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Abstract

Fly ash is a by-product generated during the combustion of coal for electricity gen-

eration. Previous studies have shown that various waste fly-ashes (Japanese, Saudi

Arabian, and Australian) contain trace quantities of transition metal elements which

can be used in the synthesis of shaped carbon nanomaterials. A survey of the litera-

ture has shown that no attempts to correlate the composition of a particular coal fly

ash and the type or quantity of carbon nanomaterials (CNMs) that can be synthesized

has been made. Neither has the effect of leached fly ash been tested for the synthesis

of CNMs. Hence a study on the effect of the chemical composition of South African

fly ash (collected from ESKOM’s Duvha power station in Mpumalanga) upon the

chemical vapour deposition (CVD) synthesis of carbon nanostructures is justified.

Untreated and chemically treated fly ash samples were used as catalysts in the CVD

method to synthesize CNMs. In the latter case selective leaching experiments were

conducted on the fly ash samples under acidic, basic and neutral conditions. Op-

timal CNM synthetic conditions were achieved by initially flowing H2 gas to re-

duce the metal oxides within the fly ash catalyst followed by the introduction of

the carbon source (C2H2) at a temperature range of 600 - 800 ◦C. All samples were

quantitatively and/or qualitatively characterized. Inductively coupled plasma optical

emission spectrometry (ICP-OES) and X-ray fluorescence (XRF) techniques were

used to quantify the metal ions which were removed from the fly ash samples. Fur-

thermore, qualitative studies were conducted with (PXRD, and laser Raman spec-

troscopy), morphological and surface area characterization techniques (SEM, TEM

and BET) were used to investigate the synthesis of CNMs from the untreated and

chemically treated fly ash samples.
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Results have shown that carbon nanofibers (CNFs) of different geometric morpholo-

gies were synthesized at an optimal yield temperature of 700◦C. A combination of

smooth, thin, wide, spiral platelet-like, stacked cup, and fishbone morphologies were

reported when the untreated fly ash catalyst was used. Fly ash catalysts under acidic,

basic and neutral treatments showed CNFs of varying sizes and specific morpholo-

gies. Smooth graphitic platelet-like, stacked cup and platelet-like CNFs were re-

ported when the fly ash catalyst was leached with neutral, basic and acidic solutions.

Carbon nanofibre sizes with the IG
ID

ratios were reported as follows 115 nm (1.092),

52 nm (0.799), and 200 nm (0.960) under neutral, basic and acidic mediums respec-

tively. Surface areas (41, 14 and 7) m2/g for the CNFs that were synthesised from

the neutral, basic and acidic treated fly ash catalysts were related to the selective

leaching of metals.

The quality and quantity of CNFs obtained under acidic medium were associated

with the leaching of iron (5.6%), cobalt (1.7%), calcium (20.4%), copper (12.5%),

chromium (4.6%), magnesium (23.3%), manganese (15.2%) and nickel (2%) from

the fly ash catalyst. Under a basic medium only chromium (0.2%), calcium (0.3%)

and copper (7.4%) were removed. Significantly the best quality of CNFs was ob-

tained when fly ash was treated under neutral conditions. Metal ions such as: cal-

cium (3.7%), copper (3.8%), chromium (0.1%), and magnesium (1.3%) were mod-

erately removed from the ash matrix. Therefore, composition and quantity of the fly

ash catalyst had an effect on the synthesis of CNFs.
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Chapter 1

Overview and scope

1.1 Background

Coal combustion in power plants generates a huge amount of fly ash as a by-product,

a limited amount of which is recycled (as outlined in Chapter 2). However, due to the

high reliance and demand for energy, the production rate of fly ash exceeds its con-

sumption [1, 2]. South African fly ash waste has been recycled in applications such

as: building and construction (e.g. cement extensions, light weight aggregates, etc.),

environmental rehabilitation (e.g. as a mine soil ameliorant), waste management

(e.g. in toxic element immobilization) and in geopolymers (as functional fillers) [3].

Nevertheless, taking all these applications into account, only 5% of the fly ash waste

produced annually in South Africa is recycled, while the rest is stockpiled in open

landfill or slurried to ash dams [4].

Stockpiled fly ash is a concern because it contains various toxic heavy metals that

may leach and thus pose a threat to the environment. Heavy metals and metalloid

such as Cr, Hg and As are amongst the toxic metals entrained from coal to ash and
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have been reported to contaminate soil, water, and food chains [5]. These envi-

ronmental concerns translate into a health issue, because humans ingest fish which

contain bioaccumulated concentrations of toxic heavy metals (eg. Hg) from con-

taminated rivers [6]. Likewise air quality can also be compromised because of the

method used in the disposal of fly ash [7]. Consequently more avenues are being

sought for the commercial utilization of fly ash.

Fly ash is composed mainly of minerals such as quartz and aluminosilicates, which

are highly stable. However, trace amounts of transition metal elements found in fly

ash (eg. Fe, Co, Ni and Cu) have been reported to be able dissolve carbon and form

metal carbides. Hence fly ash has the potential to be used in heterogeneous catalysis

[8].

Today, heterogeneous catalysis is at the forefront in the synthesis of chemicals and

nanomaterials, where exciting innovative findings are being reported [9, 10]. Various

methods described in detail in Chapter 2, such as chemical vapour deposition (CVD),

laser ablation and arc-discharge are amongst the most prominently used methods in

the synthesis of carbon nanomaterials (CNMs) [11, 12]. The CVD method is a single

step process that employs a catalyst (eg. fly ash) to synthesise carbon nanomaterials,

CNMs, where a gaseous carbon source is catalytically decomposed to elemental car-

bon at moderate temperatures. This type of synthetic method can be affected by: the

type, support, size, shape of catalyst, as well as the carbon source. All these factors

can contribute and have an effect on the quality of CNMs [13, 14]. The CVD method

was therefore employed in the current study to synthesize carbon nanofibres (CNFs).
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As further discussed in Chapter 4, the properties of fly ash, such as: particle size and

shape have also attracted attention in catalysis, in particular for the CVD synthesis

of CNMs. However, the physicochemical properties of fly ash vary with the compo-

sition of the coal and combustion conditions. Thus different fly ashes are likely to

have varying catalytic activities in the CVD synthesis of CNMs [15]. [16].

To date there has been no attempt to investigate the relationship between the com-

position of South African coal fly ash and the synthesis of CNMs . Therefore, there

is a need to study the chemical composition of this waste material and the effects

thereof on CNM synthesis. In this study, fly ash catalysts obtained from Eskom’s

Research and Innovation Centre in Rosherville were investigated. These had been

collected from Duvha coal-fired power generators. Treated (leached) and untreated

Duvha fly ash samples were employed as potential catalysts in the CVD synthesis

of CNMs, using acetylene as the carbon source.

1.2 Aims and objectives

The aims and objective of this study were to:

• Investigate some of the physical and chemical properties of Duvha fly ash as

a potential catalyst in CNM synthesis.

• Understand of the role of support/catalyst interaction on the morphology of

synthesized carbon nanomaterials.
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• Establish reliable leaching methods for Duvha fly ash and refine these by at-

taining optimal conditions for selective removal of fly ash constituents through

variation of parameters such as: pH, concentration, time, liquid to solid ratio

and temperature.

• Quantify Duvha fly ash constituents pre and post selective leaching studies

utilizing the following characterization techniques: ICP-OES and XRF for

quantitative analysis and PXRD, BET, TGA and TEM for qualitative analysis.

• Study optimal CNM synthesis conditions using Duvha fly ash as a catalyst for

CNM synthesis in the CVD method by varying: temperature, catalyst mass,

and the catalyst type (untreated and treated fly ash).

1.3 Motivation

There is an annual increase of fly ash waste disposal on landfills in South Africa.

This unnecessarily occupies land and pollutes the South African environment [4].

Hence there is a dire need to find new applications which may be useful in the re-

moval of this toxic material. This study has therefore been conducted to establish if,

in principle, South African waste (in particular Duvha) fly ash (untreated or treated)

can be used for synthesis of CNMs. This being for two purposes:

• The removal of this waste material,

• The synthesis of a potentially beneficial product for other applications (eg.

polymer additives).
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1.4 The structure of this dissertation

This study is subdivided into the chapters listed below:

Chapter 2: Literature review

Characteristic properties of fly ash

Selectivity studies (leaching Methods)

Synthesis of carbon nanomaterials (e.g. nanofibres)

Chapter 3: Methodology

Outlines experimental methods utilized: Results and discussion

Subdivided into three chapters, and reported results aimed at

addressing research questions

Chapter 4: Characteristics of untreated fly ash

Chapter 5: Selective studies on untreated fly ash

Chapter 6: Effect of Duvha fly ash composition on the synthesis of CNFs

Chapter 7: General conclusion

5



Chapter 2

Literature review

2.1 Coal and its formation

Coal formation is dated back to the Carboniferous period [17]. Here, various plants

in swampy areas are thought to have died, fallen into shallow water and decayed

[17]. Thereafter it has been shown that new plants grew over the decaying vegetation

in time and started piling up over each other. The pressure coming from the materials

on top is thought to have firmly held the material below together and thus turned

vegetation into a spongy mass called peat [17]. The process is thought to then have

continuously occurred until water was totally squeezed out to complete the drying

process to form coal. After peat accumulation took place, it is believed that the coal

increased in maturity (or rank) in a manner that was dependent on the conditions

of: time, temperature and pressure as a result of burial or proximity to heat. The

peat then progressed through to: lignite (brown coal), bituminous, semi-anthracite,

anthracite and finally to graphite [17, 18].

6



2.1.1 South African coals

Southern African coals and those from the Southern hemisphere (Gondwana province,

including India, Australia and South America) have been found to be characteristi-

cally rich in minerals and highly variable in maturity and organic matter content

as compared to the Northern hemisphere coals (Laurasian region, including Europe

and North America). These differences have been attributed to conditions reigning

at the time the coal was formed and the subsequent history of geological events in

each region [19].

2.1.2 Rank of South African coals

In the Northern hemisphere, increases in coal rank are relatively consistent on a re-

gional basis owing to the rapid subsidence, deep burial of the coal-bearing strata and

the effects of elevated geothermal temperatures at depths for considerable lengths of

geological time. The majority of coals from Europe and North-America range from

mid to low bituminous and even anthracite. In the Southern hemisphere, however,

the coal bearing strata have remained at generally shallow depths, but they have

been subjected to frequent intrusions of hot volcanic lavas in vertical and horizontal

streams through the strata. This has resulted into highly uneven increases in matu-

ration (rank) within localized areas due to the varying sizes and types of intrusions.

And thus, most of the Southern African and other Gondwanaland coals generally

range from sub-bituminous to mid-bituminous ranks. However, in some cases the

heating effects due to lavas have contributed to the formation of anthracites, burnt

coals or just moderately heat-affected bituminous coals [20].
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Within South Africa, there are also regional differences in maturity. For example,

the main Karoo Basin which covers two thirds of South Africa and hosts the fluvio-

deltaic sediments and coal deposits of the extensive Ecca group, was once open to

the sea [21]. Parts of its shoreline differed from others in terms of stability, con-

figuration, and nature of the hinterland. This has given rise to different geometrical

developments of the seams, environments of accumulation, suites of minerals and

trace elements. The Springbok Flats, Waterberg and other small basins in the north-

ern Transvaal, on the other hand, were shallow, fault-bound fresh-water basins with

relatively similar geological histories [21]. Their restricted environment of accu-

mulation permitted relatively consistent qualities for each specific period of coal-

forming times. As a result of these regional differences, a considerable diversity

of coal types (organic composition), grades (mineral matter composition) and ranks

(maturities) are found within the coal measures in Southern Africa [21]. These dif-

ferences can be of considerable qualitative, quantitative, technological and economic

significance. The coals of Carboniferous age in the Northern hemisphere are much

less diverse.

2.1.3 Organic and inorganic minerals in South African coals

Coal consists of both organic and inorganic minerals. Optical studies report a subtle

homogeneous organic material in coal called Maceral (derived from the Latin word

macerare, which means to separate). The macerals may be classified as reactive

(those that ignite and combust easily) or unreactive (those that require more heat

and oxygen to ignite and take longer to burn out). The reactive macerals include
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vitrinite (glass-like material that is made up of plant material such as roots, bark,

plant stems and tree trunks) and exinite (organic material that is found in coal and

that is made up of spores, spore debris and cuticular matter), while the unreactive

macerals include inertinite (charcoal and decayed plant materials) [17]. However,

recent studies on coals especially from the Southern hemisphere have indicated that

certain constituents within the inertinite group are semi-reactive. In this respect, the

total reactive materials in the South African coal include the vitrinite, exinite and

part of the inertinite. By comparison, the Northern hemisphere coal possess a very

high proportion of vitrinite content (close to 80%); those of the Southern hemisphere

are characterized by higher content of inertinite (about 40%), with variable exinite

proportions (2-10%). The total reactive macerals in Southern African coals, when

the semi-reactive forms are included, can be almost as high as those of the Northern

hemisphere [20].

Inorganic minerals in coal can also be subdivided into groups according to their

weight percentage abundance: majority (> 90%), minority (between 1-2%) and

trace (< 1%). The mineral constituents in coal are as follows: the majority are

silicates such as clay minerals (kaolinite, illite, chlorite, quartz and a mixed layer

of randomly inter-stratified illitic and chloritic lattices); the minority are carbonates

(calcite, dolomite, ankerite, and siderite), disulfides (pyrite and marcasite), sulfates

(coquimbite, szmolnokite, gypsum, bassanite, anhydrite, and jarosite), feldspars

(plagioclase and orthoclase) and sulfides (galena, pyrrhotite); finally, trace miner-

als in coal are made up of a variety of elements (Sc, V, Cr, Co, Ni, Cu, Zn, Ga,
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Rb, Sr, Y, Zr, Y, Zr, Nb, Mo, Ba, Pb and Th). The dominance of a particular min-

eral group is influenced by the environmental conditions under which the coal was

formed [17].

2.1.4 Coal combustion for electricity generation in South Africa

Coal can be used as a fuel because it is a combustible inorganic material rich in

carbon. At elevated temperatures the organic minerals are completely oxidized, and

evolve heat while disposing of their non-combustible inorganic components as ash

[17, 18]. However, at these temperatures the inorganic minerals present in coal be-

come thermally altered, partially volatilized and sometimes melt.

Based on the report compiled by Glazer and co-workers (see Table 2.1), South

Africa, relative to other countries, is dependent on coal to generate the majority

of its electricity [22].

Table 2.1: Estimated percentages of coal dependance by various countries [22].

Country Coal dependence (%)
South Africa 93
Poland 92
PR China 79
Australia 77
Kazakhstan 70
India 69
Israel 63
Czech Republic 60
Greece 52
Morocco 55
USA 49
Germany 46
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According to the present literature on the approximate data collected for a period of

10 years, the worldwide utilization of coal has increased by 50% [3]. As a result,

large quantities of fly ash are being produced in electricity generating power plants

throughout the world. In fact, almost 90% of the ash produced in the electricity gen-

eration process is fly ash, with an estimated quantity of around 750 million tonnes

of it being produced worldwide on an annual basis [23, 3].

2.2 Coal fly ash

2.2.1 Formation and disposal of coal fly ash

As previously indicated, coal fly ash is the solid waste residue produced from coal

combustion. Efficient disposal of coal fly ash is a worldwide issue because of the

huge amount that is being produced, as well as its harmful effects on the environ-

ment. Current practice of fly ash disposal is to dump it into the sea or in open

landfills [22].

In South Africa and other parts of the world, fly ash is considered an environmental

hazard, because it tends to accumulate toxic elements (such as heavy metals) during

its production [24, 25, 26]. However, some of these heavy metals are likely to leach

upon disposal [25, 27]. For instance, elements that occur as anions (e.g. Cl−, SO4
2−,

CO2−, NO3
− and F−), oxy-anions of Se, As, Mo, B and Cr or cations (Al, Fe, Na,

K, Ca, Sr, Ba, Zn, Cu, Cd, and Mg) have been reported to have a higher possibility

of being leached from waste ash heaps, by the waste water that originates from

the ash slurry or by subsequent infiltration by rain upon disposal [28, 29, 30, 31].
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Similarly, a number of unburned organic compounds are able to migrate from fly ash

deposits into groundwater or nearby surface water [29, 31]. In addition, the airborne

particulates from fly ash can also affect human health through direct inhalation [22].

Thus in recent years, there has been an increasing interest in the bulk utilization of

fly ash [22].

2.2.2 Chemical properties of fly ash

The elemental composition of fly ash is comprised of inorganic (90 - 99%), organic

(1 - 9%) and fluid (< 0.5%) components [17]. Bulk components of fly ash are

non-crystalline or amorphous and they constitute between (34-80%) of the material,

whilst between (17-63%) of the material is crystalline [3]. Bulk chemical compo-

nents and quantities of these materials are characteristic of the region, type of coal

combusted and the method of combustion used in power plant boilers [3]. Phase

constituents identified in the Southern African region have been estimated to occur

within the stipulated abundance as indicated in Table 2.2 [32].

Table 2.2: Estimated chemical quantification of fly ash in wt%, LOI indicated loss-on-
ignition [32, 3]

SA Europe China Australia India US
SiO2 44.1 - 47.5 28.5 - 59.7 35.6 - 57.2 48.8 - 66.0 50.2 - 59.7 37.8 - 58.5
Al2O3 31.4 - 34.0 12.5 - 35.6 18.8 - 55.0 17.0 - 27.8 14.0 - 32.4 19.1 - 28.6
Fe2O3 1.53 - 4.3 2.6 - 21.2 2.3 - 19.3 1.1 - 13.9 2.7 - 14.4 6.8 - 25.5
TiO2 1.41 - 1.67 0.5 - 2.6 0.2 - 0.7 1.3 - 3.7 1.0 - 2.7 1.1 - 1.6
CaO 8.1 - 10.3 0.5 - 28.9 1.1 - 7.0 2.9 - 5.3 0.6 - 2.6 1.4 - 22.4
MgO 1.98 - 2.37 0.6 - 3.8 0.7 - 4.8 0.3 - 2.0 0.1 - 2.1 0.7 - 4.8
Na2O 0.15 - 0.26 0.1 - 1.9 0.6 - 1.3 0.2 - 1.3 0.5 - 1.2 0.3 - 1.8
K2O 0.46 - 0.62 0.4 - 4 0.8 - 0.9 1.1 - 2.9 0.8 - 4.7 0.9 - 2.6
P2O5 No data 0.1 - 1.7 1.1 - 1.5 0.2 - 3.9 0.1 - 0.6 0.1 - 0.3
MnO No data 0.03 - 0.2 nd nd 0.5 - 1.4 nd
SO3 No data 0.1 - 12.7 1.0 - 2.9 0.1 - 0.6 nd 0.1 - 2.1
LOI No data 0.8 - 32.8 nd nd 0.5 - 5.0 0.2 - 11.0
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The presence of porous carbon particles in fly ash as shown in Figure 2.1 has also

been reported, indicating that regardless of the high temperatures reached in power

plant boilers, not all the carbon therein was combusted [3, 15].

Figure 2.1: Scanning electron microscope (SEM) micrograph of carbon in fly ash [3]

Only 5% of waste fly ash in the South African region is recycled [33]. In other

regions such as the Europe and US, fly ash has been beneficiated up to an average

of 45% [3, 22]. Fly ash is mostly recycled for use in the construction industry (ce-

ment/blended raw material, concrete additive, bricks and ceramics and geotechnical

work) because of its cementatious and pozzolanic (cement enhancing) properties [3].

Geotechnical usage of fly ash includes applications such as grouting, asphalt filling,

general engineering as well as structural-filling and soil amendment [34]. Similarly,

the potential utilization of fly ash in a multicomponent system is demonstrated in

Figure 2.2 [3].
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Figure 2.2: Flow chart of a multicomponent fly ash plant [3]

The American Society for Testing and Materials (ASTM) follows the ASTM C618

specification to categorize various classes of fly ash, based upon the CaO content

in the material. The cementatious class, also known as Class C fly ash, is produced

from burning the younger lignite or sub-bituminous coal type that generally con-

tains CaO that is higher than 8 wt%. However, the pozzolanic (Class F) fly ash is

produced from the burning of harder, older anthracite and bituminous coal that is

generally lower than 8 wt% in CaO [35, 36, 37].

The main mineralogical phases of fly ash have been determined by PXRD to be:

mullite, quartz, magnetite, haematite, and anhydrite (Table 2.3) [38]. The mullite

is believed to be due to decomposition of kaolinite from coal [39]. Approximately

39% of the magnetic properties in fly ash may be due to spinels containing mostly

Fe, Cr, and Ni [40].
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Table 2.3: General mineral compositions of fly ash determined by XRD [38]

Minerals Chemical Formula
Quartz SiO2

Glass SiO4

Mullite 3Al22O3-SiO2

Sillimanite Al6Al42OSiO4

Haematite Fe2O3

Magnetite Fe3O4

Anhydrite CaSO4

Plagioclase (Na, Ca) (Si, Al)4O8

Gehlenite Ca2(AlSi)O2

Calcite CaCO3

Anorthite CaAl2Si2O8

Lime CaO
Bassanite 2CaSO4.(H2O)
Gypsum CaSO4.2(H2O)
Amorphous Al-Fe silicates (Ce, La, Th)(Ti, Nb)(Al, Fe)(Si, P)2O7(OH)243(H2O)
Melilite (Ca, Na)2(Al, Mg, Fe) (Si,Al)2O7

Merwinite Ca3Mg(SiO4)2
Enstatite Mg22Si2O6

Sodalite Na8Al6Si6O24Cl2
Illite (K, H3O)(Al, Mg, Fe)2(Si, Al)4O10[(OH)2, (H2O)]
Kaolinite Al2Si2O5(OH)4
Unburned coal

2.2.3 Physical properties of fly ash: Particle size

Fly ash is mainly composed of silt-sized, spherically shaped amorphous ferro-aluminosilicate

minerals and is generally characterized by low permeability, low bulk density,as well

as high specific surface area [41]. Atomic microscopy studies have indicated that the

heterogeneous nature of fly ash is not only associated with the occurrence of multi-

ple elements, but also through their chemical association within the fly ash matrix.

For instance, a compound (such as FeO) can occur in various oxidation states (2+,

3+) depending on its chemical interaction within the fly ash matrix [42].
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Figure 2.3: Scanning Electron Microscope (SEM) micrograph of fly ash [38]

The microscopic shape of typical fine fly ash has been found to consist of dense

regular and irregular shaped spheroidal particles (ceno-, plero-, derma-, and ferro-

spheres) ranging in size from 0.5 µm to 100 µm as shown in Figure 2.3 [43].

Figure 2.4 (a) illustrates the dominating spherical morphology within a fly ash sam-

ple, which can consist of various particle sizes. Plerospheres in Figure 2.4 (b) are

seen to be large hollow particles (see arrow) that contain insertions of minor parti-

cles. Cenospheres as shown by Figure 2.4 (c) are hollow spheres that lack insertions,

while ferrospheres are spheroidal particles, which have ferromagnetic properties be-

cause they are rich in Fe (Figure 2.4 (d)) [44].

Morphological properties of fly ash depend on the conditions applied to the molten

inorganic particles as they are forced up the furnace or smoke stack against gravity.

These molten inorganic particles then cool down rapidly, while maintaining their
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Figure 2.4: SEM micrographs illustrating: (a) The spherical morphology and variable parti-
cle sizes of these within a fly ash sample (b) Plerospheres, (c) Cenospheres, (d) Ferrospheres
[44]

equilibrium shape [42]. For instance, the probability of the occurrence of ceno-

spheres increases with ash content in coal and decreases with the increase in con-

centration of Fe2O3 [45].

The glassy, amorphous structure of fly ash can be attributed to the incombustible

inorganic matter present in coal. Therefore, the nature and composition of fly ash

particles vary considerably. In Figure 2.5, the assumption made by Dudas is that fly

ash consists mainly of aluminosilicate glassy particles (solid sphere). Furthermore,

that trace element oxides are condensed on the exterior surface of the microns thick

particle and that these, as well as chlorides and oxychlorides, also found on the outer

surface of the glass matrix, are responsible for its reactivity.
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Figure 2.5: Cross-sectional view of a solid and hollow fly ash particle [44]

Trace metals are also distributed throughout the spherical fly ash particles due to

condensation reactions which occur during combustion. Elements such as As, B,

Ca, Cr, Mg, and Sr are predominantly partitioned onto their exterior glass surfaces.

While Al, Si, K, Pb and other trace elements are distributed throughout these par-

ticles, cohering to the fly ash glass matrices [46]. As noted in Figure 2.5, fly ash

consists of hollow and solid spheres. Both of these spheres contain vesicles, while

channels are only found in hollow spheres. Hollow spheres have been found to be

concentrated with mullite and trace compositions of aluminosilicates [44]. On the

other hand, the interior glass matrix of solid spheres is composed of aluminosilicates

18



which, as previously stated, have different concentrations of metal oxides such as:

Ca, K, Na, Fe and Ti [44].

2.2.4 Conventional applications of fly ash

The most predominant application of fly ash is in the cement industry. Minerals

in fly ash have advantageous properties such as: imparting increased strength to

concrete, positively changing the setting time and decreasing water consumption.

Fly ash is also used in soil beneficiation, as functional filler minerals, as adsorbents

for inorganic and organic wastes and in insulating as well as ceramic materials [47,

48, 36, 38].

2.2.5 Application of fly ash in heterogeneous catalysis

In heterogeneous catalysis, supported catalysts are widely used where their be-

haviour depends on the interaction between the support and the active component.

Metal oxides such as SiO2, Al2O3, TiO2 and MgO are some of the most widely used

catalyst supports [49]. On the other hand, numerous transition metal oxides can

be used as the active component. Fortunately the major components of fly ash are

SiO2 and Al2O3. Since these oxides are formed at very high temperatures they are

thermally stable, which suggests that fly ash can act as a good catalyst support. In

addition, as previously indicated, fly ash contains minor components of other metal

oxides such as: Fe2O3, TiO2, CaO, MgO, K2O and Na2O which could be used as ef-

fective catalyst components. Therefore, fly ash could be employed both as a catalyst

and catalyst support for many catalytic reactions.
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A number of processes have been reported where fly ash has been used as a sup-

port to produce effective heterogeneous catalysts, for example: H2 production from

methane reforming, catalytic reduction of NOx and SOx in waste gas cleaning [50,

51], methane oxidation [52] and petroleum hydrocracking [53]. Furthermore, sev-

eral investigations have reported the use of fly ash as a catalyst for a number of

processes including: catalytic oxidation of volatile organic compounds, liquid phase

hydrocarbon cracking and alkylation as well as aqueous oxidation [54, 55, 56, 57].

2.3 Methods for synthesis of carbon nanomaterials

(CNMs)

The element carbon exists in everything from the simplest substance such as crude

oil to the most complex structure such as deoxyribonucleic acid (DNA). Carbon is

in the fourth group of the periodic table with electronic structure of 1s22s22p2 and

has the ability to form allotropes [58]. Since carbon exists in different hybridization

states (sp1, sp2, and sp3), allotropes can occur through the formation of sigma and/or

pi-bonds. Some examples of carbon allotropes include: diamond, graphite, and car-

bon nanomaterials (CNMs) [58].

Examples of CNMs include carbon nanotubes (CNTs), carbon nanofibres (CNFs),

and carbon nanospheres (Figure 2.6) [14]. CNMs research has become a very ex-

citing field due to their extraordinary properties which include: their strength i.e.

they are stronger than steel and harder than diamond, their electrical conductivity is

higher than that of copper, their thermal conductivity is higher than that of diamond
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and many others [59, 60, 61]. As a result, thousands of publications and patents have

been reported on potential applications of CNTs in entertainment, communication,

transport, health, environment and other fields [59, 60, 62, 61].

Figure 2.6: Various carbon nanomaterials (CNMs) (a) Camphor (tree-like) (b) Helical fibres
(c) Spheres (d) Tubes/fibres (e) Aligned CNTs (f) A bamboo-like CNF [14]

Different CNMs possess unique structures, for example: CNTs are reported to be

like graphene sheets that are rolled up along their particular axis to result in either

single-walled nanotubes (SWCNTs) with typical tube diameter of 1-2 nm, or multi-

walled nanotubes (MWCNTs) with tube sizes from 10 to above 100 nm depending

on the number of sheets rolled (Figure 2.7) [63].

Figure 2.7: Structures of carbon nanotubes can contain single (SWCNTs) or multiple walls
(MWCNTs) [64].
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2.3.1 Classes of carbon nanofibres (CNFs)

On the other hand, CNFs are graphene sheets that stack upon each other to yield

plate-like, herring bone or tubular structures as illustrated in Figure 2.8.

Figure 2.8: Schematic diagrams of various carbon nanofibre structures: (a) Platelet (b)
Platellet (spiral) (c) Stacked cup (d) Fishbone hollow core (e) Fishbone solid (f) Ribbon [63]

There are two different kinds of platelet CNFs: normal platellet in Figure 2.8 (a)

and the coiled platellet shown in Figure 2.8 (b). The fibril of a normal platelet is

approximately 100 nm wide and is constructed from small graphene layers that are

projected perpendicularly to the axis of the fiber. Generally fibres consist of carbon

plates that contain hydrogen or any heteroatom for stabilization purposes. The solid

grey area on CNF structures in the diagram, is the metal catalyst and depending on
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its shape can result in a fibre having two directed ends. Stacked cup CNFs in Fig-

ure 2.8 (c) are layers of rolled graphene sheets along the fiber axis, with a circular

cross-section. Contradictory results have been reported. Some studies have reported

a polygonal cross-section and straight graphene layers, whilst others have reported

that such fibres are a result of shortened cones [63]. Furthermore, two kinds of fish-

bone structures have been documented, that varied in their morphological properties

identified by: a hollow core (Figure 2.8 (d)) and a solid core (Figure 2.8 (e)). Sim-

ilarly, contradictory reports on the graphite layers of ribbon CNFs have appeared

in the literature, with claims that the graphite layers were either parallel or slightly

sloped towards the fibril axis [63]. In general, ribbon CNFs (Figure 2.8 (f)) are be-

lieved to be made up of graphene sheets that lie parallel to the fibril axis without a

cylindrical cross-section [63].

The structural variations of CNMs have lead to their numerous applications, includ-

ing hydrogen storage, electromagnetic absorbers, battery electrodes and multifunc-

tional building blocks for the fabrication of electrochemical devices [59, 60, 62, 61].

The nature of the CNM formed is also related to the type of hybridization of the

carbon atom. To further illustrate this statement; sp1 hybridization of carbon mostly

forms linear structures; sp3 hybridization of carbon results in diamond-like struc-

tures, whereas sp2 hybridization of carbon is most likely to contain C6 rings and

form CNMs such as: CNTs, CNFs, carbon spheres (CSs), and fullerenes. Twisted

and curved surface structures such as helices (Figure 2.6) result in buds, horns, etc.
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which are due to defects in the carbon ring [65]. These defects can either be a sub-

stitution of C6 ring by C5, C7 and C8 rings or by the replacement of carbons atoms

within the graphene matrix by a heteroatom (e.g. N or B atoms), and even the re-

placement of a sp2 carbon atom with a sp3 hybridized carbon atom that results in the

rehybridization defect [14].

The most common methods for CNM synthesis are arc-discharge, laser-ablation,

and catalytic chemical vapour deposition (CCVD). These methods will be briefly

discussed in the proceeding section.

2.3.2 The arc-discharge method

The arc-discharge method, synthesizes nanotubes by using a fairly low voltage power

supply of 20 to 30 V, to strike an electrical arc between two graphite rods (Figure

2.9).

Figure 2.9: Schematic diagram of arc-discharge [66]

The rods are set up in a noble gas-flushed reaction chamber, at a constant pressure
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of (200 - 500) Torr [67, 68]. The graphite electrodes are moved close to each other

until a plasma is produced, usually at a distance of approximately 1 mm or less.

CNTs form in the arc and collect on the anode, along with a host of other carbon

byproducts. The CNTs that are produced by this means, in the absence of a catalyst,

are typically multi-walled.

2.3.3 The laser ablation method

A schematic view of the laser ablation method is shown in Figure 2.10.

Figure 2.10: Schematic diagram of laser ablation [69]

In this method, a high powered pulsed laser vaporizes a metal-graphite composite in

a reactor which is at high temperature. The beam scans the target surface to ensure

uniform vaporization. The reactor is kept under vacuum and is filled with argon to

sweep the carbon soot, produced by laser vaporization from the high temperature

zone, to the water cooled collector. After the first vaporization pulse, the target is hit

by a second pulse for more uniform vaporization as well as to minimize the amount

of carbon deposited as soot. CNMs from the graphite target are then cooled and

condensed on the collector.
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2.3.4 Chemical vapour deposition method

An illustration of the chemical vapour deposition (CVD) method is shown in Figure

2.11, it involves the thermal decomposition of a hydrocarbon in the presence of a

metal catalyst.

Figure 2.11: Illustrates a schematic diagram of the experimental setup for the growth of
CNMs by the CVD method [70]

In this procedure a hydrocarbon vapour is passed through a furnace for an interval

between 15 - 60 minutes. The catalyst is placed on a quartz boat, inside a quartz

tube at the hottest region in the furnace, which could be between (600 - 1200◦C),

depending on the experimental set up. At elevated temperatures, the hydrocarbon is

decomposed into hydrogen and carbon. The hydrogen is released through the outlet

of the tube, while carbon dissolves in catalyst particles, reducing the metal oxide

to metal as the CNMs form. CNTs grow on the catalyst in the reactor, which are

collected upon cooling the system to room temperature. Depending on the struc-

ture and type of CNM synthesized, the growth stage occurs several minutes after

the introduction of the hydrocarbon, as metal carbides start to decompose to form
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a metal and solid carbon. Amorphous carbon growth, that is initiated in the first

three minutes, has been postulated to be a result of hydrocarbon self-pyrolysis [12].

Growth of CNMs can also be achieved through the floating catalyst method, which

is an in-situ process that occurs during the pyrolysis of catalyst vapour [12].

2.3.5 Advantages of the CVD method

Compared to the arc-discharge and laser-ablation methods, CVD has several advan-

tages, including its simplicity as well as its economical approach to synthesizing

CNMs at low temperatures and ambient pressures. CVD synthesis of CNMs also

gives higher yields and purities as compared to the arc-discharge and laser-ablation

methods [71]. CVD is also versatile as it utilizes hydrocarbons in any phase (solid,

liquid, or gas) and enables the use of various substrates. Likewise, CVD allows

control over the morphology and structure of the CNMs produced [71]. CVD also

allows the growth of CNMs in a variety of forms such as: powder, thin or thick

films, aligned or entangled, straight or coiled nanotubes, or a desired architecture of

nanotubes on predefined sites of a patterned substrate [71, 72, 73].

It is for this reason that the CVD method was chosen for the synthesis of CNMs

in this study. A number of studies have reported CVD production of CNMs from

expensive and/or non-recyclable catalyst supports such as mesoporous silica and alu-

mina [71]. However, in the current study, Duvha fly ash obtained from ESKOM’s

research and innovation Centre in Rosherville, was used both as a catalyst and sup-

port to produce CNMs by the CVD method.
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2.3.6 Physical and chemical properties that affect CNMs in the

CVD method

Factors which influence the synthesis of CNMs can be categorized as both chemi-

cal and physical. Chemical factors that affect CNMs synthesis include the precursor,

catalyst and support. On the other hand, physical factors include temperature, vapour

pressure/pressure and the flow rate of the gases. Effects of the precursor, catalyst and

support have been discussed in the previous subsections. Thus, this section focuses

on the temperature and the vapour pressure.

Increased temperatures are necessary to speed up the rate at which hydrocarbon

molecules decompose and also the rate at which carbon diffuses into the metal cata-

lyst particles. In general, lower temperatures (600 - 900◦C) are used to obtain multi-

walled carbon nanotubes (MWCNTs) and higher temperatures (900 - 1200◦C) are

used to obtain single-walled carbon nanotubes (SWCNTs).

For controlled growth of CNTs by CVD, the vapor pressure/pressure of the hydro-

carbon in the reaction zone is another very important parameter. For gaseous hydro-

carbons, the desired pressure in the CVD reactor can be maintained by producing a

limited gas-flow rate and by controlling the suction within the chamber with a rotary

pump [74]. In the case of a liquid hydrocarbon, its vapor pressure is controlled by

the heating temperature before it enters the reactor [75]. However, for a solid hydro-

carbon, it is quite tricky to control its vapor pressure. Nevertheless under optimum

reaction conditions for CNMs synthesis good results can be obtained. For example,
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pure SWCNTs (free from MWCNTs) have been selectively obtained from CVD of

camphor at low pressures (10 - 40 Torr) where the camphor vapor pressure was quite

in tune with the low metal concentration [76].

Carbon precursors in the CVD method

Hydrocarbons are the most commonly used precursors in CVD synthesis of CNMs.

The precursors can be found in either solid, liquid or gaseous phase. However, the

gaseous phase is mostly preferred to facilitate the formation of CNMs. In instances

where the precursor is in a liquid phase (e.g. benzene, alcohol, e.t.c.), this is first

converted into the gaseous phase by heating and then purged into the reaction vessel

by means of a carrier gas. When a volatile solid (camphor, ferrocene, naphthalene,

etc.) is used for the growth of CNMs, it can be placed in the low-temperature zone

of the quartz tube, where it will directly decompose from solid to vapour due to its

volatile nature.

The utilization of different carbon precursors such as CH4, C2H2, C2H4, CO, ben-

zene and toluene over catalysts (Fe, Co, Ni) under temperatures ranges (400 - 1000◦C)

in the CVD synthesis of CNMs has been investigated [14, 77, 78]. Results show that

the molecular structure of a precursor can have an adverse effect on the morphology

of CNMs. For example, linear hydrocarbons (e.g. methane, ethylene, and acety-

lene) can produce straight hollow CNMs. On the other hand, cyclic hydrocarbons

(e.g. benzene, xylene and cyclohexane) can produce CNMs with tube bridges inside

and with walls which are curved [12].
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Catalysts employed in the CVD method

The properties of catalysts are typically determined by factors such as the: composi-

tion, morphology, preparation method and support. Transition metals have differing

activities for the decomposition of various unsaturated compounds. However, Fe has

been reported to have the highest activity in this regard [79]. The ability of a tran-

sition metal to decompose a hydrocarbon is associated with its electronic structure.

For instance, those metals which enable the overlapping of their empty 3d metal

orbitals with carbon orbitals tend to favour such dissociation processes. Transition

metals (e.g. Fe, Co, and Ni) have been reported to catalyse CNT formation depend-

ing on the experimental conditions such as: the concentration of the catalyst and the

type of transition metal/s, etc. A catalyst made up of a combination of more than

one transition metal has been reported to improve its performance for the synthesis

of CNTs. Instances where co-catalysts such as Co-Mo and Fe-Mo are used to syn-

thesize SWCNTs assists in illustrating the effect of the catalyst composition on the

CNMs synthesized [80]. Adding other components in the mixture of co-catalysts

yields better results in terms of type and quality of carbon nanomaterial produced

and the catalytic activity [80].

The most commonly used catalysts are Fe, Co and Ni due to the high solubility of

carbon and high diffusion rates of carbon in these metals at elevated temperatures.

Carbon solubility is very important when synthesizing CNMs, since carbon diffuses

through the metal catalyst during the growth process. Carbon nanomaterial growth

occurs when a hydrocarbon bonds to a metal catalyst surface forming an adsorbate.
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The metal catalyst then plays a role in the dissociation of the hydrocarbon and facil-

itates the initial growth of CNMs. Metal catalysts such as Cu, Pt, Pd, Mn, Mo, Cr,

Sn, Au, Mg, and Al have also been used in the synthesis of SWCNTs [81].

The size of a catalyst particle also plays an important role in determining the diam-

eter of CNMs that are formed [82, 83]. Nanometer-sized catalysts are preferable

because they permit hydrocarbon decomposition at lower temperatures. The size

of the metal catalyst can also predict the structure of the CNM material that would

result from the reaction. For instance if a small metal catalyst is used, single or

double-walled carbon nanotubes can be formed, whereas in instances where large

metal catalyst particles were used a number of double- and thin multi-walled CNTs

resulted [84]. Further examples of the contribution of size playing a major role in

the synthesis of CNTs/CNFs include noble transition metals (e.g. Au, Ag, Pt, Pd,

etc.) which dissolve carbon efficiently for CNT growth despite their low solubility

for carbon, provided their particle size is less than 5 nm [85]. Since bulk-sized cat-

alysts are not able to catalyze the decomposed hydrocarbons, particular preparation

methods to disperse the catalyst must be adhered to [86].

Catalyst and support interaction in CVD

In the synthesis of CNTs, chemical interaction between the metal and the surface

of the support assists in enabling the size distribution of the catalyst particle. Most

frequently used supports during CVD synthesis include: aluminium oxide (Al2O3)

and silicon dioxide (SiO2) [87]. Both these supports have distinguishable character-

istics: For instance, Al2O3 is crystalline and anisotropic, while SiO2 is amorphous
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and forms an isotropic support [87]. Since growth pattern of CNMs is dictated by the

interaction between a metal catalyst and its support, the same catalyst often works

differently on different support materials. Alumina materials are reported to be a

better catalyst support than silica owing to the strong metal-support interaction in

the former, which allows high metal dispersion and thus a high density of catalytic

sites [87]. Such interactions prevent metal species from aggregating and forming

unwanted large clusters that lead to graphite particles or defective MWCNTs [87].

The qualities of a good support include: high surface area and porosity, as well

as thermal and chemical stability over the applied experimental conditions. For

instance zeolite supports, with catalysts in their nanopores, have resulted in signifi-

cantly higher yields of CNTs with a narrow diameter distribution [76, 77].

CNM growth mechanism in CVD

Several contradictory growth models for carbon nanotubes have been postulated.

Generally the most accepted of these models (i.e. vapour, liquid, solid (VLS) mech-

anism) suggests that when a hydrocarbon vapour comes in contact with a molten

metal catalyst particle, it decomposes into carbon and hydrogen species [88, 89].

Hydrogen is then emitted through the outlet of the reactor tube and the carbon dis-

solves into the metal catalyst, until the carbon-solubility limit at that particular tem-

perature is reached. Thereafter it is believed that carbon precipitates and crystallizes

in the form of a cylindrical network, that is energetically stable and has no dangling

bonds [89]. The growth of CNMs is therefore thought to be facilitated by the thermal

gradient inside the metal particle, through the exothermic process occurring during
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hydrocarbon decomposition and the endothermic process during carbon crystalliza-

tion [90].

Figure 2.12: Widely accepted growth types of CNTs [14] (a) Tip growth (b) Root/Base
growth

According to the VLS model the growth of CNMs can be classified into two types. In

the first, a tip-growth type (Figure 2.12 (a)), hydrocarbons decompose on top of the

metal surface and diffuse to the bottom of metal. Due to weak interactions between

the metal catalyst and the substrate, the metal is pushed off from the bottom of the

substrate and the process continues forming a tube, until the whole metal particle

is covered with carbon, which results in the termination of the process [88]. In the

second type (root or base-growth) (Figure 2.12 (b)), a strong interaction between the

metal catalyst and its substrate occurs. Here hydrogen decomposition and carbon

diffusion occurs in a similar manner as in tip-growth. However, CNMs fail to push

the metal particle up due to the strong interaction between the metal and substrate.

The carbon therefore precipitates from the top of the metal particle and diffuses

upwards as a hemispherical dome [90].
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2.4 Application of fly ash catalyst after selective leach-

ing

Fly ash waste material, collected from a South African power plant, contains heavy

metals which have proven to have detrimental effects to the environment when dis-

posed off in an open landfill [91]. Fly ash generated from coal is produced in large

amounts due to increasing electricity demands. Therefore more beneficiation of this

waste material needs to be implemented. Both the physical and chemical properties

of fly ash have attracted attention as a catalyst in the synthesis of carbon nanomate-

rials (CNMs) [92, 93].

2.5 Selective leaching methods

Although the increased utilization of fly ash is encouraged like in this study, concerns

on its usage have focused on the potential for the release of heavy metals from from

within it into the environment. In this respect, there have been numerous efforts

to study the conditions under which metals from fly ash are released, and hence

a number of leaching methods have been developed [94, 95]. The objectives of

employing leaching tests on wastes like fly ash include:

• Categorisation of these wastes for risk assessment

• Assessment of the potential of constituents from the solid waste matrix to

leach under particular environmental scenarios

• Imitation of the environmental conditions to analyze the leaching potential of

the waste
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• Quantification of the effectiveness of waste treatment and determination of the

rate at which waste material constituents are transported into the environment.

Leaching procedures may be classified as either static or dynamic extractions de-

pending on the number of times the leachant (aqueous solution) is added to the

leachee (solid waste sample) [95]. These extraction tests can then be further sub-

categorized into batch (i.e. the sample is leached with a stationary leachant) and

column leaching. A brief comparison of the two types of extraction procedures is

presented in Table 2.4 [95].

Table 2.4: A comparison of batch and column leaching test [95]

Parameters Batch Tests Column Test
Test term period Short (minutes to hours) Long (days to months)
Operation Easy to operate Difficult to operate due to

experimental setup
Cost Inexpensive Expensive
Liquid to solid ratio High Low
pH control pH controlled with chemicals Materials dictate their own

chemical environment.

Both leaching tests apply similar principles and provide comparable results, depend-

ing on the boundary conditions, which are assumed to vary depending on the leach-

ing method [96].

2.5.1 Column and batch leaching methods

In a column leaching test the solid waste (e.g. fly ash) is packed into a column or a

suitable vessel and the leachant (e.g. water) is passed through as the eluent. In such

cases, as the aqueous solution flows through the column packed with the sample

material, the constituents from the sample matrix are released, through either local

equilibrium or advection conditions. In the last decade column leaching techniques
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have gained interest due to their ability to simulate environmental conditions in the

laboratory. However, column leaching is time consuming due to the slow flow rate

of the eluent. Hence batch leaching techniques could be used as alternatives when

time is a constraint in the decision making process [97].

In a batch leaching procedure, the leachant (e.g. H2O, HCl, NaOH) is in constant

contact with the solid sample. As the leachate comes in contact with the leachee,

pseudo-equilibrium conditions are attained. Once equilibrium conditions are at-

tained, constituents released from the sample matrix depend on the geochemistry

of the sample and chemistry of the aqueous phase [98]. Due to the advantages of-

fered (time, ease of use, and cost), the batch leaching technique was chosen for the

current study.

2.5.2 Factors affecting the leaching of metals in solid wastes from

the batch leaching technique

Factors that affect the leaching behavior of a sample can be grouped as either phys-

ical or chemical [91]. Physical factors that have an influence on leaching can vary

from particle size, contact time, homogeneity, liquid-to-solid ratio, porosity, sorp-

tion partitioning, temperature, and etc. [98]. While chemical factors include pH,

redox, complexation, precipitation, and the common ion effect [91]. However, only

factors relevant to the current study will be discussed in further detail below.
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pH

pH is one of the most relevant factors that influences the efficiency of metal release

from solid wastes. Since metal ions in solution can be acidic or basic, their solubility

in aqueous solutions depends on the pH. For instance, certain metals like Pb and Zn

which have low solubility in neutral pH possess amphoteric behaviour and hence

their solubility can be greatly increased when the solution pH is either very acidic or

basic [99].

Particle size

The average particle size and internal pore structures in a solid material influence

surface area. Hence the larger the surface area per mass or volume, the higher the

dissolution at that surface [99]. In practice, when the particle sizes of solid materials

are reduced, such that the surface area exposed to leaching solution is higher, then

the probability of leaching contaminants from the sample matrix into the respective

solution increases [95].

Metal oxidation state

The oxidation state of a metal in waste fly ash can determine its solubility upon

contact with an aqueous solution. For instance, a change in the oxidation state of

a metal such as arsenic for 3+ to +5 has been shown to result in a decrease in its

solubility [95]. However, for chromium a charge from +3 to +6 has been shown to

result in an increase in its solubility, posing a danger to the environment due to its

mobility and toxicity [95].
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Liquid-to-solid (L:S) ratio

The liquid-to-solid (L:S) ratio is the amount of leachant in contact with the leachee

(L/kg), and varies depending on the type of leaching test performed. In batch tests

the L:S ratios typically range from (10 - 20), with lower ratios being used in column

tests. In batch tests, when the L:S ratios are low, the leachate concentrations are

generally high, but decrease as the L:S ratio increases due to dilution factors.

Contact time

Contact time is taken as the time when the leachant is in contact with the leachee. In

batch leaching tests the contact time is the duration of the test and determined when

equilibrium conditions for each contaminant is reached. In general, longer contact

times increase the degree to which metals are leached [95].

The experimental details, involved in conducting the current study, will now be elab-

orated on in the chapter which follows. These details will give an outline for the

method employed in collecting samples to the leaching conditions as well as the

techniques employed - CNM synthesis. A description of the characterization tech-

niques utilized in evaluating the fly ash material throughout the various stages will

also be briefly summarized.
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Chapter 3

Experimental Methods

Duvha fly ash, obtained from Eskom’s Research and innovation Centre in Rosherville-

South Africa, was characterized using various analytical techniques which are de-

scribed herein. Portions of this fly ash were sampled and leached in different condi-

tions to produce different treated ash samples. The treated (leached) and untreated

fly ash samples were then tested as catalysts for the synthesis of carbon nanomateri-

als (CNMs).

3.1 Untreated fly ash samples

There was no direct information that was received from Eskom’s Research and in-

novation Centre confirming the exact method that was used to collect the fly ash

samples used in this study other than that they were obtained from boilers in the

Duvha power plant. In the current study, these fly ash samples were referred to as

untreated ash samples. These untreated ash samples were characterized with: SEM,

TEM, TGA, PXRD and XRF in order to fully understand the nature of the material.
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3.2 Moisture content

In order to calculate the moisture content of a particular fly ash sample, a mass of

approximately 0.2 g of fly ash was weighed in a specialized glass tube and then

degassed under vacuum at 150◦C for 24 hrs. This enabled the removal of moisture

and other volatile impurities. After 24 hrs the sample was allowed to cool and was

then re-weighed. The difference between the initial and final masses was regarded as

the moisture and/or the volatile impurities in the solid sample that were lost. These

results are reported in Chapter 4.

3.3 Batch leaching experiments

Selective batch leaching tests were carried out on fly ash samples in order to study

the leaching of various metal ions under different experimental conditions. As dis-

cussed in Chapter 2, in order to establish the conditions for the optimal leaching of

various metal ions, the following parameters were investigated: liquid-to-solid ratio,

duration of exposure to solvent, pH and treatment temperature. In each case the fil-

trate was separated from the solid residue through filtration (as shown in Figure 3.1)

and the resultant leachate solution was analysed by ICP-OES for selected metals:

Fe, Cu, Cr, Co, Ni, Ca, Mg and Mn. These results are reported in Chapter 5.

3.3.1 Liquid-to-solid ratio

Here experiments to establish the optimal liquid (water) to solid ratio were carried

out in triplicate by sonicating fly ash samples (5 g) for 30 minutes in varying volumes

(0.02, 0.04, 0.06, 0.08 and 0.1 L) of distilled water.
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Figure 3.1: Schematic diagram of filtration technique used to collect leachate [100]

3.3.2 Treatment temperature

Studies were carried out to establish the effect of treatment temperature on the ef-

ficiency of metal ion removal from the fly ash samples. Here, experiments were

carried out in quadruplicate by sonicating fly ash samples (0.5 g) in a fixed volume

of distilled water (0.004 L) at 30, 40, 70 and 80◦C for 30 minutes. Based on a study

reported by Huang and co-workers, 0.004 L of distilled was used in this studies

[101].

3.3.3 Duration of exposure to solvent

Time optimization studies were carried out in quadruplicate to investigate the effect

of the duration of exposure to the solvent on leaching of various metal ions. Ex-

periments were carried out by sonicating fly ash samples (0.5 g) in distilled water

(0.004 L) at room temperature for 5, 10, 15 and 30 minutes. Metal pre-concentration

41



occurred at smaller leaching volumes (0.004 L).

3.3.4 pH

Studies to establish the effect of pH on the release of various metal ions from the

fly ash matrix were investigated in triplicate using sodium hydroxide (pH = 14),

hydrochloric acid (pH = 2.5), sulphuric acid (pH= 0; 4.5) and distilled water (pH =

6.9). A fixed liquid to solid ratio of 0.02 L:5 g was used. Here, 0.02 L of water to 5

g of fly ash were leached for 30 minutes, while the samples were sonicated at room

temperature. The leaching volumes were scaled-up five times (0.02 L) for analysis

purposes.

3.4 Synthesis of carbon nanomaterials (CNMs)

Treated and untreated Duvha fly ash samples were then tested as catalysts in the

chemical vapour deposition (CVD) synthesis of CNMs. Untreated fly ash samples

were utilized as received from ESKOM, whereas the treated fly ash samples were

used after undergoing batch leaching under optimal leaching condition with aqueous

solutions of different (acidic, neutral and basic) pHs. Optimal operating conditions

for the CVD synthesis of CNMs were first investigated using untreated Duvha fly

ash samples as the catalyst, and acetylene as the carbon source. These results are

discussed in Chapter 6.
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3.4.1 Studies for the optimal synthesis of CNFs by CVD, using

untreated Duvha fly ash

In a typical experiment, untreated Duvha fly ash (0.5 g) was weighed into a small

quartz boat. This quartz boat was then placed inside a quartz tube (ca. 29 mm in-

ternal diameter) and positioned in the middle of a tube furnace. The inlet connector

of the quartz tube was then connected to two gas inlets, to allow both hydrogen and

acetylene into the reaction bed. The gases used for synthesizing CNMs were sup-

plied by AFROX and both were technically pure. The exit of the quartz tube was

connected to a single outlet connector which was attached to a bubbler which then

vented outside of the laboratory through flexible silicone tubing.

The tube furnace was programmed at a ramp rate of 10 (◦C)/min to operate at a pre-

set temperature (◦C) which was monitored by a thermocouple. Gaseous hydrogen

was allowed to flow into the reaction bed at a flow rate of 100 mL/min for the du-

ration determined by the temperature programme. Once the temperature of interest

was reached, the reactor was allowed to stabilize for 15 minutes. Thereafter acety-

lene was introduced into the reactor at 100 mL/min for a duration of 30 minutes

in the presence of hydrogen. After 30 minutes, the flow of the acetylene was shut

off, and hydrogen was allowed to flow until the temperature in the tube furnace was

below 100◦C before being switched off. Once the temperature had cooled to room

temperature, the quartz tube was removed from the tube furnace and the small quartz

boat was weighed.
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Temperature optimization studies were conducted from 600 - 800◦C in 50◦C incre-

ments. A mass of 0.5 g of untreated fly ash was utilized throughout these temperature

studies. However, when the catalyst masses were optimized later on (at 700◦C) the

masses of untreated fly ash that were used ranged from 0.1 - 0.5 g in 0.1 g incre-

ments. The resulting carbonaceous materials obtained from the tube furnace were

then characterized using PXRD, laser Raman, SEM, BET, TEM and TGA .

3.4.2 Effect of fly ash composition on the synthesis of (CNMs)

In the current study, the effect on the synthesis of CNMs using waste Class F South

African fly ash as a catalyst was investigated. The effect of four types of cata-

lysts grouped as either treated or untreated fly ash, depending on the chemical pre-

treatment, were studied. Fly ash that was collected from the boilers in the Duvha

power plant were considered to be the untreated fly ash catalyst. The fly ash, after it

had undergone (acidic, neutral and basic pre-treatments), was considered to be the

treated fly ash catalyst. CNFs were synthesized using the chemical vapor deposition

method (CVD) with these catalysts.

The results of this study will be interpreted and discussed according to the submi-

croscopic model of fly ash particles hypothesized by Dudas and co-workers (Figure

3.2 (a) and (b)) [44]. Here as, previously discussed, the fly ash substructure is con-

sidered to consist of both interior and exterior surfaces, on which inorganic salts and

metal oxides are predominantly found.
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Figure 3.2: (a) SEM image of untreated fly ash as collected from boilers in Duvha Power
plant containing regular and irregular ceno- and plerospheres. (b) TEM image showing
cenosphere inside a plerosphere as postulated by Dudas [44]

In order to investigate the effect of the selective leaching of various metal ions from

Duvha fly ash on the quantity and morphology of CNMs that could be synthesized,

variously treated fly ash samples were used as catalysts. The optimal operating

conditions obtained in the preceding studies were used for the synthesis of CNMs,

using the variously treated fly ash samples as catalysts. In a typical experiment,

one of the treated fly ash samples (0.5 g) was loaded into the small quartz boat.

The procedure in section 3.4.1 was repeated using a furnace temperature of 700 ◦C

and a flow rate of the gases of 100 mL/min. These experiment were carried out

in triplicate for each treated ash and the average mass of the CNMs obtained for

each was determined. Several techniques including PXRD, TEM, SEM, BET, laser

Raman and TGA were used to characterize the CNMs that were formed.
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3.5 Characterization techniques

3.5.1 Powder X-ray diffraction (PXRD)

When an X-ray is directed onto a sample, it diffracts in a pattern characteristic of the

sample’s structure and composition. Using this analytical technique, the chemical

composition of treated and untreated Duvha fly ash as well as the related CNMs

were studied. Powder X-ray diffraction studies on these materials were performed

using a Siemens D500 PXRD diffractometer. Each of these samples was loaded on a

cylindrical recess zero background sample holder, which had a 10 mm diameter. The

sample holder was then leveled using a glass plate. Thereafter the leveled sample

holder was placed on the stage for analysis. The accelerating voltage used was 40 kV,

while the current was 30 mA using Cu Kα radiation. Samples were scanned from

10 - 90 degrees two theta (2Θ) for 10 min to 24 hours spin rotation step (method

available on the library of the D500 PXRD diffractometer). The integration time

was increased to 24 hours to eliminate background noise. The results were then

analyzed to give the mineral composition of the samples, using the version 14 of

DIFFRAC PLUS Evaluation (2008).

3.5.2 X-ray fluorescence (XRF)

X-ray fluorescence analysis was performed using a Panalytical PW2404 wavelength

dispersive spectrometer. X-rays were emitted from a rhodium tube. For trace ele-

ments, the fly ash sample was bound with 2% poly vinyl alcohol, and compressed

under 10 MPa prssure to form a pellet. Major elements were analysed by first ignit-

ing and fusing the sample at a temperature of 1020◦C for a duration of 40 minutes
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followed by fluxing with lithium tetraborate for a period of 50 minutes. The samples

were then taken away from the furnace and poured to form a flat fusion disk, also re-

ferred to as a glass bead. Loss-on-ignition (LOI), which indicates the carbon content

in the fly ash samples, was obtained between the ignition and fusion stages. The for-

mula that was used to calculate the carbon content is as follows: (WSBI−WSAI

WSBI
)×100,

where WSBI is the weight of sample before ignition and WSAI was the weight of

sample after the ignition.

3.5.3 Inductively coupled plasma optical emission spectroscopy

(ICP-OES)

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an emission

spectrophotometric technique used to detect major and trace metals (in the ppm

range) in aqueous samples. The inductively coupled plasma technique produces

excited atoms and ions that emit electromagnetic radiation at wavelengths that are

characteristic for a particular element.

Analyses were performed using a Perkin Elmer 5300 DV ICP-OES instrument.

The instrument was calibrated using matrix-matched multi-element matrix-matched

standards and appropriate blank solutions.

3.5.4 Electron microscopy

Electron microscopy enables the imaging of solids to provide details such as: size,

shape, composition and the internal structure of a material. Imaging of a sample

in this way is achieved through the interaction of a sample with accelerated elec-

trons. When a sample is bombarded with a beam of electrons, there are a number of
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scattering events which can be used to characterise a material, shown in Figure 3.3

[100].

Figure 3.3: Scatteing event from the interaction between a sample in an electron micro-
scope and the primary electron beam. [100]

The electron beam can be transmitted through the sample without energy loss de-

pending on the sample thickness and composition. If the orientation of the crystals is

correct, diffraction occurs which enables crystallographic data to be obtained. Back

scattered and secondary electron form the basis on SEM. Diffracted and energy loss

electrons form the basis of TEM.

Transmission electron microscopy

In transmission electron microscopy (TEM) in Figure 3.4, a beam of electrons is

transmitted through a thin specimen while interacting with it as it passes through

resulting in an image.
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Figure 3.4: Outline of the main components of TEM and how an image is amplified and
digitalized [100]

Transmission electron microscopy analyses performed in this study were obtained

on a Technai G2 electron microscope at 100 kV. A small portion of sample was

suspended in methanol (10 mL) and sonicated for 5 minutes. A drop of the resulting

sample solution was then loaded on a holey carbon copper grid. The loaded copper

grid was then placed onto the TEM sample holder and transferred into the TEM

microscope for imaging. The choice for using the TEM imaging method was due to

its magnification capabilities. For carbon nanomaterials, TEM is the only imaging

method which can identify the correct phase of the material and distinguish between

similar looking phases such as carbon nanotubes and carbon nanofibers, which may

look similar when viewed through scanning electron microscopy.

Scanning electron microscopy (SEM)

In scanning electron microscopy (SEM), a beam of electrons from an electron gun

is accelerated by an electric potential, as illustrated in Figure 3.5. The electron beam
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is held within a vacuum to minimize electron gas interaction. The coil produces a

magnetic field to exert force on the moving electrons and directs the beam towards

the final objective lens, which focuses the beam onto a small location on the sample.

Secondary electrons are recorded to form the image.

Figure 3.5: Outline of the main components of SEM and how an image is amplified and
digitalized [100]

SEM studies on various Duvha samples and carbonaceous products were performed

using a FEI Nova 600 Nanolab microscope equipped with an energy dispersive X-

ray detector (EDX). The operational voltage of the scanning microscope was 30

kV. A small amount of the solid sample was attached on to a stub by a piece of

electrically-conducting carbon tape. The sample was then double coated with 15 nm

of carbon and gold palladium using an Emitek 550X sputter coater and the image

was determined through the high energy electron beam.
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3.5.5 Surface analysis: Brunauer-Emmett-Teller (BET)

The BET surface area technique is based on the theory that assumes that gas molecules

will physically adsorb on a solid in layers, and that these different layers do not in-

teract with one another. Brunauer-Emmett-Teller theory predicts that the amount of

gas molecules adsorbed onto a solid sample like fly ash, depends on the following

factors: temperature, gas pressure, strength of interaction between gas and solid,

exposed surface of sample, etc.

Approximately 0.5 g of each Duvha fly ash sample (i.e. untreated or treated) was

degassed to remove water and other contaminants before each analysis. In order to

achieve this, each sample was placed in a glass cell and degassed in a vacuum at

150◦C for three hours. Glass rods were placed within the glass cell to minimize the

dead space in the cell. Each sample in the glass cell was allowed to cool, weighed

and then moved to the analysis port after degassing. Dewars of liquid nitrogen were

used to maintain a low temperature so as to increase adsorption, by facilitating the

interaction between the gas molecules and the surface of the sample. In this way

nitrogen gas was injected into the sample cell with a calibrated piston.

3.5.6 Laser Raman spectroscopy

Laser Raman spectroscopy gives information on the resulting amorphous and crys-

talline structures in carbon samples. The position and intensity of features in the

spectrum typically reflect the molecular structure of the sample and can be used to

determine the chemical identities of components or all of the sample [102].
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Laser Raman spectra of each of the Duvha fly ash samples were recorded on a Jobin-

Yvon T640000 Raman spectrophotometer, utilizing a laser source at a wavelength

of 532 nm. In a typical experiment a sample was placed and levelled out on a

glass slide. The sample was then scanned using a 50X objective piece and detected

for 15 minutes. The Laser Raman spectra of both the sample and glass slide were

recorded. In a separate experiment, the spectrum of the glass slide alone was also

recorded as a dark or background spectrum. The spectrum of each sample was

then obtained automatically by subtraction using the fityk 0.9.8 version published

by Marcin Wojdyr.

3.5.7 Thermogravimetric analysis (TGA)

Thermogravimetric analyses of the Duvha fly ash and CNM samples were performed

by using a Perkin Elmer TGA 4000. Each sample (10 mg) was weighed into a

TGA pan. The initial temperature was set at 30◦C and then increased at 10 ◦C/min

until it reached 900◦C. The weight of the sample was monitored as a function of

temperature. Nitrogen gas was used as the purge gas. In some experiments the

atmosphere was filled with air to check the differences in oxidative stability of the

components. In this study, TGA was used to measure the thermal stability of treated

and untreated Duvha fly ash and the resulting CNMs.
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Chapter 4

Characteristics of Duvha fly ash

In this chapter the structural and chemical properties of Duvha fly ash that was used

for this work are reported, in order to fully understand the properties of the material

before altering it.

4.1 Morphology and particle size

Fly ash is primarily composed of a silica glass phase, which appear as colourless

crystals (Figure 4.1(a)) when observed under a light microscope camera. This sil-

ica phase, as it will be shown in the sections which follow, is the major host for

adsorbed trace elements and metal oxides remaining after coal is burned in the com-

bustion process. Carbon and metal elements can be found either on the surface or

within this silica. For instance, black crystal-like materials in Figure 4.1(a) were

observed within the silica phase, which have been reported in studies by Guedes

and co-workers to be associated with unburned carbon/char, that originated from

coal during combustion in power plant boilers [15]. Despite the high temperatures

reached in power plant boilers to combust coal into fly ash, not all the carbon was
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combusted.

Figure 4.1(b) shows fractured bodies containing vesicles of different sizes in the

microscopic view of the glass phase. Some fractured bodies contained large vesicles

that were filled with various sizes of spheres. It appears that the combustion method

used in the boilers may have had an effect on the morphology of particles and their

distribution in the waste fly ash material.

Figure 4.1: (a) Untreated Duvha fly ash image taken with a light microscope camera, (b)
SEM image on the spheroidal and irregular structures in the ash

The waste fly ash collected from the Duvha power plant showed spherical and ir-

regular structures under SEM as noted in Figure 4.2. As previously discussed in

Chapter 2.2.3, these are further subdivided into various subgroups: ceno-, plero-,

derma-, and ferro-spheres depending on their mineralogical properties [15]. Most

of the ash particles are composed of solid spherical structures, as a result of inter-

particle formation due to the rapid cooling of molten droplets of materials, derived
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from coal during combustion. Further evidence for this was also reported in the

study conducted by Dunens and co-workers [103].

Figure 4.2: SEM image of regular and irregular particles found in fly ash

A particle size distribution of 177 regular spheres in Duvha waste fly ash was plotted

by measuring their diameters from SEM micrographs (Figure 4.3). Most of these

spheres had a diameter that was above 0.5 µm (98%). The sizes of particles within

the waste fly ash material were not homogeneously distributed, with the greatest size

of spheres (±40%) between 0.5 - 1.49 µm in diameter. The particles sizes between

1.5 - 2.49 µm comprised only 22% of the distribution, while the other 17% belonged

in the size range between 2.5-3.49 µm. It could be seen that submicron ash (0 - 0.49

µm) formed only a small portion (2.5%) of the total ash. A total of less than 18%

of the fly ash particles were present in spheres which had large diameters (≥ 3.5
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µm). In a study conducted by Vempati and co-workers the variations in particle size

distribution was also reported [104]. This was an indication that the particles in the

waste fly ash were heterogeneously distributed.

Figure 4.3: Size distribution of spheres found in the fly ash sample

Surface area measurements of the waste fly ash collected from the Duvha Power

Plant were conducted using BET method. The ash was found to have a low surface

area of approximately 3.4 m2/g. However, in a study on the synthesis and characteri-

sation of novel solid base catalysts from fly ash conducted by Deepti and co-workers,

smaller particle sizes of regular spheres correlated with large surface areas [9]. In

this case the larger sphere sizes might have given rise to the lower surface area.
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Similarly, during the cooling stage in the boilers the rate at which the molten inor-

ganic particles cool down has been observed to have an effect on the particle forma-

tion and its chemical composition [105]. This implies that the chemical and phys-

ical properties of fly ash particles are a function of the mineral matter in the coal,

the combustion conditions and the post-combustion cooling process. For instance,

heat (during the combustion process) could cause the inorganic minerals in the ash

to be volatile, fluid or to react oxygen. Hence it is only during the cooling stage that

the waste fly ash particles started forming their respective solid morphologies and

compositions.

4.2 Chemical composition

The spheres found in the Duvha fly ash (as illustrated in Figure 4.4) can be further

subdivided and labelled according to their chemical composition. The composition

of the glassy spheres is complex and shows mixtures of different elemental con-

stituents in the aluminosilicate glass. EDS analysis using SEM was used to clar-

ify their composition, by identifying the elemental composition of the glass matrix.

Some of the glassy phases were specifically identified as being composed of iron

oxides. As seen in Figure 4.4, the waste fly ash was mostly composed of alumi-

nosilicate glass. Trace metals were either occluded within or on this surface of this

aluminosilicate glass.
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Figure 4.4: A SEM micrograph of regular and irregular glass spheres taken at different
spots (a - f) in the fly ash sample.

SEM-EDS spectra were collected at spots labelled a - f in Figure 4.4. Spot (a) in

Figure 4.4 was shown by EDS analysis (Figure 4.5) to be a ferrosphere as identified

by its Fe content. Spot (b) in Figure 4.5 shows that elements such as K, Mg, and Ti

were also present in low concentrations.

Figure 4.5: SEM-EDS spectra (a) Fe-rich oxide with minor concentration of Al and Si (b)
Quartz and Si-rich glasses with minor proportions of Al, Ca, Fe and Mg

A closer look on the surface of the ferrospheres (Figure 4.6 (a)) showed that it was

made up of interlocking lath-shaped crystals, that have been reported to be formed as
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a result of the presence of Al and Si [44]. Hollow interlocking lath-shaped crystals in

Figure 4.6 (b) were reported when alumosilicates were etched from the sphere [44].

Figure 4.6 (c) showed that the untreated fly ash consisted of ferrospheres with sim-

ilar properties shown in Figure 4.6 (a) and (b). Ferrospheres are solid filled spheres

that are identified by a crystalline network (Figure 4.6 (a)-(c)) and have been shown

to consist of the Al and Si elements (Figure 4.5) [44]. The interlocking lath-shaped

pattern on the surface of sphere was shown to be made of mullite crystals, by etching

the Fe from the ferrosphere.

Figure 4.6: (a) An example of Ferrosphere with the same surface, identified in the fly ash
that was investigated by Dudas and co-workers [44] (b) Characteristics of the interlocking
lath-shaped crystals on the surface of the fly ash sphere [44] (c) A SEM micrograph of the
surface of ferrospheres found in the Duvha fly ash

The remainder of the ash matrix was composed of solid silica glass particles. The
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principal elements in the Duvha fly ashes glass matrix shown from spots (a - f) in

Figure 4.4, as observed in the EDS data (Figures 4.5, 4.7, 4.8) and were: Ca, Si,

Al, O, and Fe. Al was mostly associated with Si in all the spheres. The presence of

Au and Pd in Figures 4.5, 4.7 and 4.8 was due to the conductive coating applied to

prevent charging and not as constituents in the ash.

Figure 4.7: SEM-EDS spectra (c) Aluminosilicate with minimal fluxing elements and (d)
Ca-Fe bearing aluminosilicate glass

Figure 4.8: SEM-EDS spectra (e) Mixture of CaO with minor concentrations of Al and Si
(f) Ca-bearing aluminosilicate glass
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Similar results to these have been reported in a study conducted by Van Alphen

[106]. This author indicated that there were six sets of amorphous phases in the

South African fly ash :

1. Mixtures of CaO and MgO and free CaO with minor concentrations of Al and

Si;

2. Aluminosilicate with no fluxing elements (metal oxides);

3. Ca-Fe bearing aluminosilicate glass;

4. Ca-bearing aluminosilicate glass;

5. Quartz and Si-rich glasses with minor proportions of Al, Ca, Fe and Mg; and

6. Fe-rich oxides with minor concentrations of Al and Si.

In Figures 4.5, 4.7 and 4.8, solid filled aluminosilicate glass particles were shown to

be composed of an outer shell, where inorganic metals such as Ca, Mg, etc. were

found on their surface in varying concentrations. Based on literature studies that

describe the microscopic structure of the spheres and their chemical composition,

the description of the sub-structure of the waste fly ash spheres confirms the result

observed [44, 106]. This indicates that the elemental composition of inorganic salts

on the exterior shell of the fly ash matrix depend on the elements contained in the

parent coal, combustion method and post-combustion cooling techniques used in the

boilers. The interior glass matrix is less reactive than the exterior part of the matrix

[44]. During coal combustion an alteration in the structure of coal was observed in

the salic (mullite and quartz), ferruginous (Fe-bearing) and calcareous (Ca-bearing)
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minerals. The dominant Na-containing minerals in bituminous coal are montmoril-

lonite ((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2nH2O) and halite (NaCl). Iron-containing

minerals in bituminous coal include pyrite ferrous-bearing clays (illite, chlorite) and

carbonates (siderite, ankerite) [107]. Therefore upon combusting bituminous or an-

thracite coal, a waste fly ash by-product is generated, which is further classed ac-

cording to its mineral constituents and quantities.

PXRD data (Figure 4.9) were used to identify the mineralogical phases present in

the fly ash. Quartz, mullite, haematite, carbon and dolomite phases were identified

as the major components of the Duvha fly ash.

Figure 4.9: PXRD showing identified elemental phases present in Duvha fly ash

Quantitative total elemental analysis of the fly ash was determined by XRF. Table

4.1 shows the results of this analysis. The major elements were found as their metal

oxides (as shown in Table 4.1), which added up to approximately 99.9% of the total
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composition. Minor elements were all the trace metals that composed only 0.1% of

the total fly ash waste.

Table 4.1: XRF chemical analyses of Duvha fly ash

Major Elemental Oxides Concentration (wt%)
SiO2 56.05
Al2O3 23.75
Fe2O3 0.55
FeO 4.47
MnO 0.04
MgO 1.00
CaO 3.37
Na2O 0.05
K2O 0.74
TiO2 1.51
P2O5 0.67
Cr2O3 0.03
NiO 0.01
LOI 3.59
Total 99.85
Minor Elements Concentration (mg/kg)
Sc 30.17
V 145
Cr 162
Co 28.01
Ni 65.55
Cu 53.66
Zn 79.09
Ga 44.93
Rb 47.33
Sr 979
Y 80.15
Zr 453
Nb 36.31
Mo 8.38
Ba 1168
Pb 65.90
Th 49.85

The presence of the three most abundant minerals (SiO2, Al2O3 and Fe2O3) were

confirmed by XRF. The total percentage sum of these three phases was 84.82%. As

the sum of the top three total metal quantities in Table 4.1 were greater than 70%, it
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indicated that Duvha fly ash waste was Class F (ASTM C618) [35, 36, 37]. Iron in

an oxide form was the third most abundant mineral as it constituted a total of 5.02%

of the ash. Coincidentally iron was shown to be the catalyst responsible for making

CNFs [16]. In this study, Fe was found in larger abundances relative to other metals

such as Cr, Cu, Co, Ni, etc. that are also catalytically active for carbon nanomaterial

synthesis (Table 4.1). The loss on ignition (LOI) from XRF results showed that the

carbon content in the fly ash collected from Duvha power plant, was 3.59%. This

was an indication that despite the high temperatures used to combust coal fly ash at

the Duvha Power Plant, a small portion of carbon was not combusted.

4.3 Carbon content

The black bodies previously observed to be intruding on the glass matrix of the fly

ash were confirmed to be carbon by dispersive EDS spectra (Figure 4.10).

Figure 4.10: SEM-EDS analysis of a black body previously identified on a camera mounted
on a laser Raman spectrometer.
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Thermogravimetric analysis was conducted to precisely determine the change in

sample mass of the ash as the temperature was increased to 1000◦C. The black curve

in Figure 4.11 indicates the change in weight (percentage) as the temperature was

increased, and the blue curve shows the first derivative. The mass lost from the

Duvha fly ash was 5.5 wt%, indicating discrepancies in TGA and LOI results. In

a study conducted by Fan and co-workers similar discrepancies in both techniques

were reported [108]. This indicated that the change in mass of the fly ash could

have been attributed to the loss in water of hydration, metal oxyhydrates or carbon

dioxide from CaCO3.

Figure 4.11: TGA plot of unburned carbon within the untreated Duvha fly ash sample.

The nature of carbon within the waste fly ash sample before being used as a catalyst

was further investigated using laser Raman spectroscopy. Figure 4.12 clearly iden-

tified the 1344 and 1573 cm−1 bands in the Raman spectra to be associated with the

disordered (D-band) and graphitic (G-band) carbon components respectively. The
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ratio in this study showed a value that was less than 1 i.e. 0.695 indicating that

carbon in the waste fly ash sample was primarily armorphous in nature [15]. Geudes

and co-workers using the Raman technique reported that South African waste fly ash

combusted at Portuguese power plants contained amorphous carbon fragments [15].

Figure 4.12: Laser Raman spectrogram of unburned carbon within the untreated Duvha fly
ash sample.

4.4 Summary

• SEM and BET analysis showed that the untreated Duvha fly ash was made up

of spherical and irregular particles with different sizes and a very low surface

area.

• PXRD and XRF techniques showed that the untreated Duvha waste fly ash was

predominantly composed ofquartz, hematite, dolomite, carbon and mullite.

• This further classified Duvha waste fly ash as Class F.
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• The quartz phase was the most abundant phase in the Duvha waste fly ash,

and occurred in abundance as aluminosilicates. The aluminosilicate glass was

subdivided according to mineral abundances of metal oxides (Fe, Ca, K and

Mg) occluded either on the surface or within the interior of the glassy material.

• Carbon in the waste fly ash was armorphous, which indicated that the coal

combustion process during electricity generation was efficient and economi-

cally viable.

67



Chapter 5

Selective studies on fly ash

5.1 Optimal selective leaching conditions: pH

5.1.1 Calcium and Magnesium

The release of metals from waste fly ash samples as a function of pH is shown in

Figure 5.1 In general, the extraction of metals increased when the pH of the leach-

ing solution was reduced, with highest metal recoveries obtained using a leaching

solution of pH = 0. Significant recoveries of Ca (20%), Cu (12%), Mg (23%) and

Mn (15%) were observed at low pH, while Fe (6%), Ni (2%), Co (2%) and Cr (5%)

showed lower levels of recovery. Acidic conditions were therefore conducive for

extracting metals from the Duvha fly ash, an observation that was consistent with

findings from other studies [109, 101].
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Figure 5.1: Effect of pH on metal recovery. Leaching conditions: time = 30 min; tempera-
ture = 30◦C; leachant volume = 5 mL; mass of fly ash = 1 g.

Figure 5.1 indicates the mass percentages of Ca and Mg that were recovered when

different leaching solutions were used at respective pH. Throughout the leaching

studies in this chapter, the Ca ion was generally amongst the most leached cations

under acidic conditions and it only dropped to 0.3% at pH = 14. The portions mo-

bilised at low pH solutions which yielded higher concentrations of Ca cations were

more likely to be in the calcite phase, which did not easily dissolve when the pH of

the solution was above seven [110]. Total calcium composition of waste fly ash was

indicated by XRF analysis to be: 24 991 mg kg−1. The multiple phases of calcium

(carbonates, oxides, oxyhydrates and the glass matrix) present in the Duvha fly ash,

as shown by the PXRD and SEM-EDS analysis in Chapter 4.2 were used to justify
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the results in this chapter. The presence of this calcite phase (CaCO3) was confirmed

by the shoulder peak at temperatures above 600◦C, as shown in the derivative graph

of the TGA analysis in Chapter 4.2.

In a study conducted by Kim and co-workers, Ca in fly ash was reported to occur

in multiple phases such as: lime (calcium materials that have predominating phases

of carbonates, oxides and hydroxides), anhydrite, calcite as well as within the glass

matrix [111]. In this study, Ca in fly ash was shown to occur in the glass, oxides,

oxyhydrates and carbonate phases. The mineralogical distribution in the waste fly

ash material is a function of the type of coal and combustion method used which

varies for respective power plants. It was for this reason that the identified phases in

the fly ash combusted in Duvha power plant varied from those reported in literature.

According to an overview study reported by Izquierdo and co-workers, the amount

of calcium leached at a particular pH is an indication of the respective phase of the

metal in the waste fly ash [110]. For instance, if leachable Ca concentrations were

above 14% under neutral pH solutions, this would have indicated that Ca was present

as free lime. Therefore, based on the results shown in Figure 5.1, Ca in Duvha fly

ash was present as either calcite or within the glass matrix as shown in Chapter 4.2.

Since Mg and Ca metal ions were shown (Chapter 4.2) to be present in the glass

phase of fly ash and can readily substitute each other, it was likely that Mg was also

present in the carbonate form [110]. Similarly, the decreasing solubility trend in Mg

could be justified using Ca.
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5.1.2 Iron, nickel, cobalt and manganese

In Figure 5.1 Fe, Ni, Co and Mn were demonstrated to be more soluble under highly

acidic conditions (pH = 0).

The decrease in the solubility of Fe in this study was a result of the reduced mobility

of Fe in the fly ash from the leaching solutions with pH that were above 2.5. After

leaching, the Fe concentrations in the leachate solutions could not be detected be-

cause they were below the detection limit of the ICP-OES instrument. This could

have been due to the reduced mobility of Fe in the ash as the pH of the leaching

solution increased. In Chapter 4, XRF analysis indicated that the total Fe present

in the fly ash was 38 072 mg kg−1. Hematite (Fe2O3) mixed in various proportions

with magnetite (Fe3O4) were identified by PXRD, while SEM investigations demon-

strated that fly ash with Fe spheres are made up of spinel structures.

The presence of similar Fe spheres in fly ash was reported by Izquierdo and co-

workers, where spinel structures were shown to be highly stable and resistant to

weathering due to the isomorphous substitution of Fe [110]. Hence, this element

was not easily leached under less aggressive leaching environments.

The solubility trends shown by Co, Ni and Mn (Figure 5.1) indicated that these ele-

ments were likely associated with ferromagnetic particles and spinel-like structures

[110]. The relationship of the Fe particles with Co, Ni and Mn elements could likely

have occurred during crystallization of the melt from the coal to waste fly ash, and
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depended on the phase in which they occurred. These elements were most likely be

related because of their ionic radii which are similar [112].

However, Mn was amongst the third most recovered element at pH = 0 with spinel-

like structural properties. Relative to other heavy metals with similar characteristics

such as Co, Ni and Fe, Mn in fly ash occurred in two different phases that were

associated with ferromagnetic particles and the glass matrix as shown by SEM-EDS

(Chapter 4.2). The presence of both phases in the fly ash material is also known

to have a decreasing effect on the solubility of Mn [110]. Querol and co-workers

reported similar results, but not all the Mn present in their waste fly ash was leached

because it was in the magnetic fraction which did not leach easily [113]. Therefore,

it could be concluded that Mn in the Duvha fly ash was mostly present in the glass

phase fraction.

5.1.3 Chromium

It is generally known that chromium in the waste coal fly ash occurs in the hexavalent

oxidation state, eg. as dichromates [110]. Small amounts of the trivalent chromium

(eg. chromates) are less soluble in aqueous media due to their occurrence in the

aluminosilicate glass of waste fly ash [114]. Hexavalent chromium ions are the most

soluble and toxic, even in small amounts [115]. In this study, chromium did not

easily leach from the Duvha fly ash. The percentage recovery of chromium at pH

= 0 (4%) and 2.5 (0.3%) decreased to below the detection limit as the pH of the

leaching solution was further increased. This indicated that Cr was more soluble

under extremely low pH and reducing conditions. Similar results were obtained in
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a study conducted by Goodarzi and co-workers [114]. Their study further indicated

that trivalent Cr occurred in bituminous coal as a result of its organic association

with illite [114]. Duvha fly ash is classified as a Class F waste fly ash (Chapter 4.2),

indicating that it originated from bituminous coal, in which Cr is likely to be found

in the trivalent state.

5.1.4 Copper and other trace metals

Cu was amongst the fourth most recovered heavy metal when the leaching solution

was at pH = 0. The sharp drop in percentage recovery from 12% to 3.8% and slight

rise again to 6% in acidic solutions could likely have indicated the mobility of Cu

in acidic environments [116]. The decline in percentage recovery to 3.8% at pH =

7 was likely a result of the co-existence of copper in multiple oxidation states. An

increase in percentage recovery of Cu to 7.3% was observed at pH = 14. This could

have been a result of the transformation of Cu to a different oxidation state. Similar

leaching trends of Cu were reported. The decrease in the percentage recovery in

neutral media was reported to be a result of the co-existence as well as the trans-

formation of cupric hydroxide (Cu(OH)2), cupric oxide (CuO) and hydrated copper

hyroxysulphate (Cu4(SO4)(OH)6.H2O [117]). Jankwoski and co-workers further de-

scribe these trends to be a result of the mild amphoteric behaviour of Cu [118].

However, in studies carried out by Soco and Ward, the percentage recoveries of Cu

were very low (0.5 -3%) under acidic environments [119]. This could have been as

a result of the properties of the Duvha coal mentioned previously in section 5.1.1,

such as distribution and quantification of minerals in the fly ash due to coal type and

combustion methods used in power plants.
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Although Duvha fly ash contained other trace elements such as Pb, Zn and Cd (XRF

analysis in Chapter 4.2), these were not detected in any of the leachate extracts. Such

elements were likely present in chemical forms that were not easily mobilized and

were thus below the detection limit of the ICP-OES instrument. The chemical forms

in which metals occur in the ash matrix therefore have a strong influence on their

mobility, which is in turn reflected in their percentage recovery [91, 101].

5.2 Duration of exposure to solvent

The effect of contact time on leaching metals from the fly ash material is shown in

Figure 5.2. When Duvha fly ash was leached with distilled water under neutral con-

ditions at 30 ◦C, for durations between 10 to 30 minutes, the percentage recoveries

of Ca, Cu, Mg and Cr generally appeared to show little change. Ca and Cu had the

highest recoveries of 3.9 and 4.2%, respectively, which occurred within the first 10

minutes, suggesting that they were in a chemical form that was soluble in water. Mg

and Cr showed the lowest recoveries of 1.1 and 0.1%, respectively. Similar trends

were reported by Nagib and co-workers who demonstrated that contact time on the

recovery of elements such as Mg and Ca did not have a significant effect [91]. This

suggests that the initial leaching of Ca and Cu metals from the fly ash could have

resulted from the dissolution of soluble surface-bound particles, while leaching in

some metal ions (Mg and Cr) could have been due to the slow dissolution of these

metals in the glass fly ash particle or due to diffusion of these metals from the interior

of these particle [91, 101]. On the contrary, other studies have reported an increase
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in metal (Cr, Cu, Ca and Mg) recovery from fly ash with contact time [109].

Figure 5.2: Effect of contact time on metal recovery. Leaching conditions: temperature =
30◦C; leachant volume = 5 mL; mass of fly ash = 1 g

The leaching behaviour of these metals can be explained by their distribution in the

fly ash matrix as postulated by Dudas and co-workers [44]. According to their hy-

pothesised model, the exterior surface of the waste fly ash particle was chemically

more reactive than the interior (Figure 5.3) [44]. Other metals (Si, Al, Fe, Co, Zn,

Ni, etc.) that were shown by XRF analysis (Chapter 4.2) to be present but were not

leached, could likely have been occluded within the glass matrix or in a chemical

form that was not soluble in water. Optimal leaching studies were only conducted

under distill water because the best quality of carbon nanofibres (CNFs) were syn-

thesised when fly ash catalyst was leached under neutral conditions.
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Figure 5.3: Postulated model of the distribution of elements in a fly ash particle [44]

5.3 Leaching temperature

The effect of temperature on the percentage of metal recovered from the waste fly

ash is shown in Figure 5.4. When the Duvha fly ash was leached with distilled

water for a period of 30 minutes at different temperatures ranging between 30 to

80◦C, the results generally showed that the temperature had a minimal effect on

the percentage recovery of Ca, Cu, Mg and Cr. This effect was mostly evident

when the absolute difference in the percentage recoveries of Cu, Mg and Cr (0.1,

0.4 and 0.1% respectively) were considered at 30 and 80◦C. This indicated that the

leaching of metals from Duvha fly ash was temperature independent for the leachant

used in this experiment (distilled water). Therefore, due to economic reasons, room

temperature was deemed suitable for extracting metals from the waste fly ash waste.

However, contrary to most metals an increase in percentage recovery was observed

for Ca. This may have been as a result of the chemical form in which the calcium
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occurred, such that distilled water was able to mobilise it. Similar temperature effect

trends as these were reported for Ca, Mg and Cu when acidic leaching solutions were

used [91, 101]. This indicated that Cu, Mg and Cr were most likely bound to the

internal silicate matrix and therefore were not readily leachable. However, Ca was

more easily leachable because it probably occurred on the surface of the ash and was

in a chemical form that was soluble in water.

Figure 5.4: Effect of temperature on metal ion recovery (%). time = 30◦C; leachant volume
= 5 mL; mass of fly ash = 1 g

5.4 Leaching liquid-to-solid ratio

The effect of liquid-to-solid (L:S) ratio on the percentage metal recovery when Du-

vha fly ash was leached at room temperature for 30 minutes with distilled water is

shown in Figure 5.5. A general increase in the percentage recoveries of Ca, Mg, Cu
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and Cr as the L:S ratio was increased was observed. Cu showed a slightly higher

percentage recovery of 0.9% at the 0.02:1 ratio relative to Ca, Cu and Mg. At a

ratio of 0.1:1 Ca showed the highest percentage recovery of 10.8%, followed by Cu

(3.5%), Cr (0.48%) and Mg (0.024%).

Figure 5.5: Effect of liquid-to-solid ratio on metal ion recovery. Leached conditions: time
= 30 min; temperature = 30◦C; and mass of fly ash = 1 g

Therefore, the 0.1:1 L:S ratio was considered optimal for metal recovery. Increase

in the volume of water resulted in an increase in mobility of various elements in

solution. Similar leaching trends were reported when elemental releases, as a func-

tion of L:S ratio, were integrated to give cumulative releases on the basis of mass,

however a decreasing trend was noted when the concentrations were expressed in

terms volumes [110, 113, 97]. This was likely an indication that in batch leaching

experiments, equilibrium was controlled by the mobility of the elements present in
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the solid phase. Therefore this could likely have indicated that the highest elemental

mobility in this study was obtained when high volumes of leachate were used i.e.

at high ratios. However, the liquid-to-solid ratio of 0.02:1 was used for all further

studies for two reasons:

1. To minimise the amounts of solvents of used.

2. To allow for direct comparison with data obtained in a similar study conducted

by Huang and co-workers [101].

5.5 Characterization: Treated fly ash

5.5.1 Surface morphology

The effect of pH on the surface morphology of the Duvha fly ash was investigated

using BET and SEM. The samples were classified as untreated (as-received ash) and

treated (as-received ash treated with leachates of different pH solutions) waste fly

ash. The untreated Duvha fly ash sample showed a higher surface area relative to the

treated waste fly ash samples (Table 5.1). When Duvha fly ash samples were leached

with pH solutions of 0, 6.9 and 14, results revealed that the pH of the leaching

solution had an effect on the surface area of the resultant material.

Table 5.1: Surface area studies on the fly ash after different leaching treatments

Sample Surface area (m2/g) Pore Volume (cm2/g) Pore Size (nm)
Fly ash (Untreated) 3.4 0.007 8.3
Fly ash (pH = 0) 1.4 0.004 12.0
Fly ash (pH = 6.9) 1.2 0.003 13.3
Fly ash (pH = 14) 1 0.005 20.7
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A plot of the effect of pH on the surface of the Duvha fly ash in Figure 5.6 showed

an inversely proportional relationship (R2 = 1). The surface area decreased as the

pH was increased, indicating that leaching studies appeared to have an agglomerat-

ing effect on the different metal particles found on the surface of the waste fly ash

material, hence decreasing the surface area.

Figure 5.6: Effect of pH on the surface area of the Duvha fly ash

However, a plot of the effect of the pH of the leaching solution on the pore size

showed that increasing the pH resulted in an increase in the pore size (Figure 5.7).

At this stage it is not clear why the pore volume increased, while the surface area

decreased with increasing pH. Further investigations will be required to clarify this

observation.
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Figure 5.7: Effect of pH on the pore volume of the Duvha fly ash

Since all of the treated fly ash samples had surface areas lower than the untreated fly

ash this was probably due to the various metal ions recovered as was discussed in

section 5.1. A similar effect on the surface area of the fly ash as observed here has

also been reported in literature under an acidic leaching environment [120].

SEM micrographs of the untreated and treated Duvha fly ash samples were obtained

for comparison (Figures 5.8(a) - (b)). The untreated fly ash samples appeared to be

smooth spherically shaped materials of various sizes (Figure 5.8 (a)). However, deep

’incisions’ where noted on the surface of the material as seen in Figure 5.8 (b), that

was treated in a leachate solution with pH = 0. Here the acidic solution appeared to

have aggressively extracted metals from the surface of the fly ash particles.
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Figure 5.8: SEM micrographs of Duvha fly ash after various pH treatments, (a) untreated
fly as collected from Duvha Power Plant, (b) Duvha fly ash leached under an neutral medium,
(c) Duvha fly ash leached under basic medium and (d) Duvha fly ash leached under a acidic
medium.

When the leachate pH was increased (pH = 6.9) the surface of the material as seen

in Figure 5.8 (c) revealed smaller ’incisions’ that looked like stripes (Figure 5.9).

This was an indication that less aggressive leaching on the surface of the material

had occurred.

82



Figure 5.9: Closer view of surface inserts of Figure 5.8 (c) is shown in this figure on
leaching in a neutral medium

However, at pH = 14 the surface of the leached material in Figure 5.8 (d) appeared

roughened as seen magnified in Figure 5.10. This surface roughness could have been

associated with the minimal leaching of Cr, Ca and Cu, and may have given rise to

waste fly ash with the lowest surface area.
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Figure 5.10: Closer view of surface inserts of Figure 5.8 (d) is shown in this figure on
leaching in a basic medium

5.5.2 Chemical properties

PXRD analysis

Even though leaching had an effect on the surface of the ash, no significant effect

on the phases in the material were observed when analysed by PXRD (Figure 5.11).

Similar results were reported in a study conducted by Bada and co-workers when

Class F waste fly ash waste was leached using an acidic medium [120]. This may

have been as a result of the low detection limit of the PXRD, since the leaching

occurred in trace amounts. Alternatively, peak overlap from major phases could

have also been one of the hindering factors in the detection of the effect in the crystal

structure of the waste fly ash.
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Figure 5.11: PXRD patterns showing the phases present in the waste fly ash materials that
had been leached at pH = 0, 6.9, 14) relative to waste fly ash.

TGA analysis

The TGA thermograms in Figure 5.12 showed that the Duvha fly ash samples de-

composed at similar rates to one another. The mass lost in each case is shown in

Figure 5.12 (a) as a function of temperature. The approximate temperature of de-

composition is shown in Figure 5.9 (b). The general mass losses in Figure 5.12 (a)

of the untreated and treated fly ashes (neutral, acidic and basic) were 5.6, 4.9, 5.1

and 4.9 wt% respectively. The thermal decomposition of the Duvha fly ash samples

in this study corresponded with previously reported data [108]. Shoulder decom-

position peaks at temperatures less than 500◦C may have been due to oxides and

oxyhydrates in the fly ash, as they have been reported to decompose as amorphous

solids at lower temperatures [121]. The major decomposition that occurred above
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550◦C may have been due to the release of small quantities of unburned carbon

trapped in the fly ash (see laser Raman section below), but may also have been due

to the decomposition of carbonates like CaCO3 in the waste fly ash.

Figure 5.12: TGA result on (a) Mass percentage loss as temperature was increased in
fly ash samples such as untreated, basic, acid and neutral (b) The various decomposition
temperatures in the respective samples

Laser Raman analysis

Based upon the Raman analyses of the unburned carbon of both the treated and

untreated waste fly ash samples, this carbon could be classified as amorphous (Table

5.2) because the IG
ID

ratios in each case were low i.e.< 0.8 [15]. However, unlike in

the previous results, no particular relationship between the pH and the IG
ID

ratio could

be determined. The waste fly ash that was leached at low pH yielded the highest IG
ID

ratio. This could likely have been due to the surface leaching on the outer layer

of the material, which may have led to chemical reactions that exposed the inner

constituents of the material, where carbon may have been occluded.
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Table 5.2: Laser Raman results for fly ash samples leached with different solutions

Sample IG
ID

Fly ash (Untreated) 0.695
Fly ash (pH = 6.9) 0.563
Fly ash (pH = 0) 0.779
Fly ash (pH = 14) 0.778

5.6 Summary

In this study:

• The leaching method used to remove various compounds from the waste fly

ash played a significant role. The percentage metal ions recovered were influ-

enced to different degrees by factors such as: pH, solid to liquid (L:S) ratio,

leaching time and temperature.

• The temperature and leaching time appeared to have played a lesser role in the

leaching of metal ions from the Duvha fly ash. However, both the pH and the

L:S played larger roles. Metal recoveries increased when the pH of the solu-

tion was decreased, while, they increased when the L:S ratio was increased.

• The highest quantity of leaching occurred at pH = 0, which yielded the greatest

metal recoveries for: Mg (23.3%), Ca (20.4%), Mn (15.2%), Cu (12.5%), Fe

(5.6%), Cr (4.6%), Ni (2.0%) and Co (1.7%). These appeared to have induced

major changes on the surface of the ash.

• Moderate leaching occurred at pH = 6.9 and yielded the following recoveries:

Ca (3.8%), Cu (3.8%) and Mg (1.3%).

• The lowest resulting surface area occurred when the leaching solution was
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basic and this correlated with minor recoveries of: Ca (0.3%) and Cu (7.4%).

These correlated with the highest pore volume.

• No particular relationship between the carbon mass found in the waste fly ash

and the pH of leaching solution was noted. The highest percentage decompo-

sition occurred under acidic leaching environments, which appeared to have

aggressively leached the surface of the waste fly ash. This appeared to have

exposed further volatile elements in the acid treated waste fly ash material,

which became subject to thermal decomposition.

• No particular relationship between the IG
ID

ratio and pH was established. How-

ever, the IG
ID

ratio indicated that the carbon in the Duvha fly ash was mostly

amorphous.
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Chapter 6

Effect of waste fly ash composition on

the synthesis of CNFs

Four waste fly ash samples were used to compare the effect of their composition

on the synthesis of CNFs. Waste fly ash samples were subdivided as: treated and

untreated. The untreated samples were as-received waste fly ash collected from

Duvha boilers. Treated fly ash samples were leached under acid, neutral and basic

media.

6.1 Optimisation of the CVD synthesis of untreated

waste fly ash

6.1.1 The effect of the untreated waste fly ash mass on the CNF

yield

The effect of the fly ash masses as potential catalysts for the CNF yield was inves-

tigated to obtain the optimum synthesis conditions. This was done by weighing the

resulting black solid residue that formed after exposure to carbon source through
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the CVD method. Carbonaceous material was produced when a gas mixture of

C2H2 and H2 was decomposed at a reaction temperature of 700◦C from the different

masses of untreated waste fly ash as catalyst. An increasing relationship between

the initial mass of a catalyst and the resulting carbonaceous material was observed

(Figure 6.1). A gradual increase in CNF yield with respect to catalyst mass was

obtained, where the highest carbon yield was observed when 0.5 g waste fly ash was

used as a catalyst.

Figure 6.1: The effect of catalyst mass on the final carbon yield at the optimal temperature
of 700◦C

As expected, the increase in catalyst mass resulted in the availability of more active

sites on the catalyst surface. In this section, only the optimum catalyst mass (i.e.

0.5 g) that yielded the most CNFs (under following conditions: 700◦C, C2H2 and

H2) was fully characterized using the following techniques: TEM, EDS, XRD, laser
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Raman, TGA and BET. The carbonaceous material that was synthesized was anal-

ysed by TEM and shown to be composed of carbon nanofibres (Figure 6.2 (a)) of

different sizes and structures with an average width of 200 nm (Figure 6.2 (b)).

Figure 6.2: (a) TEM micrograph of different sizes of carbon nanofibre structures upon
decomposing of C2H2/H2 gas mixtures over the untreated fly ash catalyst at 700◦C (b) His-
tograpm of CNFs width distribution

Typical shapes observed were stacked cup, solid fishbone, spiral platellet and platel-

let (Figure 6.3 ).
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Figure 6.3: TEM micrographs of carbon nanofibre structures, Solid fishbone, spiral platel-
let, and platellet upon decomposing of C2H2/H2 gas mixtures over the untreated fly ash
catalyst at 700◦C

Energy dispersive X-Ray analysis was carried out on the CNFs that were synthe-

sized at 700◦C from the untreated waste fly ash as a catalyst. Fe was identified at

the tip of these CNFs (Figure 6.4). Presence of Cu in Figure 6.4 could have been

from the sample carrier. Waste fly ash was composed of a number of metals that oc-

curred in trace amounts (Table 4.1). However, some metals in the waste fly ash have

been reported in previous studies to assist or enhance the growth of CNFs [8, 120].

Catalytically active metals such as: Fe, Co and Ni have been reported to have a
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significant effect on carbon solubility and carbide formation [8]. Metals such as:

Cu, Au, and Ag have also been reported to have a less significant effect, but have

also been shown to assist in CNF growth. For instance this has been shown in the

bimetallic system of Fe-Cu under CO/C2H4/H2 gas mixtures and temperature ranges

of 500 - 600◦C [120].

Figure 6.4: CNFs synthesized at 700◦C from Fe catalyst based in fly ash waste material

The PXRD analyses of the waste fly ash reacted with C2H2/H2 at 700◦C revealed that

quartz, mullite, hematite, dolomite and carbon were the major components (Figure

6.5). Peak broadening around 30◦ 2⊖ was associated with carbon. The laser Raman

technique was then used to identify the level of graphitisation in the CNFs and is is

reported in the section which follows.
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Figure 6.5: PXRD spectrogram of waste fly ash treated with C2H2/H2 at 700◦C.

When the Duvha waste fly ash, which was reacted with C2H2/H2 at 700◦C, was

analysed by laser Raman spectroscopy, two distinctive peaks were identified (Fig-

ure 6.6). The G peak, characteristic of graphitic CNFs appeared at approximately

1589 cm−1 with full width half maximum (FWHM) of 56.44 cm−1, and the D peak,

which indicated the defective graphitic structure, at 1337 cm−1 with a FWHM of

74.55 cm−1. The intensity ratio of the G and D peaks is a measure of the degree

of graphitization of carbon in the products. When the IG/ID ratio is above one, it

indicates more graphitization and a better quality of CNFs. In this case the IG/ID

ratio was 0.757 indicating that the CNFs synthesised at 700◦C were amorphous.
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Figure 6.6: A laser Raman spectrogram of CNFs synthesised from 0.5 g waste fly ash under
C2H2/H2 at 700◦C

The products formed at 700◦C in the reaction between waste fly ash and C2H2/H2

were analysed by thermogravimmetric analysis (TGA) which was instrumental in

indicating the mass of the carbon that had decomposed. TGA analysis (Figure

6.7) showed that about 80% of the sample mass had decomposed at approximately

650◦C, leaving a residual mass of unburned waste fly ash of approximately 20%.

Figure 6.7: Thermogravimetric graph of CNF synthesised from 0.5 g waste fly ash synthe-
sised under C2H2/H2
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The surfaces of synthesised CNFs were then analysed using the BET surface area

technique. When BET surface area measurements were performed on the waste

fly ash treated with C2H2/H2 at 700◦C, the surface area obtained was 25.9 m2/g.

Compared to the untreated waste fly ash in Chapter 4:4.1 (3.4 m2/g) the surface area

had increased approximately seven fold.

Table 6.1: Surface area studies of the CNFs synthesised from waste fly ash (0.5 g)

Sample Surface area (m2/g) Pore Volume (cm2/g) Pore Size (nm)
C2H2/H2 700◦C 25.9 0.084 13.0

Summary

• The larger the mass of waste fly ash catalyst the higher the carbon yield. The

highest CNF yield was obtained when 0.5 g of untreated waste fly ash was

used as a catalyst.

• CNFs synthesised (average diameter sizes of 200 nm) from this untreated

waste fly ash catalyst had various structures such as: stacked cup, solid fish-

bone, spiral platellet and platellet.

• Fe in the untreated waste fly ash was shown to be responsible for the CNF

growth.

• Amorphous CNFs with surface areas of 25.9 cm2/g were synthesised.

6.1.2 The effect of temperature on the synthesis of CNFs

In this study the aim was to obtain the temperature at which an optimal CNF yield

was achieved. This was done by reacting the optimal mass of untreated waste fly

96



ash with C2H2 and H2 at temperatures ranging from 600◦C to 800◦C. The results

obtained were plotted and can be seen in Figure 6.8.

Figure 6.8: A plot of the yield of carbon as a function of increasing temperature in the
reaction between waste fly ash and C2H2/H2.

Here it was noted that the optimal CNF yield was obtained when the reaction tem-

perature was 700◦C. As the temperature was shifted above or below 700◦C, a drop

in the yield of solid carbonaceous product was observed. It is for this reason that

subsequent reactions were performed 700◦C. It is believed that as the C2H2 gas dis-

sociated, carbon species dissolved in the untreated waste fly ash and then diffused

at rates that relied on the nature and structure of the metals that were catalytically

active in the waste fly ash. It is therefore likely that varying the reaction tempera-

ture changed these diffusion rates and hence the yield of carbon that was formed.

Structural changes that were observed in the CNFs that were formed as a function

of temperature in the reaction of the untreated waste fly ash and C2H2/H2 can be

observed in Figures 6.9.
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Figure 6.9: SEM and TEM micrographs of (a) and (a1) 600◦C and (b) and (b1) 800◦C
CVD temperature of CNFs synthesised under acetylene and hydrogen gas with (0.5 g) fly
ash catalyst

A general increase in the diameter of the CNFs was observed as the reaction tem-

perature was increased. The average diameters of the CNFs at 600◦C, 700◦C and

800◦C were as follows: 65 nm (Figure 6.10 (a)), 200 nm (Figure 6.2 (b)) and 500

nm (Figure 6.10 (b)) respectively.
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Figure 6.10: Histogram on width distribution of CNFs synthesised at (a) 600◦C (b) 800◦C
CVD temperature of CNFs synthesised under acetylene and hydrogen gas with (0.5 g) fly
ash catalyst

The increase in the diameters of the CNFs as the reaction temperature was increased

could possibly have been due to the change in the distribution of atoms at the waste

fly ash/gas interface. Equally possible was that this increase could have been as a

result of an increased decomposition rate of the acetylene resulting in higher carbon

deposition and hence larger diameter fibers. These results are consistent with previ-

ous studies where the reaction temperature had an effect on the synthesis of carbon

nanomaterials [122, 123].

Other studies have also indicated that the reaction temperature was not the only

factor that influenced the structure of CNFs. Another factor which has been iden-

tified is the carbon source. Kumar and co-workers have reported on the effect of

the hydrocarbon precursor on the morphology of the carbon nanostructures which

were synthesized [12]. Likewise Coville and co-workers have reported on the effect

of a linear hydrocarbon i.e. acetylene, which is known to decompose into carbon
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atoms or linear dimers/trimers at elevated temperatures, which yielded straight hol-

low CNTs and CNFs [124]. Since similar CNFs were formed in this study, this

indicated that the reaction temperature, precursor hydrocarbon source and the cat-

alytically active metals in the waste fly ash were all responsible for the morphologies

observed.

The PXRD technique was then used to clarify the chemical characteristics of the

CNF structures that were synthesised. PXRD confirmed the presence of the ma-

jor phases of: quartz, mullite, hematite, dolomite and carbon throughout the re-

action temperature study (Figure 6.11). Relative to the untreated waste fly ash

catalyst (Chapter 4.2), peak broadening around 30◦C and 50◦C 2Θ was observed.

This broadening was associated with carbon that formed at different stages of CNF

growth with varying reaction temperature.

Once again the IG/ID ratio (Table 6.2) obtained by laser Raman spectroscopy indi-

cated that amorphous CNFs were synthesised. This IG/ID ratio seemed to imply that

the carbon supply may have been in excess relative to the CNF growth rate. The

effect of experimental conditions such as: the rate at which the hydrocarbon gas is

flowed into the CVD reactor, its dissociation, the interaction between the gas mix-

ture and the waste fly ash catalyst, all have been seen to play a very important role

in the synthesis of either graphitic or amorphous CNFs.

In a study reported by Dunens and co-workers it was shown that when the carbon

supply exceeded the rate of CNF growth, then excess amorphous carbon formed

[103]. The decrease in the IG/ID ratio with increasing reaction temperature in this
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Figure 6.11: The effect of reaction temperature (600◦C to 800◦C) on the synthesis of CNFs
from the reaction of untreated Duvha waste fly ash and C2H2/H2.

Table 6.2: The effect of reaction temperature on the IG/ID ratio of CNFs synthesised in
C2H2/H2.

Gas mixture Reaction temperature (◦C) IG/ID
C2H2/H2 600 0.888
C2H2/H2 700 0.757
C2H2/H2 800 0.814

study is therefore consistent with their observations.

TGA analyses of the CNFs synthesised at the various temperature are shown in Fig-

ure 6.12. These revealed that the highest mass losses (Figure 6.12 (a)) occurred at

temperatures that were above 550◦C (Figure 6.12 (b)).
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Figure 6.12: (a) TGA thermograms of CNFs synthesised between 600◦C to 800◦C, (b)
First derivatives of TGA thermograms of CNFs synthesised between 600◦C to 800◦C.

Based upon the TGA data, reaction temperature and the mass loss (wt%) was ob-

served (Figure 6.13) with the highest mass loss having been noted for the reaction

temperature of 600◦C. This followed a similar trend to that observed for the carbon

yield (Figure 6.8). However, in this case the difference in mass loss at 600◦C and

700◦C was negligible. Curiously, the maximum temperature at which the carbona-

ceous products (i.e. CNFs) combusted increased with increasing reaction tempera-

ture, indicating that they were becoming more graphitic. By direct contrast the IG/ID

ratio followed the opposite trend. At this stage it is not clear why this trend was ob-

served and more research into this will be required in future.
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Figure 6.13: The effect of reaction temperature (◦C) on mass loss (wt%)

The N2 BET surface areas of the CNFs that were synthesised at the different tem-

peratures with the untreated Duvha waste fly ash were found to have decreased from

43 m2/g at 600◦C to 23 m2/g at 800◦C (Table 6.3).

Table 6.3: Surface area analyses of the resultant Duvha waste fly ash as function of reaction
temperature.

Sample Surface area (m2/g) Pore Volume (cm2/g) Pore Size (nm)
C2H2/H2 600◦C 42.5 0.158 15.0
C2H2/H2 700◦C 25.9 0.084 13.0
C2H2/H2 800◦C 23.0 0.101 17.5

These results complemented the results observed for the IG/ID ratios and implied

that as the CNFs that were synthesised at higher reaction temperatures became more

amorphous, their surface areas decreased. Similar results to these have been reported

by Krishnankutty and co-workers on carbon filaments that were synthesized from a

bimetallic Fe-Cu catalyst and an ethylene/hydrogen gas mixture [125].
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Summary

• Optimal CNF yield at was found to have occurred at a reaction temperature of

700◦C.

• However, TGA analyses indicated that CNFs with the highest carbon mass

loss were obtained at 600◦C.

• CNFs synthesised at 600◦C had the highest surface area as well as the best

IG/ID ratio (i.e. were the most graphitic).

• Diameter of CNFs increased with increase in temperature and decreased with

the surface area.

• Minimal carbon yield (0.8 g) was obtained at high a reaction temperature

(800◦C).

• No particular correlation could be assigned to reaction temperature in relation

to IG/ID ratio.

6.1.3 The effect of the composition of Duvha waste fly ash on the

growth of CNFs: Leaching studies

In this section, the effect of the composition of Duvha waste fly ash was studied

using treated waste fly ash (Chapter 5.5.1) as catalysts in the synthesis of CNFs. The

optimum mass (0.5 g) of the catalyst and reaction temperature (700◦C) used in this

section were studied in the previous sections (Chapter 6.1.1 and 6.1.2). Figure 6.14

and 6.18 shows SEM and TEM micrographs of the CNFs that were synthesised in the

presence of the C2H2 and H2 gas mixtures and the variously treated waste fly ashes,
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used as catalysts under the optimised conditions previously studied. Combination

of smooth, thin, wide platellet-like, stacked cup, fishbone and spiral platellet CNFs

were synthesised when the untreated waste fly ash was used as a catalyst (Figure

6.14 (a, a1).

Figure 6.14: SEM and TEM images of CNFs synthesised from treated waste fly ashes: (a)
and (a1) Untreated waste fly ash (b) and (b1) Waste fly ash treated at pH = 6.9.

Smooth, platellet-like CNFs (Figure 6.15 shows that approximately 115 nm in di-

ameter) were synthesised when the waste fly ash was leached with a neutral solution

(Figure 6.14 (b and b1)).
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Figure 6.15: Histogram of CNFs synthesised from the waste fly ash catalyst that was
leached with a neutral solution.

Stacked cup CNFs (a)) with diameters of approximately 52 nm (Figure 6.16) were

synthesized when the fly ash waste catalyst was leached with a basic solution.
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Figure 6.16: Histogram of CNFs synthesised from the waste fly ash catalyst that was
leached with an basic solution.

By contrast platellet-like CNFs with diameters of approximately 200 nm (Figure

6.17) were synthesised from the waste fly ash that was leached with an acid solution.

Figure 6.17: Histogram of CNFs synthesised from the waste fly ash catalyst that was
leached with a acidic solution.

A comparison of the CNFs that were synthesised from the variously treated fly ashes

(Figures 6.14 (b) and 6.18 (a), (b) with the untreated fly ash in Figure 6.14 (a), in-

dicated the effect of chemical erosion and dissolution of elements from the leaching
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studies conducted on the untreated waste fly ash. As previously observed (Chap-

ter 5) when various elements were leached from the untreated waste fly ash sample

these changed the structure of the material, and thus, affected the quality of resulting

CNFs.

Figure 6.18: SEM and TEM images of CNFs synthesised from treated waste fly ashes: (a)
and (a1) Waste fly ash treated at pH = 14 and (b)and (b1) Waste fly ash treated at pH = 0.

The relationship between the diameters of CNFs that were synthesised from the

treated fly ashes as a function of pH (Figure 6.19) showed that as the waste fly ash

was treated with a solution of increasing pH, the diameters of the CNFs synthesised
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appeared to increase. Likewise a relationship between the diameters of the synthe-

sised CNFs and the metal ions recovered after leaching (Chapter 5.5.1) could be

deduced. For instance, CNFs with thin homogeneously distributed diameters could

be correlated with the removal of large amounts of Ca, Mg and most importantly

Fe and/or Cu (as discussed in Chapter 5.5.1) from the waste fly ash under acidic

conditions. The diameters of CNFs that were synthesised from the fly ash that was

leached under neutral and basic mediums, correlated with the removal of Cu, Ca,

Mg but no Fe. Therefore, the leaching of Fe and/or Cu from the waste fly ash before

being employed as a catalyst had the effect of decreasing the diameters of the CNFs

that were formed.

Figure 6.19: The effect of the pH of the pre-treatment solution o waste fly ash on the
diameter of CNFs synthesised.

Figure 6.20 was used to demonstrate the effect of Fe and Cu on the synthesis of

CNFs. Reduced masses of CNFs were observed when aggressive leaching of Fe

109



and Cu had occurred under acidic mediums (Chapter 5.5.1). Large yields of CNFs

were observed when extensive leaching of Cu had occurred under basic conditions.

This greater leaching of the Cu could have indicated that metals occurred in various

layers on the exterior surface of the waste fly ash. For instance, the increase in the

CNF yield may have indicated that when the Cu layer was leached, this exposed the

Fe layer. Since Fe is more catalytically active for CNM synthesis this may explain

the increased yield. Obviously with the waste fly ash being rich in Ca and Mg this

too must have played a role in how the Fe and Cu were distributed on the outside of

the waste fly ash.

Figure 6.20: The effect of pH on CNF yield

Since, the homogeneity of the CNFs varied this could have also suggested that the

leached metals were composed of different particle sizes (Chapter 4.1).
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The effect that the pH of the pre-treating solution had on the chemical composition

of the waste fly ash was examined by PXRD. PXRD analyses (Figure 6.21) showed

that the major phases that could be assigned were: quartz, mullite, haematite, car-

bon and dolomite after being exposed to H2/C2H2. Slight peak alteration were noted

around 60◦ 2⊖. Again peak broadening around 30◦ and 50◦ 2⊖ was observed, con-

firming the presence of carbon in the material. However, no other major changes

were observed. This confirmed the suggestion that the pH of the pre-treating solu-

tion affected the external surface and not the bulk of the material. The peak broaden-

ing noted before was most likely associated with an carbon deposited on the nature

of the waste fly ash and was investigated using laser Raman technique.

Figure 6.21: PXRD analysis on the effect of the mineral composition of waste fly ash
treated with varying pH of pre-treatment solutions on the synthesis of CNFs.
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As can be seen in Table 6.4 and Figure 6.22, the CNFs synthesised from a neutrally

treated waste fly ash catalyst showed the greatest graphiticity (i.e. largest IG/ID ra-

tio). CNFs synthesised from the waste fly ash treated under acidic or basic conditions

were mostly amorphous carbon materials. This suggested that moderate leaching of

Cu, which occurred under neutral environments, yielded that best quality of CNFs.

Table 6.4: laser Raman results obtained for CNFs formed from the C2H2/H2, at 700◦C
from variously treated fly ash samples

Gas mixture Catalyst IG/ID
C2H2/H2 Waste fly ash leached at pH = 0 0.960
C2H2/H2 Waste fly ash leached at pH = 6.9 1.092
C2H2/H2 Waste fly ash leached at pH = 14 0.799

Figure 6.22: The effect of pH on the IG/ID

Samples of these materials were then analysed by TGA. Here it was found that the

mass loss of the samples that were prepared from treated waste fly ash increased

as the pH of the treating solution was increased, with a maximum increase at pH =

6.9. This corresponded with the sample with the largest IG/ID ratio (Figure 6.23 (a)) .
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Figure 6.23: (a) Thermogravimmetric analysis of CNFs that were synthesised from treated
fly ashes (pH = 0, 6.9 and 14)(b) Derivative curves indicating exact point of decomposition
of samples prepared from waste fly ash treated at pH = 0, 6.9 and 14.

BET analyses were the performed on these samples to establish to establish the effect

of chemical composition on the surface area of CNFs that were formed. Surface area

analyses (Table 6.5) showed that the CNFs synthesised from the waste fly ash that

was treated under a neutral pH had the greatest surface area. The surface area of

acid and basic treated waste fly ash produced CNFs which ad the least surface areas.

Since more Fe and Cu were leached under acidic conditions, where the least yield

was observed, it is suspected that this played a role in the lowered surface area under

these conditions. Conversely, since less Mg and Ca were recovered at higher pH,

this too may have influenced the surface area of the CNFs formed at higher pH.

Table 6.5: Surface area studies on CNFs synthesized from the acetylene precursor at 700◦C
from Duvha fly ash catalyst as function of leaching pH

Sample Surface area (m2/g) Pore Volume (cm2/g)) Pore Size (nm)
C2H2/H2 (pH = 0) 7 0.033 19
C2H2/H2 (pH = 6.9) 41 0.157 15
C2H2/H2 (pH = 14) 14 0.066 19
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6.1.4 Summary

• Several interesting trends were observed between the pH of the treating solu-

tion of the waste fly ash ad the CNFs that were formed. These include:

• An increase in CNF diameter wih increased pH.

• An increase in CNF yield beyond pH = 6.9.

• Optimal IG/ID ratio at pH = 6.9. item Optimal surface area at pH = 6.9.

• CNFs synthesised at the various pH had a tubular platelet or sometimes spiral

shaped structures with diameters that were approximately 115 nm.

• Large recoveries of mostly Cu in basic pretreatment on the catalyst resulted in

very high CNF yields that had low surface areas. These yields were postulated

to be due to the leaching of the Cu layer that exposed the Fe layer and hence

made more catalytically active sites exposed.

• The CNFs synthesised from the waste fly ash treated under basic conditions

had diameters of approximately 52 nm.

• The best quality of CNFs that were obtained were from waste fly ash treated

with distilled water (i.e. pH = 6.9). Moderate leaching of Cu was noted,

and this yielded CNFs with high surface area, high graphiticity and with the

greatest diameters.

• Cu and Fe along with Mg and Ca appeared to be the most important metals

in this study, as they appeared to affect the yield, shape and size of the CNFs

formed from the waste fly ash that was treated under various pH solutions.
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Chapter 7

General conclusions and

Recommendations

7.1 General conclusions

The aim of this study was to investigate the effect of fly ash composition on the syn-

thesis of CNFs using the CVD method. For the purposes of this study as-received

Duvha fly ash was titled untreated fly ash. When leaching studies were conducted

under acidic, neutral and basic media, the waste fly ash was referred to as treated

fly ash. Characterization techniques such as: XRD, XRF, ICP-OES, TGA, laser Ra-

man spectroscopy, SEM and TEM were used to analyse the waste fly ash subsequent

products formed from reaction with (C2H2)/H2.

The properties of the as-received (untreated) waste fly ash were thoroughly investi-

gated to understand the nature of the material as a potential catalysts in the synthesis

of CNFs. The material was shown to be heterogeneous, because it was composed of
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different particle sizes of regular spheres and irregular structures which had a sur-

face area of 3.4 m2/g. The largest 0 - 0.49 µm spheres were shown to make only

2.5% of the total fly ash material, whilst the smallest spheres where above 2.5 µm

and where shown to compose 33% of the fly ash. Most of the spheres (64%) were in

the size ranges between 0.5 µm to 2.49 µm. In some instances the surface morphol-

ogy of the spheroidal structures were correlated with the chemical properties e.g. Fe

spheres. Similarly, the irregular structures in the ash were mostly associated with

the aluminosilicate glass. This phase constituted approximately 80% of the total fly

ash composition while, hematite constituted 5.02% and CaO constituted 3.37%. The

presence of amorphous carbon in the waste fly ash was also noted, indicating that

despite the high temperatures that were reached in power plant boilers to combust

coal to waste fly ash, not all the carbon was decomposed during the pyrolysis stage.

Therefore fly ash demonstrated its potential to be used as a catalyst, because it was

shown to contain a number of metals in variable abundances that are known to be

catalytically active or to induce catalytic activity, as well as metal oxides which are

known to act as supports. In this study, Fe was shown to be the most active catalyst

in the synthesis of CNFs, while Cu appeared to play a retarding role, as when it was

leached from the waste fly ash the yield of CNFs increased.

Selective leaching optimisation studies for temperature, time, pH and L:S ratio were

conducted. Leaching optimization studies generally indicated less significance on

temperature and time but more on the L:S ratio and the pH. The L:S ratio and con-

tact time showed increasing trends for respective metals: Ca, Cu, Mn and Cr. Based

upon the results obtained and literature, waste fly ash was leached using a L:S ratio
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of 2:1 for a duration of 30 mins, at room temperature under acidic, basic, and neutral

conditions.

Effective metal leaching was found to have occurred at pH = 0, when Ca, Mg, Mn,

Ni, Cu, Cr, Fe and Co metal ions were recovered from the treated fly ash material.

The effects of this leaching were clearly observed in the deep incisions on the surface

of the fly ash material after exposure to the acidic solution. The least leaching was

observed at pH = 14 where Ca and Mn were recovered minimal quantities. Under

these conditions Cu was recovered the most. Moderate leaching of Ca, Cu, Mn and

Cr occurred under neutral environments and the effects of their removal was noted

by minor strips on the surface of the resultant waste fly ash. The reduced surface

area of the resultant waste fly ash indicated that the selective leaching studies had

an agglomerating effect on the treated material. The mobility of the metal ions was

shown to depend on the chemical form in which the metals occurred in the fly ash

samples. Therefore an increase in solution pH was shown to result in a decrease in

surface area of the resultant waste fly ash. Contrarily, an increase in solution pH

showed an increase in pore volume.

Thermogravimetric analysis showed that waste fly ash that was treated under an

acidic medium, showed the least mass loss relative to the other fly ashes. A direct

relationship between the effect of solution pH on the waste fly ash and the mass loss

upon combustion of the carbonaceous product formed was established. This effect

was most likely linked to the removal of Cu at higher pH and the corresponding in-

crease in yield of carbonaceous products.
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A comparison study on the effect of composition on the synthesis of CNF was then

conducted using both the treated and untreated fly ashes as catalysts in the synthesis

of CNFs.

Optimal CNF synthesis conditions which were previously determined (i.e. 0.5 g if

waste fly ash catalyst and 700◦C) were used for reactions in the CVD reactor with

untreated and treated (pH = 0, 6.9 and 14) fly ash using C2H2 and H2 at a flow rate

of 100 mL/min. Carbon nanofibers of various structural morphologies were syn-

thesised from the untreated fly ash waste materials i.e. platelet, spiral platelet and

solid fishbone by tip growth mechanism. The introduction of acetylene as the carbon

source improved the surface area of the waste fly ash from 3.4 m2/g to 26 m2/g after

the reaction. An increase in the initial mass of the catalyst resulted in an increase in

the final carbon yield.

The effect of the reaction temperature on the yield of CNFs showed no particular

trend in the graphiticity of the CNFs. All the CNFs formed were amorphous. An

increase in the reaction temperature also showed an increase in the diameters of the

nanofibres that were formed. Carbon nanofibres synthesised at 600◦C showed the

greatest surface area of 42.5 m2/g and the best IG/ID ratio relative to other CNFs.

However, the highest CNF yield was obtained at 700◦C.

A comparison of untreated fly ash with the treated fly ash (pH = 0, 6.9 and 14) in-

dicated that the composition of the waste fly ash had an effect on the synthesis of
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CNFs. When CNFs were synthesised from the untreated fly ash, this yielded differ-

ent sizes and combinations of stacked cup, solid fishbone, spiral platelet and platelet

structures. CNFs synthesised from waste fly ash that was treated in a medium of

neutral pH, platelet structured CNFs (115 nm) were formed that had the highest

graphiticity and the highest surface area of 41 m2/g. Relative to other fly ash treated

catalysts, it was generally concluded that the best CNFs were obtained when mod-

erate amounts of Ca, Mn, Cr and Cu metal ions were extracted from the waste fly

ash using distilled water as the leachate. Stacked-cup structured amorphous CNFs

with diameters of approximately 52 nm and surface areas of 14 m2/g were synthe-

sized when waste fly ash was leached with a basic solution. When the waste fly ash

was treated in an acidic solution, CNFs formed were tubular platelets which were

with approximately 200 nm diameters. These structures were amorphous and had

the lowest surface areas (7 m2/g). It was also shown that harsh leaching environ-

ments were not conducive for synthesising the best quality of CNFs. These results

therefore confirmed that the removal of Fe, Cu, Ca and Mg played a major role in

the yield, graphicity, surface area, shape and size of CNFs that were formed.

Finally this study has successfully showed that CNFs could be synthesised from

the waste fly ash material, and that the composition of this waste fly ash waste as a

catalyst has a direct influence on the resulting CNF structures that are formed, which

could be modified by performing simple leaching experiments.
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7.2 Recommendations and future work

The following research is recommended:

• Conduct a study to establish why the pore volume of the CNFs synthesised

varied when the pH of the treating solution was increased.

• A detailed study of the effect of carbon source, flow rate and gas mixtures on

the synthesis of CNFs using untreated fly ash and treated fly ash as the catalyst

is required.

• Conduct a study to establish the optimal reaction conditions for each respec-

tively treated catalyst.

• Conduct zeta-potential analyses to fully understand the effect of leaching by

various media on the surface of the waste fly ash catalyst and its effect on the

growth of CNFs. This may help to postulate growth mechanism of CNFs from

the waste fly ash.
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