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Abstract  

This study has explored the CVD synthesis of carbon nanofibres (CNFs) using Eskom’s 

waste coal fly ash as a catalyst with acetylene and hydrogen as the carbon source and 

carrier gas, respectively. In the process, a possible growth mechanism for these carbon 

nanofibres was sought. CNFs were successfully synthesised from fly ash and were found to 

have an average diameter of 22±7 nm.  

The growth mechanism of these CNFs was studied using EDS, TEM and laser Raman 

spectroscopy. It was observed that CNFs grew via root growth on spherical particles of fly 

ash and by tip growth on irregular-shaped metal oxide agglomerates. Both of these were 

found, through EDS analysis, to be Fe-rich. 

CNFs were functionalised between 2-12 h under reflux at 110 °C using a 3:1 (v/v) 

combination of HNO3 and H2SO4 in order to introduce functional groups onto their surfaces 

to act as anchors for hydrophilic reactants. The functionalisation of these CNFs was studied 

using TEM, laser Raman spectroscopy, ATR-FTIR spectroscopy, PXRD, BET, XRF and TGA. 

ATR-FTIR spectroscopy showed that some carbonyl functional groups were present on the 

surfaces of these CNFs after functionalisation. 

The functionalised CNFs (fCNFs) were then treated using a simple hydrothermal method to 

deposit 10% (m/m) of TiO2 nanoparticles onto their surface. This hydrothermal method 

employed the drop-wise addition of TiCl4 to a cold water-fCNFs mixture, which was then 

refluxed at 115 °C for 2-12 h. Laser Raman spectroscopy confirmed the presence of both 

TiO2 (phase pure anatase) and CNFs. ATR-FTIR spectroscopy provisionally revealed the 

presence of covalent Ti-O-C bonds. 

Studies where the duration of exposure to TiCl4 and the functionalisation time of CNFs 

were examined showed that the particle size and agglomeration of the TiO2 nanoparticles 

did not affect the surface area of the CNF-TiO2 hybrids significantly. However, CNF-TiO2 

hybrids which were shown by TGA to have high fly ash content were observed to have low 

surface areas. fCNFs functionalised at 2 h had the highest surface area, at all fixed durations 

of exposure to  TiCl4 by comparison with fCNFs which had been functionalised for longer 

periods. 



 

P
a

g
e

x
 

List of Figures  

 

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

carbonaceous material [4] ................................................................................................................................... 8 

Figure 2.1.2: Different melts and the types of spherical fly ash particles they form[10] ......... 9 

Figure 2.1.3: Schematic diagram that shows areas of the body that are susceptible to toxic 

trace elements found in coal fly ash [6]....................................................................................................... 11 

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

elements in fly ash particles, as obtained from leaching studies [29]-[32]. ...................................... 12 

Figure 2.2.1: The five main allotropes of carbon (modified from [49]) .......................................... 14 

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

structures [51] ....................................................................................................................................................... 15 

Figure 2.2.3: A schematic diagram showing a typical arc-discharge setup (modified from 

[53]) ........................................................................................................................................................................... 16 

Figure 2.2. 4: A  laser ablation setup (modified from [54]) .................................................................. 17 

Figure 2.2.5: A typical horizontal furnace used for CVD synthesis (modified from [36]) ........ 19 

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

nanomaterials [65] ............................................................................................................................................... 20 

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

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

and helices; (d) a branched growth mechanism from a catalyst particle that “exploded” [64], 

[68] ............................................................................................................................................................................. 21 

Figure 2.2.8: A schematic diagram showing the relationship of the contact angle (θ) with 

the surface energy of the support (γSG), the surface energy of the metal (γMG), and the 

metal-graphite interfacial energy (γMS)for (a) γMG  > γSG (non-wetting), (b) γMG < γSG  

(wetting) and (c) γSG + γMG  > γMS (spreading) (modified from [64]) ............................................... 22 

Figure 2.2.9: The different types of physical functionalisation; (a) Polymer functionalisation 

[75], (b) Surfactant functionalisation [76] and (c) Endohedral functionalisation [77].. ................ 24 



 

P
a

g
e

x
i 

Figure 2.2.10: Typical defects in a single walled nanotube (SWNT): (A) 5 or 7 membered 

rings in the frame work (bending) (B) sp3 hybridised defects (R= OH or H) (C) Carbon 

framework destroyed by oxidative conditions (like acid functionalisation) leaving 

carboxylic groups on the carbon framework along with other functional groups [84]... ......... 25 

Figure 2.3.1: An image of a TiO2 nanoparticle absorbing light (a) and (b) a titania 

nanoparticle suggesting how electron/hole pairs are generated [82] ............................................ 27 

Figure 2.3.2: TiO6 polyhedra and a summary of the crystallographic data [as obtained from 

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

(b) brookite nanocrystals and (c) rutile .................................................................................................... 28 

Figure 2.3.3: A scheme of the different types of manipulations that are possible when using 

the sol-gel technique in order to produce different morphologies [113] . ...................................... 31 

Figure 2.3.4(a) CNFs coated with TiO2 using a modified hydrothermal method [132], (b, c) 

TEM images of CNTs coated with TiO2 by hydrothermal method with an insert with a 10 nm 

scale bar [107], (d) CNFs sparsely coated with TiO2 nanoparticles using sol-gel [133], (e) CNT-

TiO2 hybrid made using sol-gel [90], (f) a random distribution of rice grain shaped TiO2 

nanoparticles coating MWNTs [119] ............................................................................................................. 33 

Figure 3.1.1: The four types of CVD reactors (a) fluidised bed, (b) horizontal, (c) vertical, 

reactor and (d) plasma enhanced CVD around a vacuum (modified from [7]) ........................... 49 

Figure 3.1.2: The typical CVD setup that was used in the experiments ........................................ 50 

Figure 4.1.1: PXRD pattern of raw fly ash and pristine CNFs. .......................................................... 64 

Figure 4.1.2: N2 BET linear isotherms of raw fly ash (lack) and pristine CNFs (blue).............65 

Figure 4.1.3 Laser Raman spectra of the raw fly ash (a) and the pristine CNFs (b) along with 

the sum of their Lorentzian curve fits ........................................................................................................ 66 

Figure 4.1.4: (a-b)The ATR-FTIR pattern of pristine CNFs and raw fly ash showing that 

pristine CNFs have the same bond vibrations as raw fly ash..............................................................67 

Figure 4.1.5: (a) TGA thermograms of the pristine CNFs and the raw fly ash and the (b) first 

derivative curves of these thermograms. ................................................................................................. 68 



 

P
a

g
e

x
ii

 

Figure 4.1.6: Graphical summary of the XRF data obtained for the pristine CNFs and raw fly 

ash ............................................................................................................................................................................ 69 

Figure 4.1.7: (a) SEM and (b) TEM image of CNFs, (c) SEM image of CNFs on a raw fly ash 

(arrow pointing at spirals) and (d) the CNFs particle size distribution plot. ............................. 70 

Figure 4.1.8: (a) Raw fly ash particles before any CVD treatment, (b) Amorphous carbon 

forming on the surface of raw fly ash particles after 15 min (150 °C) of exposure to C2H2 

and H2, (c) Initial growth of filamentous CNFs, after 35 min (350 °C) of exposure to C2H2 

and H2, (d) Root growth of CNFs from the fly ash particle after 45 min (450 °C) of exposure 

to C2H2 and H2, (e) CNFs on the surface of fly ash particles after 65 min (650 °C) of exposure 

to C2H2 and H2, (f) Two fly ash particles surrounded by a great number of CNFs after 95 min 

(held at 650 °C for 30 min) exposure to C2H2 and H2. ......................................................................... 72 

Figure 4.1.9:  A typical EDS pattern obtained for raw spherical fly ash particle showing the 

presence of a cocktail of: Cr, Fe, Mg, Al, Si, Sr, Os, Sb and Os metals and P, O and S. ................ 73 

Figure 4.1.10: Representative TEM micrographs of unbound alloy particles and clusters at 

different times of the reaction: (a) Cluster of metal particles in raw fly ash, (b) Metal 

nanoparticles with a carbide/ carbon coating on the surface at 55 min (550 °C) of exposure 

to C2H2 and H2 and an inset showing the initial stages of tip growth from a cluster, (c) Tip 

growth in an advanced stage with nanoparticles driving growth at 70 min (held at 650 °C 

for 10 min) of exposure to C2H2 and H2.. ................................................................................................... 74 

Figure 4.1.11: An EDS pattern obtained from the irregular shaped metal particle 

agglomerate found in a raw fly ash showing the presence of: Ge, Cr, Fe, Mg, Al, Si, Sn, Ti, Sb 

and Os metals and P and O. ............................................................................................................................ 75 

Figure 4.1.12: An EDS pattern of a carburised Fe-rich particle coated with a carbon layer, 

showing the presence of: Fe, Ca and Si with O. ....................................................................................... 76 

Figure 4.1.13: Figure 4.1.13: An EDS pattern obtained from the metal particle at the tip of a 

CNF which was Fe-rich. ................................................................................................................................... 77 

Figure 4.1.14: Raman spectra of the raw fly ash after different exposure times to C2H2 and 

H2 superimposed over their reflected light images: (a) Raw fly ash. Fly ash particles at 

exposure of (b) 35 min, (c) 45 min, (d) 85 min, (e) 95 min and (f) 105 min. ............................. 78 



 

P
a

g
e

x
ii
i 

Figure 4.1.15: A proposed reaction scheme for the growth of CNFs from CFA particles over 

the reaction time………………………………………………………………………………………………………….79 

Figure 4.2.1: (a) TEM images of 2 h fCNFs, (b) 6 h fCNFs and (c) 12 h fCNFs. ........................... 85 

4.2.2: Laser Raman spectra of (a) CNFs (turquoise), 2 h fCNFs (black), 6 h fCNFs (red) and  

12 h fCNFs (blue) and (b) the corresponding plot of the IG/ID ratio as a function of the 

duration of functionalisation. ........................................................................................................................ 85 

Figure 4.2.3: ATR-FTIR spectra of CNFs (turquoise), 2h fCNFs (black), 6 h fCNFs (red) and  

12 h fCNFs (blue). .............................................................................................................................................. 86 

Figure 4.2.4: PXRD patterns of raw fly ash (black), pristine CNFs (red) and 2 h fCNFs (blue), 

6 h fCNFs (turquoise) and 12 h fCNFs (pink). ......................................................................................... 88 

Figure 4.2.5: A XRF plot of the major metal oxides found in raw fly ash, pristine CNFs and  

2 h fCNFs, 6 h fCNFs and 12 h fCNFs. .......................................................................................................... 89 

Figure 4.2.6: N2 BET isotherms of: (a) pristine CNFs, (b) 2 h fCNFs, (c) 6 h fCNFs and (d) 12 

h fCNFs. .................................................................................................................................................................. 90 

Figure 4.2.7: Thermograms of pristine CNFs (black), 2 h fCNFs (red), 6 h fCNFs (blue) and  

12 h fCNFs (turquoise) ..................................................................................................................................... 92 

Figure 4.3.1: Laser Raman spectra of the CNF-TiO2 hybrid showing the effects duration of 

exposure to TiCl4 to CNFs which were functionalised at: (a) 2 h, (b) 6 h and (c) 12 h............99 

Figure 4.3.2: Laser Raman spectra of the CNF-TiO2 hybrids showing the effects of the 

duration of functionalisation of CNFs for: 2, 6 and 12 h on CNFs that were exposed to TiCl4 

for: (a) 2 h, (b) 6 h and (c) 12 h……………………........................................................................................100 

Figure 4.3.3: ATR-FTIR spectra of pristine CNFs (blue), 12 h functionalised CNFs (red) and 

12 h fCNF-2 h TiCl4 hybrid (orange)............................................................................................................101 

Figure 4.3.4 ATR-FTIR spectra of the CNF-TiO2 hybrid showing the effects of TiCl4 exposure 

time of 2, 6 and 12 h for CNFs functionalised at (a) 2 h, (b) 6 h and (c) 12 h ........................... 103 



 

P
a

g
e

x
iv

 

Figure 4.3.5: ATR-FTIR spectra of the CNF-TiO2 hybrids showing the effects of 

functionalising CNFs for 2, 6 and 12 h on CNFs exposed to TiCl4 for (a) 2 h, (b) 6 h and (c) 

12 h. ....................................................................................................................................................................... 104 

Figure 4.3.6: (a) Waterfall PXRD patterns of the CNF-TiO2 hybrids showing all the peaks 

present, (b) superimposed PXRD patterns of the CNF-TiO2 hybrids showing the anatase 

peaks at: 29.6°, 44.6°, 56.6°, 74.8° and 89.7° 2θ angles (see arrows) ......................................... 107 

Figure 4.3.7: BET N2 adsorption isotherms of the CNF-TiO2 hybrid showing the effects of 

TiCl4 exposure time of 2 (black), 6 (red) and 12 h (green) for CNFs functionalised at (a) 2 h, 

(b) 6 h and (c) 12 h…. ..................................................................................................................................... 109 

Figure 4.3.8: BET N2 adsorption isotherms of the CNF-TiO2 hybrids showing the effects of 

the duration of CNF functionalisation for 2 h (black), 6 h (red) and 12 h (green) when 

exposed to TiCl4 for (a) 2 h, (b) 6 h and (c) 12 h. ................................................................................. 110 

Figure 4.3.9: A 3D surface plot summarising the N2 BET specific surface areas of various 

hybrids formed when the effects of the duration of exposure to TiCl4 and functionalisation 

were studied.……………………………………………………………………………………………………………...111 

Figure 4.3.10: TGA thermograms of the CNF-TiO2 hybrids showing the effects of exposure 

times of TiCl4: 2, 6 and 12 h for CNFs functionalised at: (a) 2 h, (b) 6 h and (c) 12 h. .......... 112 

Figure 4.3.11 TGA thermograms of the CNF-TiO2 hybrids showing the effects of 

functionalising CNFs for: 2 h (black), 6 h (red) and 12 h (blue) when exposed to TiCl4 for (a) 

2 h, (b) 6 h and (c) 12 h .................................................................................................................................. 114 

Figure 4.3.12: A 3D surface plot summarising the residual weight %s of various hybrids 

formed when the effects of the duration of exposure to TiCl4 and functionalisation were 

studied……………………………………………………………………………………………………………………….115 

Figure 4.3.13 (a-i): Particle size distribution plots for the different CNF-TiO2 combinations

 ................................................................................................................................................................................. 117 

Figure 4.3.14 (a-i): TEM micrographs of CNF-TiO2 hybrids showing the different effects of 

functionalisation times, ranging from 2-12 h from left to right, at fixed TiCl4 exposure times 



 

P
a

g
e

x
v

 

i.e. (a-c), (d-e) and (g-i) and the effects of the duration of exposure to TiCl4 from 2-12 h 

from top to bottom (a, d and g); (b, e and h) and (c, f and i)…………………………………………..119 

Fig 4.3.15: (a) a cone-shaped end on a CNF in the 2h fCNF-6 h TiCl4 hybrid (i) and (b) an 

inverse cone-shaped hole on a CNF in a 2 h CNF- 12 h TiCl4 hybrid (ii)………………………….121 

Figure 4.3.16: A 2 h fCNF- 12 h TiCl4 hybrid TEM micrograph showing a particle stuck on 

the tip of the hybrid and, (b) a high magnification micrograph of the image showing carbon 

lattice fringes around the particle………………………………………………………………………………122 

Figure 4.3.17: (a) TEM micrographs of a 6 h fCNF- 2 h TiCl4 hybrid showing carbon and 

anatase lattice fringes, (b) the zoomed in section of the micrograph showing the TiO2 and 

CNF boundary and, (c) a filtered colour image of the zoomed section showing the alignment 

of the lattice fringes…………………………………………………………………………………………………..123 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

P
a

g
e

x
v
i 

List of Tables  

 

Table 2.1.1: General chemical composition estimations of low to medium grade coal used in 

power stations (3) ............................................................................................................................................. 10 

Table 3.1.1: summarises the dimensions of the horizontal furnace used for the CVD 

setup……………………………………………………………………………………………………………………………51 

Table 4.3.1: A summary of the CNF-TiO2 hybrid naming system that was used for 

independently studying the effects of the duration of functionalisation as well as exposure 

to TiCl4………………………………………………………………………………………………………………….........98 

Table 4.3.2: Tabulated summary of differences in the ATR-FTIR data between the: pristine 

CNFs, fCNFs and the 12 h fCNF- 2 h TiCl4 hybrid…………………………………………………………102 

Table 4.3.3: Tabulated summary of the intensity of the 1251 cm-1 peak across all the CNF-

TiO2 hybrids……………………………………………………………………………………………………………….102 

Table 4.3.4: A summary of the N2 BET specific surface areas of various hybrids formed 

when the effects of the duration of exposure to TiCl4 and functionalisation were 

studied……………………………………………………………………………………………………………...…..……108 

Table 4.3.5: A tabulated summary of the residual weight %s that were found when the 

effect of exposure to TiCl4 and functionalisation on the CNF-TiO2 hybrids was studied. .... 113 

Table 4.3.6: A tabulated summary of the average residual weight %s, particle size and the 

specific surface area of the different CNF-TiO2 hybrids that were functionalised at different 

times for fixed durations of exposure to TiCl4. ..................................................................................... 120 

 

 

 

 

 

 

 



 

P
a

g
e

x
v
ii

 

List of Abbreviations 

 

CVD- Chemical vapour deposition 

CNFs- Carbon nanofibres 

ATR-FTIR- Attenuated total reflection Fourier Transform Infrared spectroscopy 

fCNFs- Functionalised carbon nanofibres 

SEM- Scanning electron microscopy 

ASTMs- American Society for Testing Materials 

REE- Rare earth elements 

CNT/s- Carbon nanotube/s 

PECVD- Plasma enhanced chemical vapour deposition 

NHE- Normal hydrogen electrode 

UV- Ultraviolet 

EDS- Energy dispersive X-ray spectrometry 

TGA- Thermogravimetric analysis 

PXRD- Powder X-ray diffraction 

XRF- X-ray fluorescence spectrometry 

BET- Brunauer-Emmett-Teller 

FIB/SEM- Focused ion beam scanning electron microscopy 

TEM- Transmission electron microscopy 

HRTEM- High resolution transmission electron microscopy 

VTPXRD- Variable temperature powder X-ray diffraction  

SPM- Scanning probe microscopy 

AFM- Atomic force microscopy 

UHR-STEM- ultra high resolution scanning transmission electron microscopy 

 

 

  


