for specimen fabrication. The mould

consists of two male plates (MP) with gasket grooves and a female plate (FP).
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Figure 3.2: Plates ofmould usedfor fabricating compositespecimens

Oncethecleanedmouldwasdried, the bottom malemould platewasplacedon the
mouldstand.Thefemalemould platewaspressedipon the bottom maleplateand
thentherequiredibre matwasplacednsidethemouldbeforebeing closedvith the
top malemould. The gaket grooveson the mould platesensuredastablevacuum
duringmanufacturing.A smallpipe wasusedasresintrapper. The entire assembly
was clamped toarrest any leakages and was also checked for leabage

connectingt tothevacuumpump.

Pressure
Gauge

Valv
i Vacuum Pump

;IC?FEE—’

Valve Resin trap —

“—‘Zil Reservoir

l edin Top Male Plate l

Reservoir

[ i Female Plate &

Bottom Male Plate

Figure 3.3: Mould usedfor fabricating compositespecimens’
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After setting up the VRTM, 300 ml of NCS polyester resin was mixed @vith g

of the Mekp catalyst as per the process manual and kept ready at the inlet port.
The resin feed valve was then slowly opened. As the resin filled the mould, the
vacuum pressure was maintained at a constant value of 18 kPa. The feed line was
kept oen until the resin exited the mould. Once the mould was filled, both the
feed line and the vacuum line valve was closed and the resin was allowed to cure.
A similar procedure was followed for manufacturing the CNF treated composites,
except that the polymematrix was mixed withthree different weight fractios

(i.e. 0.125 wt. %, 0.25 wt. % and 0.5 wt.)%f functionalized CNFs.

3.6  Mechanical characterisation of CNFpolyester composites

3.6.1 Testing procedure

In order to determine the mechanical projpsr of the CNFpolyester
nanocomposites, a series of mechanical tests were carried out which included
tensile testing, flexural testing and impact testing. Composites in general are
tested using the standards developed by the American Society for Tasting
Materials (ASTM) and the International Organization for Standardization (1ISO)
so that comparable results can be obtained by different researchers performing
similar experiments elsewhere in the world. Therefore, all the testing done in this
experimenthresearch was performed in accordance with either the ASTM or ISO
standards for each particular test. A summary of each testing procedure used is

presented in the followin§ectiors.

3.6.1.1Tensile testing

The standard guidelines that pertain to thasite testing of plastic composite
materials are given in ASTM D638 which specifies that a tensile composite
specimen should be cut into the dmgne dimensions shown in Fig. 3.4. This
particular shape of the ddmpne specimen guarantees that failure @agttur at the
region of minimum crossection called the gauge length, which allows for

repeatability and accuracy in the tensile testf all composite materials.
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Figure 3.4: Dog bone shape of polyester composite, using the dimension
ASTM D638

3.6.1.1Tensile testing procedure

A load cell of 50 kN was used to conduct the tentaisting. Prior to testing, the
thickness and width of the specimens were measured using a Vinear Calipers.
Thereatfter, the test specimen were placed into the jaws of the machine grips and
tightened so that the specimen were held firmly enough in thenawso slip

during testing. Then the extension indicator was attached onto the gauge length of
the test specimen. The machine was then set to the desited) tspeed and
testing beganThe data recorded during the testing procedure for each specimen
wasused to calculate the tensile properties of the material. This was done through
averaging the sum of all the individual specimens per test batch of 5 samples and
through using the following calculations.

A=WxT (Equation 1)

where:

A = CrossSectioral area of the gauge teSectionfmm]

W = Width of the gauge teSectionjmm]

T = Thickness of the gauge t&ctionfmm]
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After obtaining the maximum tensile force at the point of failure, as well as the
measured average creSsctioral area of the spemen, these were then used to

calculate the ultimate tensile strength of the specimen which is given by Equation

2 below as:
duts= Fmax/ A (Equation 2)
where:
Gduts = Ultimate tensile strength of speci

Fmax= Maximum load during test [N]
Using the data recorded by the extensometer, the tensile strain of the specimen
was then calculated using Equation 3 as:
el / | (Equation 3)
where:
= Tensile strain
& = Extensometer displacement [mm]

| = Extensometer gauge length [mm]

Usingthe tensile stresses and strains calculated by equations 2 and 3 respectively;

the Youngds Modulus also known as modul u
Equation 4 as:

E =al/ & (Equation 4)

where:

E = Tensile modulus of elasticity of the spren [GPa]

aal = Difference in stress between two da
the data set [MPa]

& = Difference in strain between two data points lying on the linear portion of

the data set [mm/mm]

3.6.1.2Flexural testing

The standardyuidelines that pertain to the flexural testing of plastic composite
materials are given in ASTMpDOiredo wbendhnag
method which induces the bending loads in the test specimen until the specimen
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fractures. The preferred dimgons for the test specimen according to the

standards are given below in Fig. 3.5:

« 80cm

v

10cm

(LSS

Figure 35: Preferred dimensions forASTM D790 test specimen

3.6.1.2.1 Flexural testing procedure
The flexural testing was performed ugithe same Lloyd testing machine of 50
kN load cell using a 3 point flexural testing attachment as per ISO 178 standard.
The built in encoder was used to acquire the required data. The distance between
the specimen supports was BIm. The test specimens mecut along the
longitudinal direction only. The Flexural test specimens were fabricated with the
thickness span ratio of 1:16 and the tests were conducted at the cross head speed
of 1 mm/min. The same number of specimens used in the tensile testingydse
used for flexural testing. The flexural properties were obtained by averaging
specimen properties using the same method as that used for the tensile properties.
Using the averaged values of the three widths and thicknesses measured from the
specimenas well as the load applied and the distance between the supports, the
flexural stress in the specimen was calculated using Equation 5 below.
V= :’)FW,IXL/Zb}’l2 (Equation 5)

where:
O¢= Specimen flexural stress [MPa]

max= Load applied [N]
L = Length between supports [mm]
b = Width of specimen measured at its centre [mm]

h = Thickness of specimen measured at its centre [mm]
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After obtaning the data recorded by the extensometer, the flexural strain of the
specimen was then calculated using Equation 6 as:

f =6hD/L? (Equation 6)
Where:

¢ = Flexural strain of specimen [mm/mm]
D = Vertical deflection of the specimen at the poinibad application [mm]
L- Lenght
3.6.1.3Impact testing
Impact testing generally known as the measure of toughness for plastic
composites was determined using ASTM D 256. The toughness of the material
was determined by the amount of energy absorbatidbgpecimen upon impact.
This test requires that at least 5 specimens be tested and be averaged out in order

for the results to be reliable.

22.5° 22.5°

31.8cm

v

63.5cm

»
<

1
1
1
1
1
o
]
1
1

Figure 36: Impact testing requirements using ASTM D256 standard
dimensions

3.6.13.1 Impact testing procedure

The Izod impact testing method was used to determine the impact strength of the
fabricated composite specimens. An Avery pendulum impact testing machine with
static dial arm, which can manually be moved was positioned priastimg, at

4.2 J mark. This type of testing was conducted by clamping the test specimen in a
vertical position and breaking it in two through a single swing of the pendulum
arm of the test rig. In order to break the specimen, the pendulum arm haddao lose

certain amount of energy in fracturing the test specimen. By recording the initial
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height of the pendulum and the height which the pendulum reaches after impact,
the energy absorbed by the specimen was then found.
The impact toughness is expressed asetiergy lost per unit crossctioral area.

This was calculated using equation 7.

K = 6d¢ (Equation 7)

where:
K= Impact toughness fdhnf]
ae- Energy lost by pendulum due to impact [J]

A, - CrossSectioral area of impact specimemfif]
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Chapter 4: Direct synthesis of carbon

nanofibres from South African coal fly ash

4.1  Introduction

The synthesis of carbon nanomaterials (CNMs) has receiggtetidous interest

in the last two decad&$ These endeavours are driven by the need to exploit the
unigue chemical and physical properties associated with CNMs (e.g. strength), as
well as the desire to develop synthetic strategies that are cost effautivéon
destructive to the environméfit The synthesis of weltructured CNMs is
known to require three main components: a source of energy, a source of carbon
and a template or catalyst Recent publications have shown that efforts have
focused on umsg lower energy sources (low temperature synthesis), natural or

recyclable carbon reactants and approptiteplates™.

One of the main challenges in the chemical industry has been the development of
low cost, recyclable and effective substratestajgats) upon which well
structured CNMs can grdW*®. This has prompted interest in several industrial
by-products that contain components that are known to actively decompose
carbon reagents into CNM&2. Of interest has been the study of the effect of coal
fly ash as a catalyst for carbon nanomaterial growth. Currently, only a fraction of
this material is utilized effectively, with the remainder proving to be
environmentally hazardous due to the pre®e of several toxic elements like
mercury, lead, ett®?. It has been showthat fly ash an produce CNM, when

used as a catalyst or suppprovided that the reaction conditionee acorrect®

2738 This is due mainlyo the transition metal contefdundin certain fly ashes
Yasuiet al reported the first study, usidgapanese fly ash, where Fe was added to
the ash to enhance its activityAlthough CNTs were produced, these were of a
very low yiedd and poor qualityThereafter,Dunenset al. producedCNTs and
CNFs from Australian coal fly ash using the CVD methotHowever,because

iron (was low in their fly ash < 2.5%)hey had to impregnate dnto their

substrate andith an expensive carbon source used (ethylene), this kbe twost
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of CNT and CNFsynthesiseing high. In trying to improve the above methods
Salahet al used carbon rich Saudi Arabian fly ashrmke CNTS. In this
method, prareatment of the ash was also conducted to remove unburnt flg ash

order to use the ash as a catalyst.

Reports on the effectiveness of fly ash as a catalyst or template in the synthesis of
CNFs are limite®®*’. Moreover, fly ash is considered as either a support for other
more active methc catalyst particles or is used after extensive synthetic
treatment ®”. On the other hand, no work has been done usiBguth African

coal fly ash to make carbaranofibres

This chapterreports a simple, direct route for the synthesis of CNFs from South
African coal fly ashand acetylene at varying temperatures. Here ndrpagments
or additions of expensive catalysts were required, as the fly ash was used as it was

received.

4.2  Methods

4.2.1 Synthesis

Waste South African coal fly ash was obtained fr&®KOM in Rosheville

South Africa and was used without any chemical-tpratments or thermal
modifications (Table4.1) Carbon deposition was achieved by the CVD of
acetylene over the waste coal fly ash. In these reactions the coal fly ash was the
catalyst, acetylene the t@m source and hydrogen the carrier gas. The procedure
followed in each synthesis run is describe®eéction3.3.1, in hese reactions the

flow rate was kept at 100 ml/min to temperatures betweerf@hd 700°C in

100 °C incrementsThe resultant carb@aceous material was then harvested for

characterization.
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4.2.2 Characterization

The synthesized CNFs samples were characterized using scanning electron
microscopy (SEM), Hermogravimetric analysis (TGA) andbser Raman
spectroscopyFor each characieation, procedures described in Section 3.4.1,
3.4.5 and 3.4.6 respectively were followed. Nanofibre diameter distributions were
measured using ImagB. To identify the metalsesponsible for CNF formatip

their amounts and understand the crystallinity of the sampWsssbauer
spectroscopy,X-ray fluorescence (XRF) and-ray diffraction (XRD was
employedrespectively,using procedurs followed in Sectios 3.4.9, 3.4.7 and

3.4.8 To obtain the surface @& of the materials, Brunn&mmet Teller (BET)

methodwasemployed as described in Secti@4.3

Table 4.1: The chemical composition of South African coal fly ash samples
obtained by XRF

Fly ash component Weight (%)
SiO, 55.03
Al,03 27.76
FeOs 0.62

FeO 4.99

MnO 0.08

CaO 5

MgO 1.43

Na,O 0.14

K20

=
©

4.3 Results and Discussion

4.3.1 Morphological Studies

The sizes, shapes and morphologies of theeesived and acetylene treated fly
ash were investigatagsing TEM. The results can be observed in Figaf..The
asreceived fly ash materials (Fig. 4)1lappeared to be spherically shaped.
Spherically shaped fly ash agglomangtlike these have often been observed

with inorganic salts and may be caused iler-particulate fusion during the
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cooling of the fly asi’. In Fig. 4.1be, it was observed that the glassy, smooth
shaped fly ash particles began to be coated with regularly and irregularly shaped
CNFs when subjected to acetylene. In Fig. 4d)(at was noted that the types of
CNMs that were formed varied from large CNFs to smaller CNTs. While the
exact growth mechanism of CNFs formed from fly ash as a catalyst is not yet
fully known, it does appear from Fig.1(e-f) that tip growth cannot be discoeuat

(as seen by the red coloured circles). This type of growth has typically occurred
when either iron (Fe) or cobalt (Co) were used as catalysts for CNM formation.
While it is known from previous studies that at least 2.5% iron is required as a
catalyst fo CNF formation when using fly ash, the XRF data (Table 4.1) obtained
for the South African codly revealed that at least 3&of iron (in the forms of

Fe0Os3; and FeO) was present. Based upon this information and observations made
from this research, theeaction scheme shown below has been propdsgdré

4.2).
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Figure 41:TEM images of :(a) asreceived coal fly ash and CNF
synthesized at (b) 400C, (c) 500°C, (d) 600°C and (ef) 700°C
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Figure 4.2: Proposed reaction scheme for CNF growth, using South African

coal fly ash as a catalyst

For this type ofgrowth to occur it is known that there is normally a weak
interaction letween the catalyst and supf@rtDuring this process the carbon
reagent decomposes on the metal particle under specific reaction conditions. The
carbon deposited on the metal themeitdissolves/rprecipitates to form either
CNT/Fs or carbon migrates over the metal particle to form a tubdilore&’. If

the catalyst particles are large then muwlélled carbon nanotubd8/WCNTS)

and CNFs can be form&d

4.3.2 LaserRaman spectrescopystudies

To determine the graphitic nature of the carbonaceous products, laser Raman
spectroscopy was conducted. Fig ghows the lasdRaman spectroscoppectra

that were used to determine the structural formation of CNFs produced by the
exposureof coal fly ash to acetylene. As expected, the spectrumacasved fly

ash did not show any peaks, but in the fly ash exposed to acetylene, peaks at 1350
cm™* and 1590 cnl were observed. The intensity ratio of these peaks, known as
the D-band (due talisordered carbon features) anebénd (due to the ordered
graphitic carbon features) respectively, represents the degree of graphitization of
carbon in the reaction produtts\ low intensity ratio (§/lc) indicates a greater
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degree of wall graphitization, leading to a superior quality of CNFs and/osCNT
The intensity ratios of the D and G bandg/ld) are depicted in Fig. 8b. The

Ip/lg ratio was found to be low at 40C indicating that the products contained
more graphitic carbon than nagnaphitic (norcrystalline) carbon. However,
when the reaatin temperature was increased to 5@ the p/lg ratio was
observed to have increased (to the highest value observed in these studies). The
resuts of thederivativefGA analyses (Fig. 4)4of the carbonaceous products
formed at 500C revealed the presemof two combustion peaks i.e. two separate
CNM products. While the exact reason for the formation of two types of CNMs at
this temperature is not fully known, it is believed that this observation most likely
accounts for the anomalous increase in thiéglratio. Thereafter when the
reaction temperature was increased to 600 and 700°C, the b/lg ratio
decreased. This indicated the degree of disordered carbon that was formed
decreased as the temperature was increased. These results showed that the CNFs
produced at 700C had the highest quantity of graphitic carbon and were similar

to those reported in previous studies whexespported catalysts were uSed

D band 1344gm? O PANGLEBEC”
004 (a) (b)

3000
700°CH,

2500

20004 /k .
600°C H2

15001 —/\L

1000
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—’/\/\—_—_ 200°C Hz 021
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Figure 4.3: Laser Raman spectroscopyspectra of asreceived fly ash and
products from fly ash exposed to acetylene at various temperatures and (b)
I o/l ratios of the carbon nanofibres formed in acetylene
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4.3.3 Thermogravimetric studies

Thermogravimetric analyses ene carried out to investigate the thermal
degradation behaviour of -asceived and acetylene treated fly ash. It has been
reported that the graphitic nature of carbon nanomaterials are directly proportional
to their thermal stabilit{. Hence, the firstmler weight derivatives of the data so
obtained, typically gives an indication of the typkecarbon present (Fig. 4.4
Typically highly crystalline narftbres have been found to be resistant to
oxidation when compared to other forms caffoAdditionally the diameters and
amount of defects in such materials has also been known to influence their
oxidation temperaturésFrom the TGA thermograms, it was observed that all of
the CNMs produced had final oxidation temperatures that were greater than 550
°C. However, as previously stated, different formsafbon were formed when

the reaction temperature was 580. These may have arisen due to the poor
carbonization of acetylene and hence the formation of a higher degree-of non
graphitic carbonaceous materials, as confirmedhbyldserRaman spectroscopy
results (Fig. 4.8). However, CNFs synthesised at 760 had the highest
oxidation temperature (c.a. 690). These results concurred with the laRaman
spectroscopylata, where CNFs formed at 780 displayed the lowespllg ratio

i.e. were the most gpaitic.
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Figure 44: The first order weight derivatives of asreceived and acetylene
treated coal fly ash at varying temperatures

4.3.4 Particle size andsurface area measurements

The patrticle sies and surface areas of theraseived and acetylene treated coal

fly ash reacted at temperatures between°4D@ 700°C are depicted in Fig. 4.

to 4.7. As-received coal fly ash, when analysed in water had a particle size of 160
pum. After exposure tocetylene at 700C, this size was reduced to 130 um. A
small reduction in the particle size was anticipated, as the fly ash particles were
entrained in the CNFs and hence this reduced their agglomeration. Likewise
although the CNFs are known to be hydrdphand not easily dispersed in water

the entrained fly ash most probably enhanced their solifiliBoth of these
materials were then introduced into a dolapix polymer solution. Dolapix solution
is known to have the ability to disperse such materiaénlgy reducing cluster
formation and agglomeratiéh However, in the dolapix solution, the particle size

for the asreceived coal fly ash increased to 180 um. Here it appeared that cluster
formation was even higher than before, suggesting that thecasged coal fly

ash was less soluble in the polymer solution than in water. This could have been
caused by the weak Van der Waals forces of attraction present between the
inorganic fly ash particles. However, for all fly ash samples exposed to acetylene
at emperatures between 40C to 700°C, there was a huge reduction in the

particle sizes. Those exposed to acetylene at’60fecorded the lowest particle
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size i.e. 220 nm. For this reason a particle size distribution, based on the TEM
images, was also condted on these CNFs.

7,7 (Water)
180+ (I (Dalpax Solution)

= | .

Particle sizes (um)

ok . . . .
untreated 400°C 500°C 600°C 700°C

flyash  Temperature (°C)

Figure 45: Varying particle sizes of fly ash samples exposed

acetylene at different temperatures

In Fig. 46, the materials found in the TEM images ofraseived and acetylene
treated fly ash samples at 5800 were measured using imad® As can be seen,
there was a huge reduction in the particle sizes meabyréEM, as compared to
when the materials were measured usingpéeicle size analyzer (Fig. 4.6t

was noted though that one of the drawbacks of using the particle size analyzer was
that it did not allow particles to be individually measured. Thiplars the
reductionin size when the data (Fig. 4.&vas compared to TEM analyses, as
particles were individually measuredh the latter case, the average size was
found to be 57 nm and 28 nm for-@xeived fly ash and CNFs from acetylene
treated coally ash respectively. To confirm these findings, BET was used to
study their surface areas (Fig. #.The results showed that the CNFs produced at
500°C displayed the highest surface area (5§ Studies have shown that the
lower the particle size, énhigher the surface aréa
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Figure 4.6: (a) Particle size distribution of asreceived fly ash, (b) Particle size

distribution of acetylene treated fly ash at 506C.
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Figure 4.7: BET surface area ofas received fly ash andCNFs formed by

exposure of fly ash to acetylene to temperatures from 40C to 700°C in H».
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Acetylene treated ash at 700°C

®

I

Figure 48: EDS of CNFs formed at 700°CBerrylium, carbon, aluminium,

silica and iron were the elements identified after synthesis

4.3.5 Composition, Mineral phase and oxidation state studies

To confirm the elements responsible for CNF formation, EDS, XRD and
Mossbauer spectroscopy were employed. The catalyst suspected tpdrsitde

for CNF formation was iron. The presence of #lmment is displayed in Fig. 4.8

XRD and Madossbauer spectroscopy were used in an attempt to clarify its
connection with CNF formation. A®ceived and acetylene treated fly ash
samples tht were anlgsed by XRD Fig. 4.9displayed changes in their XRD
patterns suggesting that exposure to heat, acetylene and hydrogen induced

significant phase changes to the ash.

Nanoscale Res Letter2014,9: 387 Page B2



—— (RawAsh)

(Acetylene treated ash at 700°C) Q-Quartz ( SiOz::

Q

20000 4

H-Hematite [F920 3}

3 M
L]
s M
3 QlQ MHMQM M
=
=
g 10000 <
-
=T

M M

it Q

40 50 a0 100
2(8)

M -M ulliite { Al;Si04)

Figure 49: XRD of asreceived coal fly ash and CNFs syntrsized at 708C

The major phases in the-eeceived fly ash were quartz (S)O,

hematit e

Fe03) and mullite (3AJOs. 2SiQy). After exposure to acetylene it was noted that

peak shifting and broadening had occurred, as was most evident in qu& at

( 2 @rable 42). This may have been caused by amorphous glassy phases, found

in the asreceived fly ash, which when exposed to acetylene and hydrogen became

more crystalling.
Table 42: XRD phasesthat had

peak shifting and broadening

Phases As-received ash Acetylene treated ash
Mullite 34.5° 34.0°
Quartz 30.5° 29°

The iron content with the presence of silicates also became more apparent after

CNF formation. However, the new phase of iron could not be identified with

XRD, which is a bulk technige. Previous studies have shown tben iron is in

low quantities and high dispersions, certain phases cannot be identified using

XRD®®. Likewise it has been shown that in such cases the exact phase

identification by XRD is difficult for iron as it tend® form a large variety of

carbided’. In one study cementite (§2), which could not be identified by XRD,

was observed by Méssbauer spectroscopy during the formation of CNTs over iron

catalysts from acetylene decomposifionHence °>""Méssbauer spectsoopy,

Nanoscale Res Letter2014,9: 387
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which is able to identify all forms of iron, was employed in this study. In order to
obtain the chemical and structural information of iron containing materials, three
main hyperfine parameters, namely the isomer shift, quadrupole splitting and

magretic splitting needed to be investigated.

Fig. 4.1 and bshows the fitted spectra obtained for therexzived fly ash
sample and after being exposed to acetyldie spectra are characterized by
broadened sktine patterns and the central region ismiloated by a distribution of
quadrupole split doublets. The magnetic feature for thre@sved fly ash sample
(not subjected to acetylene) was fitted with three sextets (SX1_U, SX2_U and
SX3_U), while the spectrum for the acetylene treated sample whzeohavith

one sextet (SX1_T). For each spectrum, two doublets were required in the central
region to give good fits. Tabl.3 gives a summary of the hyperfine parameters
obtained from the fits to the data for both therexeived and acetylene treated
sanples. Isomer shifts and velocities were given relative to the centre of the
spectrum of alphd&e at room temperature (RT). For thereseived fly ash
sample, the hyperfine parameters extracted for SX1_U and SA&:By; = 49.0

T, D= 0.40 mm/sDEqg = -0.02 mm/s an®Bys = 44.2 T,D = 0.59 mm/sDEq = -

0.01 mm/s. These values correspondsFéd ions on tetrahedral Aites, and
Fe>"like average signals from octahedrakiBes, respectively and are identified

as magnetite (R®,). The SX2_U spectral component with hyperfine parameters
of By = 51.6 T,D = 0.45 mm/s;DEq = -0.13 mm/sis attributed to hematite
(Fe0s3). The latter iron oxide was also detected by XRD. For thee@sved
sample, the hyperfine parameters determinedfbrU and D2_U ar® = 0.45
mm/s; DEg = 0.95 mm/sandD = 0.79 mm/sDEqg = 2.33 mm/scharacteristic of
ferric and ferrous ions, respectively. The quadrupole split doublets are attributed

to silicates.

After exposure to acetylene, only one sextet, SXWith a reduced magnetic
field was observed in the spectrum with hyperfine parametdg ef20.5 T,D =
0.29 mm/sDEq = -0.003 mm/s which has been identifiedrasocrystalline iron

carbide (FeC). The hyperfine parameters Df= 0.43 mm/s;DEqg = 0.41 nm/s
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andD = 1.02 mm/sPDEg = 2.15 mm/obtained for D1_T and D2_T, respectively

are very similar to those obtained for thereseived sample except for the
quadrupole splitting of D1_T which is lower indicating some structural relaxation.
For the ageceved fly ash sample, the total population of the oxides is 66% with
the remaining fraction of 34% attributed dibicates After exposure to acetylene,

a decrease in the area fraction of 17% was observed for the oxides with a
corresponding increase in tisélicates The abundance of the ¥estate before
treatment was ~11% but showed an increase of ~19% after acetylene treatment

due to the reduced magnetic field.

These results indicate a reduction in the oxidation state of iron (with decreasing
oxide conént), as a new phase of iron {E¢ and silica emerged. This suggestion

is in agreement with Het al who have studied Mdssbauer spaatf CNT
formedfrom acetylene reacted over iron supported zeolite catalysts and who have
found that the +3 oxidation & of iron was reduced to +2 by, Hvhich they
concluded was the active phase for their synttf&sBunenset al found that iron

also appeared in different forms in their ash and thatddld not reducehese,
presumably because of their location in the fly ash partitiésence in their
study, unlike in this present work, Dunewrs$ al were required to further
impregnate their ash with iron in order for CNT/CNF growth to ofcun a
similar manner Diamonet al using acid etching techniques demortsulathat

the location of the iron and its morphology greatly differed for every fly ash
particle within the sampf® This they suggested was caused by the

inhomogeneous nature of coal.
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As-received fly ash

» Experimental =——Simulation =——=5¥1_U =——5X2_lJ =——5¥3 U =—D1_U ~——D2Z_U

Relative Transmission [arb.units]

Velocity [mm/s]
Acetylene treated fly ash
« Experimental —Simulation —SK1 T —D1 T —D2 T
..'.'":" .:’q. " . %, * . atm )

Relative Transmission [arb.units]

-10 -8 -6 -4 -2 0 2 4 6 8 10
Velocity [mm/s]

Figure 4.10: Room temperature 57M dssbauer spectra for (a) aseceived and

(b) acetylene treated fly ash sample at 760.
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The magnetic feature for the-esceived sample was fitted with three sextets
(SX1_U, SX2_U and SX3_U) and the spectrum for the acetylene treated sample
was analyzé with one sextet (SX1_T) whilst the nomagnetic spectral
components for both samples were fitted with two quadrupole split doublets.

Table4. 3: Room temperaure Méssbauer parameters for(a) the asreceived
and (b) acetylene treated fly ash samples

(a) Asreceived Sx1 u Sx2 u Sx3 u

D1 u

0.40 0.45 0.59 0.45 0.79
-0.02 0.13 -0.01 0.95 2.33
21 18 27 23 11

(b) Treated (DY D2 t
B (t) - -
op(mm.s?) 0.43 1.02
g (Mm.s”~) 0.41 2.15
Area (%) 21 30

4.4  Conclusions
CNFs (and a small amount of CNTs) were successfully produced by directly using

an asreceived South African coal fly ash. The smooth, glassy and inert surfaces
of the South Afican coal fly ash were converted to irreguleshaped CNFs in

the presence of acetylene and hydrogen at temperatures as low % 4@8er
Raman spectroscopy confirmed the formation of CNFs. TGA showed there were
different forms of carbon present. EDERD and Moéssbauer spectroscopy
confirmed that iron, most likely in the form of iron carbide was directly associated
with the formation of CNFs. Therefore this study has demonstrated the successful
synthesis of carbon nanostructured materials from wasteh Sdgtican coal fly

ash without chemical preeatments (such as the impregnation of other metals) or
thermal modifications. Since carbon néihoes may in the future be beneficial for

applications such as particulate nanofillers in polymer matricesintietssention
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could result in a reduan in environmental pollutionThere will also be relief of
a financial burden involved in the disposal cost of this and teledal fly ash

around the world.
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Chapter 5: Effect of nitrogen and hydrogen
on the synthesis of carbon
nanomaterials from coal waste fly

ash as a catalyst

51 Introduction

The recyclability of coal fly ash, which is a waste-fopduct in coapowered
electricity generating plants, issential for the alleviation of this environmental
pollutant. Strict rules and rising costs associated with the disposal of coal fly ash
have therefore led researchers to seek alternate ways of recycling this waste

material.

Coal fly ash is comprised asmall solid particles called precipitators; small
hollow particles called cenospheres and thin walledoholspheres called
plerospherée's At present 800 million tons of coal based fly ash are produced
annualy worldwide, with only 15% being recycléd Currently, from the
miniscule percentage that is recycled, the main uses of this waste coal fly ash are:
mine fill and mine site remediatidn Other applicatios that have been
successfully investigated include use in: agriculture and soil management,
adsorbents for heavy metals and waste stabiliZdtioRly ash has also been
shown to be a suitable catalyst support for hydrogen production, as a catalyst for
steam methane reforming and gas phase oxidation of volatile organic
compound§®#33. However, none of these previously mentioned applications are
currently in commercial use. So far ordix studies (including two of our own)
have been reported, where flyhakias been used as a catalyst éarbon

nanomaterial synthes$ig'**’

Since a limited number of studies have been conducted using fly ash as a catalyst,
one of the aims of this present study was to establish whether the morphology,

yield and quality oCNMs seformed could be improved by reaction of acetylene
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with fly ash in either nitrogen, hydrogen or both of these gases dthmg
syntheses. In so doing it was hoped that for the first time in such a system, with
the aid of Mdssbauer spectroscopy, thkes that these two gases played in the
synthesis of CNMs could be clarified, while the active component in the fly ash

catalyst under these conditions could be identified.

5.2  Experimental Section

5.2.1 Synthesis of CNMs using fly ash as a catalyst

The synthesis of CNMs was achieved CVD through the use afiaste coal fly
ashfrom Roschevilleln these reactions, fly ash was used as a catalyst wiiile C
served as a carbon source; nitrogeg) @hd/or hydrogen (5 were used as carrier

or reductiorpre-reactiongases to create optimal reaction environments.

In a typical synthesis experimerthie procedure followed was described in
Section 3.3.1. For these studigas mixtures of three types Ad/N,, CHJ/H,

and GH./HJ/Ny) with a total flow rate 025100 ml/min were studied flow rate

of 100 ml/min was used for reactions where nitrogen or hydrogen were used as
carrier gases without any preatmentsat a 1:1 C/H ratio.Temperatures ranging
from 450°C to 750°C in 100°C intervals were studiedith these gas mixtures.

5.2.2 Characterization

The synthesized CNFs samples were characterized using scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), [€Raman spectroscopy

and X-ray diffraction (XRD). For each characterisationpgedures described in
Section 3.4.1, 3.4.5 and 3.4.6 respectively were followed. Breilimenet Teller

(BET) were employed as described in Sections 3.X4ay diffraction and

M Ossbauer spectroscopyneasurementwere carried out as described igection

3.4.7 and3.4.9respectivelyMdsshaueMeasuements were performed at room
temperature on the acetylene-treated fly ashsamples synthesizedat 650

°C.
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53 Results and Discussion

53.1 Carbonyield

In these studies the product yields were determined fronartimunt of carbon
deposited relative to the amount of acetylene passed over the catalyst. The yield of
CNFs when either Nor H, were used as carrier gases isHg i.e.GH, N, or
C,H,_Hs respectively, are shown in Figl.

EcCH, N,
400 4 EEcH, H,

350

300 —
250 —
200 —
150 —
100 —

50 4

percentage Yield(%)

2_00 450 500 550 600 650 o700 750 800
Temperature (" C)

Figure 5.1: A plot of the percentage yield of CNMs grownat 450°Ci 750°C
using N\, or H; as carrier gases in the reaction of fly ash with gH..

As shown in Fig5.1, CNFs were formed across all temperatures when either N

or H, was ugd as carrier gases. However, minimal yields were obtained % 450
where no reaction appeared to have occurred. As might have been expected,
carbonaceous deposits increased as the temperatures increased, with maximal
formation of CNFs at 656C. However,beyond 650°C, it appeared that nen
catalytic pathways occurred as the yield of CNFs decreased. From both these
conditions, it was clear that reactions with ptoduced a higher yield of CNFs as
compared to those with NPattisoret al. suggested that treow growth rate of

CNTs in the presence of;Njas as compared to,Hmay have been due to the

saturation of their growing edges with?Rl Since a decrease in the growth rate
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was observed in this present study, this suggests thatal have had the same
effect in the formation of CNFs over fly ash. Similarly to these present results for
CNFs, higher yields of CNTs have been observed whekeald used as a carrier
gas™. In that study it was reported that tie of H, decreased the contact time
between the ¢H, and the catalyst in order to reduce the formation of amorphous
carbon. Likewise Kuwanat al. have suggested that in such reactionsaldo
played a role in the pyrolysis of,8,%. As before, these same effects may have
given rise to the observed increase in yield of CNFs from acetylene over fly ash in
H.. H, is believed to be involved in three stadésstlyin the pretreatment stage,

H, is mainly wsed to reduce the oxidised catalyst particlBlsen during the
reaction, H has the effect of reducing the decomposition of the carbon source
Lastly H, has been showto preventexcess carbon decomposition at the surface
of the catalyg&®,

5.3.2 Morphological Studies

5.3.2.1Synthesis of CNMs by reaction of fly ash and £, in N2 (C2H2_Ny)

Fig. 5.2 shows TEM micrographs of CNFs formed at various temperatures (450
750°C) under N as a carrier gas in the absence ef Fhe quality of the CNFs
formed varied s the reaction temperature was increased. CNFs formed from 450
650 °C were light and spongy in texture, while those materials formed atC750

were coarser.
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Figure 5.2: SEM micrographs of CNMs produced from GH;_N, synthesized
at (a) 450°C, (b) 550°C, (c) 650°C and (d) 750°C.

At 450 °C, a small amount of CNFs were formed in association with the

spherically shaped fly ash (Fi¢h.2a). Increasing the temperature to 5%D

resulted in a thick mixture of CNFs together with apimus carbon. These CNFs

were observed to have formed by tip growth as metal catalyst particles were found

to be located at the tips of thefieres (see encircled areas in the insert of (Fig.

5.2b). At 650°C CNFs of uniform size were observed (Fic). On the other

hand, at 750C fewer uniform sized CNFs were found mixed together with a

large quantity of amorphous carbon.
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Figure 53. Fibre size distributions of CNMs produced from GH; N,
synthesized at (a) 450C, (b) 550 °C, (c) 650°C and (d) 750°C.

5.3.2.2Synthesis of CNMs by reaction of fly ash and €, in H, (CoH, Hy)

When H was used as a carrier gas instead pallear difference in yield and
morphology was observed. At 45Q the CNFs which formed aroundetharge
spherical fly ash particles had no metal nanoparticles at their tips, but rather
revealed that base growth had occurred (see encircled areas in the insert of (Fig.
5.4a). At 550°C CNFs predominantly of the same diameter size were formed
(Fig. 5.3b). By contrast at 656C, CNFs with different diameters were formed
(Fig. 5.3c). Hencemixtures of CNFs with smaller and larger diameters were
observed. However, at 75C CNMs of a variety of morphologies (e.g. spiralled
CNFs, CNFs with small and largeadieters as well as CNTs) were observed (Fig.
5.3d). Shaikjee and Coville have previously postulated that at higher temperatures
like in this case the composition of the gas phase intermediates and radical species
which originated from ¢H, and H, inevitally gave rise to unique building blocks

that produced different types of CNFs and CRTsThis postulation may
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rationalise the presence of the various morphologies of CNMs that were observed
in this study at 756C when GH, was reacted over fly ash in,HThis is also
shown with thefibre size distributions, where CNFs from, KFig. 5.3¢) had a

narrowfibre size distribution as compared to CNFs reacted fror(Fig. 5.5¢).

Signal A = InLens Dute 24 Jun 2015 < Sigral A= InLecs Date 24 Jn 2015
EHT=1000kV Time 142716 BT =1000k T 143452

WD = 73mm EHT = 10.00 kv Time 14:42:21 WO 72mm EXT = 10000V Time 148848

200 nm 24 Jun 2 200rm P
Mag= 5000KX Signal A = InLens Dot 24 Jun 2015 Mag= 5000KX Signal A= Inlens Dete 24 An 015

Figure 54: SEM micrographs of CNFs produced from GH,_ H, synthesized
at (a) 450°C, (b) 550°C, (c) 650°C, and (d) 750°C.
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Figure 5.5:Fibre diameter size distributions of CNMs produced from
C.H,_H» synthesized at (a) 456C, (b) 550°C, (c) 650°C and (d) 750°C.

A comparisonon the effect of the two carrier gases revealed that the optimum
temperature for CNF formation for both gases was“€50/NVhile H appeared to

be a better carrier gds achievea greater yield of CNFs at 65C, thesefibres
were more uniform in diametan N, than in B at the same temperature. In both

cases the yields of CNFs decreased when reaction temperatures exce€@d 650

5.3.2.3 Synthesis of CNMs by reaction of fly ash and &1, using H, as a pre
treatment gasand Ny as a carrier gas (H, C;H, _N»)

Although using H as a carrier gas showed a higher yield of CNFs as compared to

N2 in this study, previous work by Shaikjeé al. showed that the best gas phase

conditions which produced higher yields and more uniform CNFs were obtained

when a combirtion of H, and N were usetf. In their work they postulated that

H, reduced the metal catalysts and created favourable CNM growth conditions.

Furthermore they showed that produced higher yields when diluted with.Nh
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a similar study carried out by dg et al. utilizing pure metal catalysts, ;Hvas

used as a reduction gas anglds carrier gas during the growth of CNTs/CRIFs
Here it was shown that the use ofddiring the prereatment of the catalyst was a
time dependent process, which resulted e talteration of the surface
morphologies of a G&i catalyst. In their study, they showed that if-fpre&tment

with H, was prolonged then the nanoparticle, which formed during the reaction,
agglomerated. They postulated that this led to a reductionrfiacsufree energy

and a corresponding reduction in the yield of CNTs/CNFs.

In an attempt to examine whether the order in whiglatd H were introduced
into the reaction would have a similar effect or indeed would affect the
morphology, yield and qualitgf CNMs formed studies were then conducted at
550 °C and 650°C where both gases had been shown to be effective in CNM
synthesis. Here Hwas used as a pteeatmentgasfollowed by the reaction of

C,H, over fly ash in M.

When H was passed over thi fash prior to its reaction with 8 in Ny, it was
noted that, long defined CNFs (Fi§.6a), with an average diameter of 90 nm
(Fig. 5.7a), had been formed at 5%8D. As observed previously in,Nthese CNFs

showed signs of tip growth.

Figure 56: TEM micrographs of CNFs produced from H,, C;H, N, CNFs
synthesis at (a) 550C and (b) 650°C.
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Increasing the temperature to 6%, carbon nanospheres CNSs with an average

particle diameter of 144 nm (Fi%.7b) were formed. Théormation of these

CNSs could be due to pyrolysis as it was shown by @elal. that at high

temperatures CNSs can form with or without a cat3lyst this study though, we

suspect that it could be the order in the introduction of these gases at these

temperatures that could cause the formation of these CNSs in the presence of the

fly ash catalyst. The diameter distributions of both these carbonaceous material

that were formed are shown in Figs/a andb.7b.
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Figure 5.7: Fibre size distributions of CNMs produced from N, C;H, H»
synthesized at (a) 550C and (b) 650°C.
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Figure 58: A plot of the percentage yield of CNMs grown from 550Ci 650
°C using Hp, CoH, N, or N CoH, Ho as carrier gases in the reaction of fly
ash with CHo.

5.3.2.4Synthesis of CNMs by reaction of fly ash and &, using N; as a pre
treatment and H; as a carrier gas (N,C,H, _H>)

When N gas was used during the pesaction stage and fwas used as a carrier

gas during the reaction, it was noted that, more uniform CNFs were formed at 550
°C (Fig. 5.6a) vs (Fig.5.3b) with approximately twice the yield as before and a
narrow diameter. However, increasing the temperaturé5®°C, resulted in
slight decrease in the percentage yield as compared to whwadHused without

any pretreatments from 370% (Fi$.8) to 291% (Fig5.1). Though there was a
slight decrease in the yield bimodaldistribution with large diameter CNEsd
mostly thin diameter CNFs were formed (FgLOb).
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Figure 59: TEM micrographs of CNFs produced from (N, CyH, Hy)
synthesized at (a) 550°C and (b) 650.

50. ‘-Ng, CoHa_Ha 55000‘ 0 I N, CHs_H,y 650°C
) a o
S @ g (b)
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Figure 5.10: Fibre size distributions of CNMs produced from N, C;H, H»
synthesized at (a) 550C and (b) 650°C.

From these results it is clear that tip growttiaigoured at high temperaturess

the temperature increased the yield also incre@Sigb.8). The majority of the

fibre diameters sizes decreased and only 4% increased to a size rang&1¥ 80

nm. This phenomenon can be best explained and discussed using a combination of
the catalyst and gas chemistry. According to the Arrhenius equation, chemical
reactiors are enhanced expomally when the temperature increases, for
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example, when the growth temperature was above °650the inside of the
furnace was covered with brownish liquid and black soot. Upon increasing the
temperature, pyrolytic decomposition ofH; was enhanced andccurred not

only on the substrates but on the surface of the furnace tube. We can assume that
increments of the concentration of active carbon species from the decomposed
C,H, with the temperature resulted in a correspondingly increased yield of CNFs.
However, though a further increase in temperature was not feasible due to the
excess carbon deposits on the surface of the catalyst particles. Excess carbon
deposition can lead to the deactivation of the catalyst particles, thus preventing
diffusion of the arbon species, thus resulting in the lower growth rate and

amorphous like structures as was seen af@50

5.3.2.5 Synthesis of CNMs by reaction of fly ash and &, using H, as a
carrier gas at varying flow rates of (C,H2/Ny)

In an attempt to form CNMef different morphologies, Hwas used as a carrier
gas and varying flow rates ofE,/N, (25, 50, and 75nl) were studied. At a low
flow rates of C;H, (25 ml/min), poor carbon deposition yields were achieved, with
minimal amount of carbon growthin Figure S5.1 (a-b), TEM images
demonstratehat large short fibreareformed with a lot of amorphous carbanh
550°C, while at an increased temperature, ofores changed to thin lonjbres
and tip growthwas observeth both these materials. Increasihg C,H, flow rate
to 50ml/min andreducing theN, flow rateto 50 ml/min at 556C, resulted in an
increase in the yieldCarbonaceous materials with the formation of stréfidgnés
and spiralswere formed (Fig.S5.1 (ed). At this flow rate and temperature$
650 °C, a further increase in the yield formation with large fibres observed
with a lot of small tubes. The increase in the yweiaks expected as mor€;H,
flowed intothe systen{Fig. S5.2.

5.3.3.1Laser Raman spectroscopyanalyses (Graphicity Sudies)
To further assess the quality of the CNFs and confirm their formation, laser
Raman spectroscopy was used. Raman spectroscopy is an effective technique that

gives information about the graphitic and defective nature of the carbon structures
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that areformed. Figures5.11a and.11b show GH; treated fly ash underJNand
H, gases, respectively.

5.3.3.2Raman spectroscopyanalyses of CNMs formed by reaction of fly ash

and C;H; in N, and H; respectively

As shown in Fig.5.11a and5.11b, laser Raman sgteoscopy confirmed the
presence of CNFs with D and G bands observed at 1350acmh 1590 cn,
respectively. The D-band was observed due to the disordered features present in
the CNFs while the G band was due to the ordered stretching mode ofGhe C
bond in the graphite plane. An increase in the degree of disorder CNFs formed in
N, was observed as the reaction temperature was increased. This behaviour could
be explained in terms of the longer exposure tpviich upon saturation of the
growing edge caed the growth rate to also slow down (as shown in3=g%°.

In these casesJ\tan either be substituted by carbon or form defects in the CNF.

——450°CCH,_H,

(a) G § —ss0°CCH H

5000 (b) HH,

——450CCHN, —650°CCH,_H,

——560°CCH_N, ——760°CCH_H
=——650CCHN,

——T750°CCHN,

)
g
g
)
g

2 = 2

i
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Figure 511 Laser Raman spectroscopyspectra of CNFs synthesized at
various temperatures in the presence of carrier gases under (a)nd (b) Ho,
respectively.

In the presence of HFig. 5.11b), the same trend as with, Mas also observed,
leading to CNFs having ag/Ig ratio of >1 at 750C. These results are similar to
those reported in previous studies where Fe supported catalysts were used,

resulting in the formation of a large amount of defected carbon beyond optimal
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temperature. In the case with Nonly, here side reachs with H seem to be
the reason for this trend.

5.3.3.3Laser Raman spectroscopyanalyses of CNMs formed by reaction of

fly ash and GH; using H, as a pretreatment and N, as a carrier gas

The lowest degree of disordes/lb=1.14.) was evident at 55 Fig. (5.123.

These results were expected because more uniform CNFs were observed under
TEM, with a narrower and a more controlled diameter distribution. Under these
conditions at increased temperatures (6%I), defective carbon was more
prevalent (§/1p=0.85) as shown in Fi¢.12.

G
12000 -
S D
J H,.C,H, N,550°C
3 8000 - /
‘0
c
QO
= 4000 -
.C.H,_N_650°C
0- . T
800 1200 16910 2000
Raman Shift (cm™)

Figure 5.12: Laser Raman spectroscopyspectra of CNFs synthesized from
C,H, when H, was used during prereaction and N, as a carrier gas at (a)
550°C and (b) 656C

5.3.3.4Laser Raman spectroscopyanalyses of CNMs formed by reaction of

fly ash and GH, using N, as a pretreatment and H, as a carrier gas

By interchanging the two gases, a clear distinction was observed; more graphitic
CNFs were formed by using,MNluring the prereaction prior to using fas a
carrier gas in the presence ofHz Likewise, at higher temperatures 6%D, the

Ip/lg ratios were even higher as shown in Bid.3.
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Figure 5.13: Laser Raman spetroscopy spectra of CNFs synthesized from
C.H, when N, was used during prereaction and H, as a carrier gas at: (a)
550°C and (b) 650C

These results concur with the TEM images wharlwer temperaturg$50 °C)

more linearfibres were observed and aftincreasing the temperatue650°C, a
combination of thick and thifibres was observed. To understand the thermal
stability of these materials that had been formed, thermogravimetric analyses were

conducted.

5.3.5 Thermal stability analyses

Thermogavimetric analyses (TGA) can be used to determine both the purity of
materials and give information on the thermal stability of CNTs/CNFs.
Thermogravimetric analysis was carried out to investigate the thermal degradation

behaviour of the carbon nanomatézia

5.3.5.1Thermal stability of CNMs formed by reaction of fly ash and GH, in

N, and H, respectively

According to literature, amorphous carbon typically oxidises in air at temperatures
below 400°C, whereas CNTs oxidise at higher temperatures at°880 The
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TGA data showed that between 3800 °C, there was slight mass loss for CNFs
formed at 450°C. This indicatedthat there was still some amorphous carbon
which was confirmedy SEM (Fig.5.2a) that showed the material contained large
amounts of fly ah. Previous studies have shown that fly ash contains a lot of
amorphous carbon. The weight derivative (Fig4b), showed that an increase in

the temperature resulted in a higher decomposition temperature. The peaks also
shifted from broad to a narrowshape, and only one type of peak was observed,

which indicates there was mostly one type of carbon formed.

—CH,_N,450°C
(a) ——CH, N, 550°C
—CH,_N,650°C

2" 22

—C,H,_N,750°C

2 2= 2

(b)

8

C,H,_N, 450°]

8 8

= CyHy,Np- 450°C
——CyHy, Ny-550°C
— CyHy-N,-650°C
CH, N,550°C

H_N. 750°C
60- ¢ H_N, 650°]

2 =2

o CoHyNy-750°C

weigth derivative
S o b o 2o 2w

weight loss (%)

200 400 600 800 1000 20 40 600 0
Temperature (°C) Temperature ('C)

Figure 5.14: Thermal stability of CNFs formed at varying temperatures (450

750 °C) in the presence of N gas (a) percerge weight loss (b) weight

derivative

In the presence of +ho mass loss was experienced below°@00rhere was a
rapid and incomplete weight loss experienced at°@80°C, 540°C and 630

°C, in these samples, showing that the fly ash did not decmmpompletely.
There were other impurities or possibly different forms of carbon as shown by the
two peals at 450°C (Fig. 5.15b). The CNFsthatformed at 750°C (Fig. 5.15b)

weremorethermally stable as shown by the higher decomposition temperatures.
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Figure 5.15: Thermal stability of CNFs formed at varying temperatures (450

750°C) in the presence of H gas (a) percentage weight loss (b) weight

derivative

5.3.5.2Thermal stability of CNMs formed by reaction of fly ash and GH,

using H, as a pretreatment and Ny as a carrier gas

In Fig. 5.16, TGA results showed that the CSs formed were more stable than the
uniform CNFs. The CNFs and CSs were stable up to %®BGand 630°C,
respectively. Different forms of carbon or impuritere also observed in (Fig.
5.16b), as shown by the three peaks. This though does not corroborate with the
TEM results (Fig5.6a), shown earlier implying that other forms of carbon shown,

are from the 35%nreactedly ash.

Page [LO9



" — CH, N,550°C )

AN —CH, N, 650°C ]

0.1 @ ks (b)

0 1 —H,CH, N, 550°C 00

~ o ~HoH N esoc) IS

(1)) =

0 T ]

8 80 \ H,CH, N.650°C > 2 CH_N, 650°C

= 70 CH Nsscl 8 4]

L 60 CH _N650CR <

9 50 2 =2 9 '6'

O ° 0 0

; 0 H,CHN,S0C) 2 g H,.CH,_N, 550°C

30 T T T T 1 T T T T 1

200 400 600 800 1000 200 400 600, 800 1000
Temperature(°C) Temperature( C)

Figure 5.16: (a) Thermal stability and (b) derivative of CNFs synthesized
materials at 550C and 650C temperatures using b as a prereduction gas

and N, as a carrier gas

5.3.5.3Thermal stability of CNMs formed by reaction o fly ash and GH,
using N, as a pretreatment and H, as a carrier gas

By interchanging the gases in,HC;H> N, the CNFs produced were highly stable
and started decomposing at temperatures beyond°650These CNFs also
showed a lowr amount of impuritis as shown by the sharp derivative curves
(Fig. 5.17b). Comparing the fibres formed at 6%0 with the ones that were pre
reacted with Nreveals more unburnt fly ash residue than the one where no pre

treatment was experienced.
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Figure 517: (a) Thermal stability and (b) derivative of CNFs synthesized
materials at 550°C and 650°C
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53.6 Composition, mineral phase and oxidation state studies
To confirm the elements responsilite CNF formation, XRD and Mdssbauer
spectroscopies were employed on samples synthesized ¥ 68tere maximum

yield was achieved.

5.3.6.1Mineral phase identification analyses (PXRD)

In Fig. 5.18, it is clear that materials where CNFs had formed;pspaaks and
mineral phases (quartz, mullite and hematite) were identified. In the formation of
spheres (M C,Hx-H,) a broad peak was evident, which could represent

amorphous carbon and iron silicates present in the sample.

Q-Quartz (Si0,)

a M-Mullite (ALSiO,)
“54000 - C-Carbon (002)
S; H-Hematite (Fe,0,)
& 3000
o
=
S%2000 -
| S
©
-
=
£ 1000 -
| .
< M Q
o M Qe M H MP M CH, N,

15 30 45 60 75 90
2(0)

Figure 5.18. PXRD patterns of C,H, treated sample in the presence of (a)
C2H2_H2, (b) C2H2_H2, (C) Ho, C2H2_N2 and (d) No, Csz_Hz, for samples
synthesizedat 650°C

5.3.6.2Md6ssbauer spectroscopy

From previous studies it has been shown ¢ M6ssbaue spedroscopy is a
technique that is able to identify all forms of ifanThis was shown in our
previous study, where & was identified as the element responsible for CNF
formationwhile usingPXRD, this phase could not be identified. In order to obtai

the chemical and structural information of iron containing materials, three main
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hyperfine parameters, namely the isomer shift, quadrupole splitting and magnetic
splitting needed to be investigated.

Mossbauer spectroscopy was conducted on the samplethamesulting fitted
Mossbauer spectra obtained for all the CNMs synthesized &€ &&@ shown in
Fig. 5.19. For GH,_N,, the spectra are characterized by broadenedirgx
patterns and the central region was dominated by a distribution of quadrpigole s
doublets. The magnetic feature 1GsH,_ N, was fitted with three sextets (SX1,
SX2 and SX3), while the spectra for CNMs synthesizedChiy, H, and N,
C,H, H, were each fitted with one sextet (SX1). For the different reaction
conditions, either one dwo doublets were required in the central region to give

good fits.

e Experimental

— Simulation
= BX1

SX2
— SX3
— D1
— D2
— D3

-
-

J

J

(b) C;H,_H,

Relative Transmission (arb .units)

.0 -8 -6 4 2 0 2 B 6 8 1

Velocity [mm/s]

Figure 5.19: Room temperature Mossbauer parameters for: the acetylene
treated sample in the presence of (&.H>_ N, (b) CoH, Ho, (c) Hy, CoHo Ny,
and (d) N2, CoH, Ho, for samplessynthesizedat 650°C
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Table5. 1: Summary of the hyperfine parameters obtained from the fits to
the data for all the samples

|
] SX1 SX2 SX3 D1 D2 S1
. Ele 4834 2055 44.89 - -
Y d(mm/s) 029 022 060 090 031 -
DEo -0.01 000 0.06 222 047 -
(mm/s)

| BREEOE 14 26 23 20 :
I
I chf (7) - 20.29

1.03 0.12 -

d(mm/s) - 021 -
DEo - 0.01 - 1.98 071 -
(mm/s)

B Aea (%) - 47 - 33 20 -

]

D s () - - - R R

d(mmis) - : : 0.07 0.18
DEo - - - 056 0
(mm/s)

[ BRSO - - 84 16

]

. EhNe - 20.84 - : - :

d(mm/is) - 017 - 085 019 -
DEo - -0.03 - 222 054 -
(mm/s)

B A e () - 56 - 17 27 -

]

For C;H,_N,, the hyperfine parameters extracted for SX1 and @¥@e: By =

48.34 T,d = 0.29 mm/sEq = -0.01 mm/s andBys = 44.99 T,d = 0.60 mm/sPEq

= 0.06 mm/s, respectively. These values corresponded*tdons on tetrahedral
A-sites,and Fé>"like average signals from octahedrakiBes, respectively and
were identified as magnetite @&&). The SX2 spectral component with hyperfine
parameters 0By = 20.55 T,d = 0.22 mm/sPEg = 0.00 mm/s was identified as

iron carbide (F¢C). For this sample, the hyperfine parameters determined for D1
and D2 ared = 0.90 mm/s,DEg = 2.22 mm/s andl = 0.31 mm/s;DEq = 0.47
mm/s characteristic of ferric and ferrous ions, respectively. The quadrupole split

doublets were #ibuted toiron silicates.
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In the presence of hydroge@,H, H,, only one sextet, SX2 with a reduced
magnetic field was observed in the spectrum with hyperfine parametBgs of
20.29 T,d = 0.21 mm/s;DEg = 0.01 mm/s which has been identified as
nanocystalline iron carbide (R€). The hyperfine parameters @ 1.03 mm/s;

DEg = 1.98 mm/sandd = 0.12 mm/sDEq = 0.71 mm/sbtained for D1 and D2,
respectively are very similar to those obtained for the nitrogen sample except for
the quadrupole splittogn of D2 which is lower for the nitrogen sample indicating

some structural relaxation.

For the nitrogen sampleC{H, N,), the total population of the oxides is ~43%
compared to 14% area fraction of;Eewith the remaining fraction of ~43%
attributed taronsilicates In the presence of hydroge@,H, H,), no oxides were
observed resulting in the area fraction of;&encreasing to 4®6 with a

corresponding increase of 10% in the populatiomanf silicates

By interchanging the gases, usinga$ a preeductant irH,, C;H, N, sample, a
doublet with hyperfine parameters @f= -0.07 mm/s;DEq = 0.56 mm/s and a
single line component = 0.18 mm/s was extracted from the fits to the dBlgs
change in structure was expected since under TEM, carborespliere formed
unlike fibres with all the other series. The iron carbide phase disappeared

completely and Fe in the 2tate(silicate form) dominated the spectrum.

In No, GH, H,, the FeC phase reappeared with two quadrupole split doublets,
when hydrogn was used as a carrier gas, in the presence a$  pre reaction
gas reductant. These results are similar to those report€iHer H,, where the
same formation was observed. For this sample, tg€ pepulation increased by
9%, with a correspondingecrease in the silicates fraction, similar to findings also
reported elsewhef® In trying to understand why the §& phase appears and
then disappears during these reactions, Scteidrshowed thathe iron carbide
acts as an intermediate during the formation of wedered graphene layers on its

surfacé’. Therefore when carbon spheres were formed, RG KAas identified.
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This phenomenon was also proven by ld&aman spectrosco@nd TGA where

thelp/lgratio was very much >dhowing a broad peak under the derivative curve.

The identification of F¢C as the carbide responsible for waitlered CNF
formation, present in all the phases where ‘wellered CNFs were formed and

yet in terms of yield, yddrogen as a carrier gas produced much higher yields than
nitrogen. Pattisoret al. found that at high nitrogen concentration, there was a
build-up of nitrogen at the catalyst surface where it is exposed to the reZctants
This therefore, leads to redumi in the carbon deposition efficiency on the
catalyst leading to the slow growth rate. In a high nitrogen environment, their
Environmental Transmission Electron Microscopy (ETEM) studies showed both
the nucleation and CNF growth were affected. Nitrogermdeto reduce the
surface energy at the CNF/catalyst interface and reduces the carbon extrusion

from the catalyst and the growth rate of CNFs.

5.4. Conclusions

This study has shown that it was possible to form CNMs using fly ash as a
catalyst without préreatment or impregnation of further metals. By varying the
CVD experimental conditions, it was shown that CNM#h different structures
could be formed. The results revealed that under TEM, CNMs of various
morphologies such as CNFs and CNSs were foriméihh yields at 656C. The

high yield formation of CNFs and amorphous carbon compared to CNTSs in other
studies may have been due to the higher supply rate of carbon than what is
required for CNT growth. The use of,lds a carrier gas (8, H,) at 650°C
produced thin and thick CNFs recorded the highest yield. Thie®s were the
most graphitic and were shown to be the most thermally stable, with oPyfl§5

ash as the remaining material. The use gfabl a praeaction gas and \as a
carrier gas praaced, uniform nanofibres with more than 50% of the CNFs found
within a very narrow diameter size distributions of28(® nm. By increasing the
temperature to 658C, spheres were formed. From TEM and SEM it was shown
that root growth is favoured at vio tenperature and upon increasing the

temperaturg tip growth was more prevalent. LasBaman spectroscopgnd
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Mossbauer spectroscopic techniques also revealed that three types of carbons
were formed, namely: amorphous, graphitic and iron carbid€ e cematite.
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Chapter 6. The effect oCO, on the CVD
synthesis of carbon nanomaterials using fly ash
as a catalyst

6.1 Introduction
Since the rediscovery of carbon nanomaterials (CNMs) in 1991, their production

has been found toe a costly exercise. Thisnsainly due to the catalysts used and
the carbon sourcésin order to remediate thisesearchers across the world have
tried to find more efficient and cheaper ways of synthesizing CNMs (e.g. carbon
nanotubes (CNJ) and carbon nanofibres (CN¥3)

CO, is a low energy molecule that is found in abundance on the earth. Due to its
relative cheapness and availability, the search for uses ph&attracted a lot of
attentiolt*®. The need to do this has beecreasedy the currenstrugglesof

global warming that face society and the impending shortage of fossil fuels.
Recently researchetsave used CQ as an alternative carbonwoe for CNT
production. Rsults showed thaparameters such as high pressures, specific
temperature ranges, high flow rates and the choice of catalyst support played a
crucial role'**8, In one study, when FeO was used oruppsrt of CaO, CNTs
wereformed*. Unfortunately when AbOs;, SiO, and MgO were used as supports,

no CNTs were producédl However this methodstill suffers from low CNT

yields and high energy consumptidiecause ofthe very high carbnization
temperatures that are required. These conditions tend to be unsuitable for such

approaches to be scaled up.

Recent studies have shown that an addition of a small amount of an oxygen
containing species to the carbon source (e.g2Xdmproves tle yield of CNM<°,

For example, the addition of oxygen which has been shown to act as a scavenger
of hydrogen radicals has provided conditions that were suitable for CNM
synthesis. On the other hand theliidn of water, which acts as an etching agent

Page [L19



that prevents the encapsulation of catalyst particles by amorphous carbon,
increased the CNT yield, extended lifetime of the catalyst and an enhanced initial

growth rate as compared to those of classigab@ecomposition reactioffs

This chapter reports on theenf two waste products, namely: fly ash and,G®
produce CNMs. It further demonstrates the use of fly ash as a catalyst almg CO
an additive oras a carbon source prior to the reaction wighiGmproved the
yields of CNMs, in the CVD synthesis method.

6.2  Experimental

6.2.1 Synthesis of CNFs

CNFs were synthesised using coal fly gsbduced fromthe Roschevillepower
station. For these synthesesybon deposition was achieved through chainic
vapourdeposition of acetylen@,H,) or carbon dioxide (C&) over waste fly ash.
Carbon depositions were achieved by CVD reactions of: 1) Only CCO,
together with GH; (i.e. CQJ/C;H,) or 3) CQ followed by GH, (i.e. CGQ_CHy)
over the waste codly ash. The synthesis procedure followed was described in
Section 3.3.1, except the flow rate was kept constant aml/@din, reaction time

to 45 min and the temperature usadged fronb00-900°C for thesereactiors.

6.22 Characterisation of CNFs

The synthesized CNFs samples were characterized using scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), [&Baman spectroscopy

and X-ray diffraction (XRD). For each characterisation, procedures described in
Section 3.4.1, 3.4.5 and 34and 3.4.7respectively were followed. Bunner
Emmet Teller (BET) were emplogieas described in Sections 3.4.3

6.3 Results and Discussion

A summary of the different approaches of using.G® well as the various

outcomes (to be discussed in further diédder on) isshown in Fig6.1.
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Figure 6.1. Synthesis of CNMs using CQ@ as a sole carbon source, as an

additive and as a carbon source prior to the reaction with gH,( CO,_C,H>)

6.3.1 CO;as acarbon source

The morphologis of the products from the G@eatedfly ash are shown in Figs.
6.2ad. These images show that various kinds of amorphous carbon had been
formed. In some case®al ashparticles &hibited spherical shapdsg.6.2cand

in others irreguldy shapedones Fig. 6.29. These differences in the amorphous
carbon could possibly be due to the various mechanisms of fly ash formation or

dueto the incomplete oxidation of the precursor édal
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Figure 6.2: TEM images of various amorphous carbon materials grow
at 900 °C showing (a) Sheetike material, (b) Spherelike materials, (c)
Carbon with metal particles and (d) Amorphous carbon with wha

appears to be unreacted fly ash
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The asreceived fly ash and CQeacted fly astwere analysedy SEM, (Fig.
6.3ab). Fig. 6.3ashows the spherical shape of therexived fly ash, while Fig.

6.3b shows the C@reacted fly ash. LasedRaman spectroscopgonfirmed the
presence of both amorphous and graphitic carbon, as shown by a high D
(disordered)peak and a low G (graphitic) gle Fig. 6.8%. The presence of the
high D peak indicated that the carbon products that formed were poorly

graphitised®.

When asreceived fly ash was used as a catalyst it was found that the very low
yields of nanocarbon nerials were formed at 908C, while at temperatures
between 5000 °C and above 1000C, only irregularly shaped amorphous
carbon materials were formed. This is in contrast to other studies wher&aS0
used as a sole carbon source and CNTs were @tiifeln those studies iron and
cobalt were used as catalysts. The lack of CNT formation in this study could have
been caused by the large quantities ofQ4J SiO, and MgO found in the fly
asH®?% On the other hand, it is possible that the rate of casopply exceeded

the growth rate of CNTSs, since this has been shown to result in the formation of
amorphous carbon arfibres as compared to tuddsOur results, in a similar
manner to Xwet al, have revead that the reduction of GQo graphitic CNMs is
sensitive to both the catalysnd the temperature us@dThis work, together with
other studies, has shown that more research is still required to undeistand

growth of CNMs from CQ@as a sole source of carbon.

3
a .
X
5.
3
&
E
£
<

Figure 6.3: SEM images of (a) Ageceived fly ash, (b) Carbon materials
grown at 900C (c) LaserRaman spectroscopyf CNMs formed at 900C
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Based on the difficulties egpienced in using COas a sole carbon source for
CNT formation, Magrezt al attempted a triple point junction reaction, where
CO,, GH, and the FeO metal catalyst were all used in one reattibhis was

done in an effort to increase the yield and favour the production of more CNTs at
lower temperatures. While their study found a dramatic increase in the yield of
CNTs, it was also found that this decreased at higher temperatures. In another
study using-e/MgO as a catalyst, ethanol as a carbon source and acetonitrile as a
nitrogen source, a similar trend was repditeHere this effect was attributed to

the G containing species which were believed to oxidise the carbon at higher
temperatures. Similarly is known that the etching effect of OH radicals disrupts
the initiation stage of CNT growth In this present study the reaction
temperatures employed were from 5@0to 700°C, using aseceived fly ash as a

catalyst and Cgas an additive to £,, which was the main carbon source.

6.3.2 CO;as an additive to GH,
When CQ was employed as an additive tgH3, the results obtained indicated

that there was a thrdeld increase in the yield in carbonaceous materials formed
from 500°C to 600°C, whichthen remained constant at 78D. Laser Raman
spectroscopy condted on these produc(&ig. 6.49 showed that thegllp ratio
increased as the reaction temperature was increased. This suggested that the
degree of ordered carbon increased as the readioperature was increased.
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5 = 40001 (©) I/l ratios >R _288 gﬁ
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2 S 3000 5 : — 700 CA
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% 15 5 2000 00°C - 0.47

g c

< 104 9 1000

° &l £
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o 0‘ T T T T T
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Figure 64:(a) Percentage yields of CNMs produced (biRaman spectroscopy
spectra of CNMs grown between 50F00°C and (c) Ip/l g ratios of CNMs
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TGA was conducted on all of these products to test their thermahllisy. As
shown in Fig. 6.5athe percentage of carbonaceous products formed from the fly
ash increased from 50 to 600°C and then remained relatively constant at
700°C. This trend was consent with that of the percerga yields, as noted in
Fig. 6.4a
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Figure 65: (a) TGA profile, (b) Weight loss derivative, (¢ Adsorption

isotherms and (dBET surface area and pore volumes of CNMs grown
between 506700°C.

Likewise the increase of theirdt weight derivative Fig. 6.5ko higher
temperatures as the reaction temperature was increased (i.e. from c@. 600
640 °C), suggested an increase in the amounts of graphitic materials. This
coincided with a correspondingecrease in thesllp ratio (Fig. 6.4¢ and a shift

from straight fibres of various diameters at 5@and 600°C (Figs. 6.6-d) to
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straight and coiled fibres at 760 (Figs. 6.8-f). Similarly, as the graphitic nature
of these materials increased it wdsserved that their surfaeeeas also increased
(Fig 6.59. Based upon the adsorption/desorption data, a type Il hysteresis loop

was observed, which corresponded to a material withpooous structures.

Figure 66:TEM and SEM images of CNF/Ts formed (ab) 500 °C,(c-d) 600
°C and (eh) 700°C.The block gives the size of the scale bar
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Unlike in the previous case where £@as used as the sole carbon source, it was
noted that upon reaction between the two gases a poppingwasdeeard which
became increasingly louder as the reaction temperature was increased. This was
most likely due to the presence of the oxygen containing species (i#. CO
reacting with the hydrocarbon in the presence of the fly ash cafakgtrevious

study has shown that at least two types of reactions (equations (1) and (2))

occurred when COand GH, were cereacted for CNT synthesis

CO+ GH, —»2C+HO+CO (1)
CO,+CH, —» C+2CO+H (2

Here it was found that the type of catalyst with support, as well as the reaction
temperature used played a huge role in terms of the materials that were produced.
Undoubtedly, the formation of carbon from the side reactions betwegra@D

C,H, (equations (1) and (2)) must have played a role in the dramatic increase in

the percentage yield that was observed from®&0 600°C.

6.3.3 CO; as a carbon source prior to GH,

To avoid these potentially dangerous reactions from occurring, a furtdgnsas
conducted where CQwas introduced into the reaction zone on its own first.CO
was then flushed out with Hfor 15 min. This was then followed by the
introduction of GH,. These reactions (as described previously) were also carried

out in the tempeature range between 500 to 700°C.
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Figure6.7:TEM and SEM images of CNF/Ts formed (ab) 500 °C, (c-d) 600
°C and (ef) 700°C

In Fig. 6.7ab, it can be observed that regularly and irregularly shaped carbon
nanofibreswvere brmed when subjected to G@nd then gH,. Small amounts of
CNTs were also observedmong the products. In Fig. 6-dcwell-defined
uniform CNFs, with a narrow particle sizengge, were observed. In Fig. 6:e
carbon nanofibres of various diameters wereobserved together with
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agglomerations of materials, which may have been caused by the sintering of the
fly ash catalyst during the reaction.

Q- Quartz (Si0,)
50- 10000 4 o} H- Hematite (Fe,0,)
(b) M- Mullite (ALO))
04 8000
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Figure6.8:(a) Percentage yields of CNMs produced and (b) PXRD
diffractograms of the raw fly ash and the CNMs that were formed from 500
700°C

As before the yields of CNMs formed revealed a slight increase atC5@fth the

use of CQ as a carbon source prior to the reaction wighiCas ompared to
when CQ was used as an additive. On the other hand, at°60the yield
increased to 49%, which was an increase of about 17% by comparison when CO
was used as an additive withHG. Unlike when CQwas used as an additive, in
this case when thtemperature was increased to 70Qhe percentage yield the
CNMs decreased (Fig. 6)8aThis also corresponded with an increase in the
crystallinity of the fly ash from 506C to 700°C as observed in Fig. 6.8Fhe
reduction in the percentage yiaitthy either have been caused by sintering at 700
°C or by the presence of an oxygen species (i.e) @Dich has previously been

shown to limit the growth of CNMs at higher temperattites

The thermal stabilities of the CNMs formed at the various teatyres are
displayed in Fig 6.9aAs was the trend with the percentage yields @&g, the
percentage of carbonaceous products formed from the fly ash increased from 500
°C to 600°C and then decreased at 7AW However, the fist weight derivative
(Fig. 6.9b) increased as the reaction temperature was increased, which suggested
an increase in the amounts of graphitic materials. As might have been expected
from the uniformity of the CNMs formed using G this way at 60%C (Fig 6.7

RSC Adw2015,5, 5377653781 Page [L29



b), these materials dathe highestd/Ip ratio of all the materials formed in all

three cases and under alleghtemperatures (Figs. 6)9c
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Figure 6.9:(a) Thermal decomposition (b) Weight loss derivative, (c) laser
Raman spectroscopyspectra and k/lp ratio of CNF products from fly ash
exposed to CQand then GH, at 500700°C

6.4  Conclusions

In this study a CVD method of producing CNMs over fly ash as a catalyst by
using CQ as a sole carbon source, an additive and a carbon source prior to the
reaction with GH, was presented. Here it was shown that using &0a sole
carbon sourcgave low yields and poorly formed materials, which was consistent
with similar studies. When GQvas used as either an additive or a carbon source
prior to the reactin with GH, the yield of CNMs formed increased drastically
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between 500C and 600°C. However, only in the case where the fly ash catalyst
was prereacted with C@ and then GH,, were the highest yields of carbon
nandibres formed which were more uniforynkized and more graphitic at 600

°C. Finally, this study has shown that the use of two waste materials, fly ash and

CO;, (together with GH>) can be used to cost effectively synthesise CNMs.
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Chapter 7. Comparison of Grootvlei and Duvha
coal fly ash and testing their tensile strength.

7.1 Introduction

The CVD method has been extensively used in the synthesis ohaaabofibres
(CNFs). Other methods, such as laser ablation, arc discharge and more recently,
electrospinning have also been used. When CNFs are grown in a fluidised bed
reactor,CNMs have been shown to be low cbsthus far there has been one
study that has reported on the use of fly ash as a catalyst to mak& CNfee

other studies, reported on the synthesis of CNTs from treated or impregnated coal
fly ast*!* This difference cdd be due to the fly ash composition as South

African coal fly ashes are mostly produced from buiturceds(TableS7.1).

CNFs derived from pure catalysts have been used in many applications, such as
catalysis, biomedical and more recently, compositégenals. In this study, we

have focused on their use in composites, where they were used as reinforcing
fillers since they have been shown to have a high potential to improve the
mechanical properties of polym&sCampared to other fibres, carboanofbres

have many superior properties such as low weight, high elastic moduliragl a
fracture strain. Work presented by Bikiags al , showed that the strength of

carbon fibres increased as the diameter of the fibres decteased

Carbonnanotubes (CNTs) have generally been used as ideal fillers for polymers.
This is due to them possessing excellent mechanical strength as high as 1TPa
tensile modulus Typical mechanical properties of CNTs are given abl€ 7.1.
However, their high cost and difficulty in disgergin the polymer matrix have
reduced their widespreadse as reinforcement fillétssHowever, CNFs that are
grown from waste material and used as received, present a more economical

option thanCNTs derived from expensive catalyst.
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Table 7.1: Mechanical properties of CNTs®
Property SWNT DWNT MWNT

Typical 1 4-6 20-25
Diameters (nm)

Density (g/cn) 1.21.5 15 1.62.0
[SIES (o alele IV 0.9-1 0.61 0.31
(TPa)

RCH S CISTieTalelig 100-600 25-65 1575
(GPa)

Elongation 1\l 5.5 30

break (%)

CNFs promisto transform many fields in material science, and have been shown

to be a major component in nanotechnology due to their high tensile strength,
modulus and relatively @ cosf. CNFs are therefore, attracting major attention
for potential applications in a variety of applications such as aerospace, chemical,

medicinal and automobile industries

There has been a lot of interest in the compasdastryand these can Heund

in a recent review by Mitalet al where they discussed the role of CNTs and
graphene as fillers in reinforced polymer nanocompdsitémugh there has been
extensive research in the field, there are limited studies on CNT/polyester
composites in literature.oTmention a few, Muthet al used reinforced polyester
nanocomposites to improvehe dispersion and mechanical properties of
polyestef. DifferentfunctionalisedCNT loadings were added the polymeand

to obtainan optimal loading and improve the dispersion of the filler within the
polymer matrix. Their results showed that the highest tensile strength was
achieved at 1% loading. Shokrieh al. also tested the mechanical properties of
polyester nancomposites reinforced with MWCNT. Their results showed an
improvement of the tensile and flexural strendtHow loading of CNFs (0.05%)

was enough to giva20% ultimate tensile strength improvement.

Of the above studies, none have reported on the use of CNFs to improve the

strength ofa polyesterHere, we report the comparison of two differByptashes
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as catalysts for CNF synthesiB&ased orthe products formed, the one with better
mechanical progrties was used as a filler to improve the strength of polyester
composites. It was then used to examanading (0.125, 0.25 and 0.5 %y}

whichthe highest tensile strength be obtained.

7.2. Experimental

7.2.1 Materials

The gases used (hydrogen andtglene) in the synthesis of CNFs were purchased
from Afrox, South Africa. Synthesized CNFs were used as fillers for the polymer
composites. Luperox curing agent and polyester resinL(@&@W® 40) matrix were
bought from AMT composites, RSA. The density ok tpolymer at room
temperature was.155g/cnt as supplied by the manufacture. NCS Waxol (NCS,
RSA) was used to polish the mold surface to ensure a clean surface before
lamination. AMRS release agent (AMT, RSA) was applied on the steel mould for
easy remoMeof the finished components. All the reagents used were of analytical

grade.

7.2.2 Synthesis of CNFs

CNFs were synthesised from fly agtoduced from two different power stations,
namely, Duvha and Grootvlei. For the CNF synthesisbon deposition was
achieved through CVD of acetylene ovbke fly ash. The synthesis was done as
described in Section 3.3.1, except that the flow rate was kept coasth00
ml/min, with the reaction time adjusted to 45 min and the temperature used was

changed to 656C for both reactions.

7.2.3 Characterisation of CNFs

To identify the metals and the quantities containealuvha and Grootvlei coal

fly ashes, Xray fluorescence (XRFpectroscopyvas employed using a method
described in Section 3.4.8. Theraseived flyash and synthesized CNF samples
were characterized using scanning electron microscopy (SEM), thermogravimetric

analysis (TGA) and LaseRaman spectroscopyFor each characterisation,
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procedures described in Section 3.4.1, 3.4.5 and 3.4.6 respectivelfjoiieved.
Nanofibre diameter distributions were measured using Imdge J

7.2.4 Fibre composite fabrication procedure

CNF/polyester composites were manufactured using the Vacuum Resin Transfer
Moulding (VRTM) method as described in Section 3.5. Briefthe fibre
composites (FCs) specimens were fabricated with different fibre mass fradtions o
0.125, 0.25 and 0% for all the untreated CNFs.

7.2.5 Mechanical Characterisation of CNFs

The CNF/polyester nanocomposites were tested to determine the ngathani

properties of these materialShe tensile specimens were fabricated based on

ASTM D638 08: 2010.The tensile testing procedure was performed as described
in Sections 3.6.1.1.

7.3 Results and discussion

7.3.1. XRF analyses
XRF analysis identified # elements contained in the Grootvlei and Duvha coal

fly ashes and their quantities. Figure 7.1 shows thgddnd SiQ are the most
dominant phases and account for more than 80% of the materials. FeO and CaO
could also be identified and combinethey onstitute more than 5% of the

ash. The rest of theompounds namely, Fg0;, MgO, MnO, TiO, NiO, NgO,

P,0Os, Cr,0O3, account for 5% of the two fly ashes. Based on these compositions,
both these ashes can thus be classified as class F fly asttasycontaire less

than 10% of lime (Cad) This type of ash comes generally from the burning of
harder, older anthracite and bituminous tbalhe compoundf interest in our
study were the FeO and J&& species that had been previously identified as the
elements responsible for CNF synthesis in our previous Stutlgerefore, the
question ariseswill the morphology and 5 % difference in the iron contents of
these ashes affect the yield, morphology and properties of the CNFs formed from

the ash?
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I Duvha
B Grootvlei

Si0,AIO Fe O FeO MnO Ca0 MgO Na,0 KO TO, PO, Cr,o, Nio

Fly Ash components

Figure 7.1: XRF analyses of Duvha and Grootvlei coal fly ash components

7.3.2 Morphological and Product yield Studies

Under SEM observation, the-asceved fly ash materials (Fig. 3&-b) appeared

to be spherically shaped which mag Bue to inteparticulate fusion during the
cooling of the fly ash. In Fig. 73a, Duvha ashvas observed to hawe smooth
surface with a mixture of mostly spherically shaped partic@&®otvlei ash
(Fig.7.3b), had a rough surface arlde fused materiahad the appearance of
amorphous carbon. The smooth surface could be due to the glassy phase covering
the surfac¥. As demonstrated by Fig3%, CNFs synthesized from Duvha fly ash
showed long isolatedbres with the structure remaining uniform and unchanged

as can be seen under SEM. On the other hand, CNFs synthesized from Grootvlei

fly ash formed a mixture of short, long, thick and thin fibres.

The product yield of these CNFs was very high compacethé previously
reported yield (Chapter 5, Fig 5.1) of other asbletined fromRoscheville fly
ash at the same temperatures. CNFs synthesized fronvier@shgaveclose to
a400% vyield (Fig.7.2) while those from Duvha fly ash showed more than 300%
yield. Size diameters of asceived fly ashes from Duvha and Grdet were

found to be between-200um and >100 pm respectivelyAccording to Shaet.
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al., these CNF can be described as hollow cenosphere ecrystalline glass
beads since these micrbspes are between 30 and 100'°. Using Image J,
CNFs from Duvha and Grootvlei ashes were found to have an awdieageter
distribution of 5670 nm and 3@65nm, respectively

400:
350:
300:
250:
200:
150:
100:

Percantage Yield (%)

50

0

CNFs Duvha CNFs Grootvlei
CNFs synthesized from coal fly ash at 650°C

Figure 7.2: Percentage yield of CNFs formed from coal fly ashes from Duvha
and Grootvlei
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Figure 7.3: (a) SEM micrographs of CNFs produced from fly ash(a) Duvha
fly ash (b) Grootvlei ash, (c) CNFs from Duvha ash and (dCNFs from

Grootvlei ash.

7.3.3. Graphicity and thermal stability studies
To further assess the quality of the CNFs formed and their thermal stability, laser

Raman spectroscopy and thermogravimetric analysis was used, respectively. For
both sets of CNEspeaks at 1350 cmand 1590 cit were observed and the
intensity ratio of these peaks, known as théddd (due to disordered carbon
features) and @and (due to the ordered graphitic carbon features) respectively,
represents the degree of graphitizatibrcarbon in the reaction produttés Fig.

7.4a shows, thelisordered carbonaous naturef the CNFs was very high wvita

more prevalent D band. As Fig. h.4hows, CNF from Duvha were the most
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graphitic as was shown by the low/lk ratio of 1.18compared to CNFs from
Grootvleli The difference inthe thermh stability between thes CNFs was
minimal, with the CNFs from Duvha slightly more stable as shown by the higher
decomposition temperature. This result fully agrees with the previously reported
studies where it was shown that the more graphitic the material, the higher the
decompsition temperature. There was also an 8% difference in the amount of
unburnt fly ash, as CNFs from Duvha ash had a 30% residual catalyst while CNFs
from Grootvlei ash had a 22% residual catalyst. This could be attributed to the 8

% (SIO, + Al,Os) differerce from the original fly ash catalysts as was shown by
XRF (Fig. 7.1).

— Duvha CNFs

(a) (b) —_ DuvhaCNFs
1008, N ——Grootvlei CNFs

—_ ——Grootvlei CNFs
(=]
o~ 3508 D-pand 100
»
: 3009 I/ ratios 3 80l
ss00] DUvha CNFs-1.18 Duvha E
e Grootvlel CNFs- 1.6 =)
2008 ® 60
c 2
@ 1509 %
= 1000 rootvlei & 40
- @
o © 20
[
o o

o 400 800 1200 _ 1600 2000
Raman Shift (cm-1)

0 200 400 600 800 1000
Temperature(°C)

Figure 7.4. (a) Laser Raman spectroscopyspectra and (b) thermogravimetric

analysis of specta of CNFs produced from fly ashsynthesized at 656C

Compaing the two fly ashes (Duvha versus Grootvlei), Grootvlei produced the
highest yield of fibres of various shapes and sizes. This high yield could be due to
the higher iron content as was seen from XRF analyses (Fig.7.1). Even though
CNFs produced from Dina ash had a lower yield, they had better properties.
They formed uniforndiameterg50-70 nm), weremore graphitic and more stable
fibres. Also from TGA, the clean burning of the fibres from Duvha ash between
600-650 °C, is highly indicative of the unifon type of carbon deposits. Due to

these observations, the succeeding studies were conducted using CNFs from
Duvha ash.
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7.3.8 Evaluation of Tensile Strength

Using CNFs synthesized from Duvha fly ash, a number of nanocomposite
(CNFs/polyester) specimens warious weightfractions (0.125, 0.25, and 04

were tested to obtain the tensileechanical properties. Fig. 7-bashows the

ul ti mate tensile strength and Youngos
figure shows that the tensile strength @ased as the CNF loading increased
(from 0.125 to 0.25%). At higher loadings (0.5%), there was a decrease in the
tensile strength. The results show that increasing the amount of filler content
increased the tensile strength, which reached a peak at Oridb%ubsequently
decreased thereafter. This ultimate tensile strength is attributeal good
dispersion of the CNFs (Fig 7.6c) within the polyester matrix. Fig.-d.ghows

the fracture surface of samples at 0.0, 0.125, 0.25 and 0.5% CNF contents. As can
be seen in Fig. 7.6a, the fracture of neat polyester is much smoother than the
fracture surfaces of composites indicating a typical brittle nature of the polyester.
Fig. 7.6b, ¢ and d show rougher surfaces which are caused by the addition of
CNFs particlesvhich enhancehe defects and if not properly distributed, result in
the material becoming more brittle. This decrease in the tensile st@n@th%
loading may have ben caused by the agglomeratigfig 7.6d). This
agglomeration of CNFs causes stressoentrationresulting inthe sample to fail

at lower stresses and igh decrease the mechanical properties of the
nanocomposites. These results concur with the previously reported results by
Muthu andPaskaramoorthgnd Shrokielet al where theyused CNFs from pure
catalysts andound that where there is agglomeration, the samples quickiy.fail
Their optimum loadings though, were 0.1% and 0.5% respectively, which was
different from the optimum loading (0.25%) in this study. That may be due to the
type of filler that were used in their studies, as thereeMdWWCNT, DWCNTs

and CNFs in the Muthu study
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Figure7.5: (a) Tensile strength and (b) Youngos

acid treated polyester composes

Shokriehet al. suggested that increasing the sonication time or output may assist
with the better dispersion of the CNM filler at high loadings within the polyester
matrix’. Although this may be the case, other &adave shown that even though
sonication might lead to better dispersion, agglomerates might still be.there
Also, there is a high possibility of reducing the CNF length of which if it is too
long, might result in poor mechanical propertggh tensilestrenght We suggest

the use of oxidative treatmerits assist with the bonding between the filler and
matrix. Several authors hawvshown that if you change the CNBurface from
hydrophobic to a hydrophilic state, the interaction of the CNMs and polymer
matrix becomes easi&r Additionally, because HCI/HN®has been shown to
have a cleaning effect on the removal of impurities from carbon nanomaterials
this might have an enhanced effect, thus increasiegntechanical properties

even more.
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Figure 76: SEM images of fractured specimes (a) Neat polyester, (b)
0.12%% CNFs, (c) 0.25% CNF and (d) 0.5% CNF loading

7.4. Conclusions

A comparison between Duvha fly ash and Grootilieiash for the synthesis of
CNFs was donéo see if the morphology of these ashes will have an effect on the
CNMs formed CNFs from Grootvlei produced the highest yield and purity but
compared to CNFgdm Duvha they were not uniforin terms of their dieeter

sizes The Grootvlei CNFswere found to be highly disordered and had a
decreased thermal stability. Based on these findings, mechanical tensile strength
testswere done using CNFsg/nthesizedrom Duvha fly ash. Different loadings of
CNFs synthesizeffom Duvha fly ash were added to the polyester matrix aand
0.25% loading was found to give the highest tensile strength. At higher loadings,
aggloneration was observed. This mag avoided through the use of sonication
when mixing the filler andhe matix. Oxidative treatment of CNFs was also
suggested to assist with the interaction between the CNFs and polymer matrix,
which in turn will assist in enhancing the mechanical properties of these

composites.
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Chapter 8: Mechanical Testing of polyester
nanocompaites using treated CNMs
produced from Duvha fly ash

8.1Introduction
Carbon nanoparticles have recently gained recognition in science and industry due

to their unique properties they possess. In recent years carbon nanomaterials
(CNMs) have been used iranous applications due to their excellent physical,
chemical and mechanical propertiearticular interest has been given to
composite materials where CNMs are added as a reinforcement to improve the
mechanical properties of polymer matefial®ne of the benefits of using these
CNMs, when used aa filler, is their high aspect ratio which can be as high as
1000, which can induce better adhesion with the polymer m#&tdkesion is an
important factorfor effective enhancement of tmanocompositepropertied. A

high aspect ratio results in the percolation of the fillers at very low concentration
and makes them attractive for use in a broad spectrumplitations, especially

as reinforcing fibres in nanocomposftes

To achieve maximum enhancement of most ofnidw@ocompositeproperties, the
interfacial adhesion and the dispersion of the CNMs shouldobgogeneouin

the polymer matrix, which means thhe surface interaction between the filler
and matrix needs to be optimiSedds CNMs can be made deilong with
significant accumulatedran de Waals forces, these CNMs tend to entangle
resulting in agglomerates in the polymer matficd® increase #h interfacial
bond between the polymer and CNMs, surface modificadfaime CNMshas to

be considered. One method of doing thisbys covalent modification, which
involves the use of attaching reactive groups by treating the CNMs witH &cids
This treame n t nor mal | vy | eads t o t he shorteni
formation of surface reactive groups such as hydroxyl, carbonyl and carboxylic

group$?®.
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Ajayan and collaborators were the first to reportad®NT/polymer composité
Thereafter there was extensive reseandhe field and theseesulstscan be found

in a recent review. In this review the focus a&s on the use of CNTs and
graphene as carbon naonfillers to improve the strength of different kinds of
polymers. Factors such as CNT shape, dispersion, size and alignment were shown
to be of high importance as they played a major role in enhancing themesth
properties of polymer nanocomposites. Although many polymers have been tried,
there are aonly a few reported studiesn CNM/polyester composites in

literature® 1>,

Seyhanet al tested the tensile mechanical behaviour of MWCNT and DWCNT
modified vinyl ester polyester hybrid compositeMuthu et al used reinforced
polyester nanocomposites to improve dispersion and mechanical prdperties
They found that functionalisation drastically improvibé mechanical properties
of the nanocomposites. Sholrieet al tested the mechanical properties of
polyester nanocomposites reinforced with MWCRITTheir mechanical test
resultsshowed an improvement of the tensile and flexural strengitha recent
study Murasescuet al investigated the synthesis of polyester composites
functionalised with carbon nanotubes by oxidative reactions and chemical
depositiori*. A three point bending test was performed which assisted in
identifying the suitable method fowrictionalisation in order to obtain a good

dispersion of CNTs into a saturated polyester matrix.

Of the above studies none have reported on the use of CNFs to improve the
strength ofpolyester This chapter highlights the effects of treating F3Nusing
various treatments to improve the interfacial adhesion between the filler and
matrix. Tensile, flexural andripact tests were conducted to obtain the mechanical

properties of the polyester nanocomposites.
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8.2 Experimental

8.2.1 Materials
The gases used (hydegand acetylene) in the synthesis of CNFs were purchased

from Afrox. Synthesized CNFs were used as fillers for the polymer composite.
Luperox curing agent and polyester resin {G¥ 40) matrix wee purchased

from AMT composites. The density of the polymat room temperature was
1.155 g/cnt as indicated by theupplier. NCS Waxol was used to polish the
surface to ensure a clean surface before lamination. AMRS8 release agent was
applied on the vacuum resin assisted mould (VRTM) for easy removal of the

finished components. All the reagents used were of analytical grade.

8.2.2 Synthesis of CNFs

CNFs were synthesised using coal fly ashduced from Duvha power station.
For these synthesesarbon deposition was achieved through chemiegdour
deposition of aetylene over waste fly ash. The synthesis procedure followed was
described irSection3.3.1, except the flow rate was kept constant atr@thin,

reaction time to 45 min and the temperature used waS®G#ts reaction.

8.2.3 Functionalisation of CNFs
The CNFs formed were functionalized using KMrddd HCI/HNQ respectively.

For each treatment, ¢ of the CNFs was used. The CNFs were functionalised
before blending with the polyester. For the KMygdd HCI/HNQ, treatment, the
procedures that were foll@d were described isection3.3.2.1 and 3.3.2.

respectively.

8.2.4 Characterisation of CNFs
The synthesized CNFs samples were characterized usingirsgaelectron

microscopy (SEM), TMermogravimetric malysis (TGA), laser Raman
spectroscopyand Xray diffraction (XRD). For each characterisation, procedures
described irSection3.4.1, 3.4.5 and 3.4.6 respectively were followed. Nanofibre
diameter distributions were measured using ImayeTd identify the dded
oxygen groups and their effect on the surface dfearier transform infrared
(FTIR) spectroscopynd BrunnefEmmet Teller (BET)nethodwere employed as
described irBectiors 3.4.4 and 3.4.3 respectively.
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8.2.5 Fibre composite fabrication and testingprocedure
CNF/polyester composites were manufactured using the Vacuum Resin Transfer

Moulding (VRTM) method. The fibre composite (FCs) specimens were fabricated
with the same fibre mass fractions of 0.25% for all the different treated CNFs.

The CNF/polgster nanocomposites were tested to determine the mechanical
properties of these materials. The tensile, flexural and impact test specimens were
fabricated based on ASTM D6368: 2010, ASTM D79007: 2010 and ASTM

D256- 06a: 2010 respectively. The testipgcedures followed were described in
Section3.6.1.1., 3.6.1.2 and 3.6.1.3 correspondingly. The tensile, flexural and
Impact specimens are shown in Fig8r81, S2 and S3.

8.3 Results and discussion

8.3.1 N3 Physisorption
The N, physisorption data for nireated and oxidised carbon nanofibres are

presented in Table 8.1. Untreated CNFs were fdarfthve a surface area of 22.5
m?g™ and a pore volume of 0.20 &g The averag pore diameter was about 21.3

nm and no micropores were present.

Table8.1: N, Physisorption data of untreated and acid oxidized CNFs

Materials Surface Area Pore Volume Pore diameter

(m°g™) (cm*/g) (nm)

2131

42.36 0.22 22.48
HCI/HNO 3 22.93 0.13 22.77

Upon oxidation in KMnQ, thee was achange in the pore diameter and no
micropores were formed. However a slight increase in the surface area and pore
volume was observed. This could be due to the microstruciugh surfacethus
resulting in a high pore volume. In contrast, witk tHCI/HNG; treatment, there

was a decrease in the surface area, pore volume and average pore diameter.

Oxidation in these strong acids probably resulted in changes in the
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macrostructure, the fibres probably broke or some were completely removed. To

confirmthese findings, morphological studies were carried out.

8.3.2 Morphological Studies
Untreated CNFs from Duvha showed long isolated fibres with the structure

remaining uniform and unchanged as can be seen under SEM. After acid
treatment with both HCI/HN®and KMnQ, the length of the CNFs became
slightly shorter and less ordered. CNFs treated with KMfu@ther went on to

show some surface roughness as well, and this explains why there was an increase
in the surface area (Table 8.1). CNFs treated with HOBEllooked clean and the
structure was still intact. CNF diameters of untreated CNFs were found to have an
average distribution d80-70 nm. Upon oxidation the fibre sizes became thicker,

in KMnO,4 and HCI/HNQ average size diameters distribution of24D nm and

40-200 nm were measured respectively.

(b) [ Untreated CNFs

20

Number of Fibers

50-55  56-60 6165 6570  70-75

200 o [k o L zE1sy Fiber diameter size distribution(nm)
WD=77mm EHT = 10.00 kV Time :10:54:51

Figure 8.1: (a) SEM micrographs of CNFs produced from fly ashand (b)

Fibre diameter size distribution of CNFs at 650 °C respectively
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Figure 8.2: a) SEM micrographs of CNFs produced from fly ash treated with
(&) KMnO 4 and (b) HCI/HNO3
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Figure 83: Fibre size distributions of CNFs produced from fly ash
synthesized at 650C, treated with (a) KMnO,4 and (b) HCI/HNO3

8.3.3 Graphicity studies
To further assess the quality of the CNFs and confirm their formation, laser

Raman spectroscopy was used. Raman spectroscopy is an effective technique that
gives information about the graphitic and defective natur€Clfs that are
formed. Fig. 8.4 showsCNFs formed from fly ash and treated with KMnO

and HCI/HNQ respectively.
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As expected, the spectrum of the CNFs from Duvha fly ash, peaks at 1350 cm
and 1590 cril were observed. The intensity ratio of these peaks, known as the D
band (due to disorderezhrbon features) and-and (due to the ordered graphitic
carbon features) respectively, represents the degree of graphitization of carbon in
the reaction productsAs can be seen, the intensity of the untreated CNFs was
very high with the D band more prevalent. In the presence of K@ CNF

structue

magnification (Fig. 8.4) could one notice there waspeak at the D region
(1320cnt). A peak at around 608m* was also identified, which could be
attributed toresidual KMnO4. Upon treatmenwith HCI/HNO;s, the intensity
decreased and there was shift in the graphitic nature of the CNFs. The CNFs

looked completely destroyedFig 8.4a).

Ubon increasing the

became more graphitic and this v&®wnby the higherd/Ip ratio of >1.
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Figure 8.4:Laser Raman spectroscopyspectra of CNFs produced from fly
ash, synthesized at 656C and treated with (a) KMnO4 and HCI/HNO3 (b)
enlarged view of the CNFs treated with KMnQ

8.3.4 Powder X-ray diffraction studies

The PXRD patterns of untreated CNFs and fibres that were treated with
HCI/HNO; and KMnQ, respectively are presented in F&p. In the structure of

untreated fibres, several graphite peaks can be distinguished, the strongest of

wh i

mullite, quartz and hematite, vah originate from the original growth catalyst
(fly ash). In the presence of KMnQOthe strongest graphite peak exhibited at
2 i = § (he width became narrow and the other peaks disappe@@aingthat

c h

i s t he d

( 0D Buytherrpeaks carc lieiassignedato
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the crystallinity had been destroyed and these CWNEse mostly amorphous
carbon These results are in agreement with results shown earlierRaithan
spectroscopy The acid treated CNFs with HCI/HNOstill exhibited all the
graphite reflections, but there was a shift, slightly to the left. In additiore som
quartz and mullite peaks had disappeared. The absence of some of the peaks
shows that acid treatment successfully removed some of the residual catalyst.

1250 - Qic :
Q-Quartz (Si0,) | — yntreated CNFs
M-Mullite  (AL.SIiO) | —— KMnO
4
1000 C-Carbon  (002) —— HCI/HNO
3

H- Hematite (Fe,O,)

Intensity arbitrary units (a.u)

15 30 4

5 60
2(q)

Figure 8. 5:PXRD diffractograms of CNFs produced from fly ash at 656C
and treated with KMnO 4 and HCI/HNO; respectively

8.3.5 Infrared spectroscopy studies
The presence of oxygen containing surface groups on the CNF was established by

IR spectroscopy. For comparison purposes, the transmission levelsspéctita
were kept approximately the same. Figure 8.6, shows the-28Wcm* region
of the IR spectra of untreated and treated CNFs. All band assignments are
summarized in Table 8.2 and all the changes observed in the IR spectra after the
oxidative teatments. Untreated CNFs had several peaks that were observed,
between 23782650 cnt, therewas apeak exhibitingC-C bonding CH,/CHs;
bands were also identified at 28@6d 2916cm* respectively. At 3425 crtha
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weak carboxylic band was observed. Upon idation in KMnQ; a strong
carboxylicband at 2375 cthwas identifiedandthe CH/CHzbands disappeared

In the presence of HCI/HNQweakercarboxylicbands appeared, GKH; peaks
shifted to the right antheir intensities become weaker.

1.20 - —— CNFs
—— KMno,
—— HCI/HNO,

C 1154

o

o,

L

EE 1.10 1

%

c

@©

S

— 1.05-

1.00

T T T T T T T T T T 1
2250 2500 2750 3000 3250 3500
-1
Wavenumber (cm™)

Figure8. 6: FTIR spectra of CNFs produced from fly ashsynthesized at 650
°C and treated with KMnO , and HCI/HNO3
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Table82: FTIR spectroscopyband assignment table of CNFs produced from
fly ash synthesized at 658C and treated with KMnO 4 and HCI/HNO3

Wavenumber Band CNF KMnO 4 HCI/HNO 3
(cm™) assignments

2350 Carboxylic
(C=0)
23752650 C-C peak X - [
2875 CH2/CH3 X = S
2916 CH,/CH;3 X - s

Band representations: x band presenbafd appears, band disappears, i band
intensity increased, d band intensity decreases, s band shift
These results have shown tlianctionalisationof these CNFs with KMn@and

HCI/HNOs, was successfulcid treatment was shown to be the most effedive

the insertion of the carboxylic groups occurred and the structure was still
maintained. This data corroborates with the SR&man spectroscop)XRD and

BET data presented initially.

8.3.6 Thermal stability
To obtain additional information and confirthe thermal stability of these

materials, thermogravimetric analysis was carried out to investigate the thermal
degradation behaviour of untreated CNFs and acid treated CNFs. Figure 8.7a
shows a typical TGA percentage weight loss profile and Fig.8.7b shiwavs

weight derivative.
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Figure 8.7:(a) Percentage Weight loss and (b) Weight derivative of CNFs
produced from CNFs synthesized at 65C and treated with KMnO4 and
HCI/HNO 3

From the above figures it can be seen that untreated Q@id&sthe highest
decomposition temperature, where the CNFs started decomposing afG550
with a weight loss of more than 70%. There were also different forms of ¢arbon
these could be assigned to the carbon nanofibres and amorphous carbon found in
the fly ash. As can be seen in the weight loss graph, there was still a lot of fly ash
catalyst (30%) that was teactedof which amorphous carbon could come from

it. Oxidising these CNFs in KMn{the decomposition temperature of the CNFs
was greatly reduced. Tavdecomposition phases were shown, the first one
between 100C- 250°C and the second one between-380 °C, these could be
ascribed to the D adsorbed and GOIn Fig 8.7b the water peak at 150,

could be ascribed to tHess of physisorbed water anithe CQ peak at 375C

may beattributed to théoss ofcarboxylic acid groups

Comparing with the untreated CNFs it means that there was an increase in the
oxide content in the material. This could be due to oxidative cleavage, where the
carbon hydrogeibonds were broken to form a carbon oxygen bond and from the
mass weight that remains of approximately 44%, one can confirm the product to
be CQ Acid treatment of these CNFs in HCI/HNG@Iso resulted in a lower

decomposition temperature as compared toeated CNFs. One type of carbon
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was formed as there were no impurities observed under the derivative weight
curve as shown by one sharp pe8kere was also a loss of @Band as shown

by the decomposition that occurred between-280F°C. This could havébeen
caused by the reduced oxide content on the acid treated CNFs. This can also be
proven by the 20% unreacted akht is left behind, as this shows that most of the

oxides and impurities were removed from acid treatment.

8.3.7 Evaluation of Tensile Stength
A number of nanocomposite specimens were tested to obtain their methanica

properties. Figure. 8.8 show®spectively t h e stress strain
Modulus and the tensile strength of the different samples testedbserved by

the increased stsspoththeY o un g 6 s M oedsue swesgthanorelset with

the addition of untreated/raw CNFs to the neat polyester. Oxidising CNFs in
KMnQO, resulted in the decrease in the strength. This could be due to the structure
collapsing as was seen in FigggRaman spectroscopgnd Fig.8.8 (TGA), where

the G peak had completely disappeared and decomposition temperatures had
decreased to lower temperatures, respectively.

50 -
amme Neat Polyester
asmmRaw CNFs
40 4 @ HCIHNO, - ’
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o, : ” P
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Figure 88: Stress vs strain graph of untreated and acid treted polyester

composites
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In contrast, functionalising these CNFs in acid, the tensile strength was greatly
improved. These results show that acid functionalised CNFs hageeaer
influence on the mechanical properties than the untreated CNFs. The f@ason
the significant increase could be attributed to the improved dispersion of these
CNFs within the matrix. In addition the functionalized groups on the surface of
the CNTs may have promoted a strong chemical interaction between the CNFs

and the matrix.

Figure 89: (a) Tensile strength and (b) Youn

acid treated polyester composites

8.3.8 Evaluation of Flexural Toughness
The three point bending tests were performed on the CNF polyester composites.

Figure 810 shows the flexural stress of the composites for the untreated and
treated CNFs. Adding untreated and treated CNFs to the CNM/polyester
composites had a more significant effect on the flexural properties compared with
the tensile propertied he resultof the flexural tests followed the same pattern as
the tensile tests. The CNFs treated with HCI/HNBowed the greest flexural
enhancement by 25%@imilar to the tensile modulus, the flexural modulus was

also enhanced with the acid treated CNFs (Fijl)3.
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