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1. Abstract 

 

Carbon nanomaterials (CNMs) such as carbon nanotubes (CNTs) and carbon nanofibers (CNFs) 

have become the most prominent fields of study in nanotechnology. This is due to their fascinating 

and unique features such as their chemical, mechanical, electrical, and optical properties. These 

characteristics have paved a way for applications in fields of medicine, electronics, and polymers, 

among others. For their applications, highly reliable synthesis methods that can produce CNMs of 

high purity in large quantities are desired with less cost. Their synthesis generally requires a 

catalyst, carbon source, and heat. The carbon sources and catalysts used are toxic and expensive. 

Furthermore, the catalysts must be prepared which is time-consuming and incurs more costs. This 

has acted as a major motivating factor to find and compare alternative reagents that are available 

in abundance, cheap, non-toxic, and can be used as received with no pre-treatments. Such 

materials, fly ash and carbon dioxide, were used in this investigation to develop a synthesis method 

for the production of CNMs. 

Pre-combustion (Sasol) and post-combustion (Eskom) fly ash are characterized and compared 

based on their catalytic ability to produce pure, good crystalline CNMs in high yields. Carbon 

dioxide (CO2) and acetylene were used as carbon sources. Chemical vapour deposition (CVD) is 

used for their synthesis which allows the tuning of certain parameters. The growth of CNMs is 

influenced by several process parameters such as catalyst mass, temperature, and flow rates of the 

carbon source gas, and carrier gas. The fly ash catalysts and CNMs were characterized using 

FESEM coupled with EDS, XRD, XRF, particle size, and Zeta Potential Analyzer, TEM, and 

TGA. 

SEM analysis revealed that Sasol fly ash (S-FA) contains a significant number of spheres that are 

poorly rounded, containing coarser, chipped, and uneven surfaces. While the SEM analysis of 

Eskom fly ash (E-FA) showed finer and well-rounded spheres. The particle size distribution (PSD) 

was similar (2.8-88 μm) in both catalysts. However, the proportion of small and large particles 

were higher in S-FA. Furthermore, S-FA contained significant amounts of irregular fragments and 

E-FA contained more spherical particles. The sizes and shapes of catalysts influenced the 

morphology and structure of CNMs.  XRF analysis showed a higher Loss on Ignition (LOI) and 
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Fe content in S-FA (LOI=8.5 wt% and Fe=4.51 wt%) than E-FA (LOI=0.9 wt% and Fe=3.33 

wt%). It was found by EDS that high Fe content is mostly concentrated on the irregularly shaped 

fragments than the sphere particles in S-FA. Whereas E-FA spheres showed higher Fe content.  

Using CO2 as a carbon source, S-FA had better yields, purity, and crystallinity than E-FA. SEM 

analysis of E-FA showed crystallization of the minerals present in it with no identifiable CNMs. 

Raman spectroscopy of E-FA did show nanomaterials containing poor graphitization. TGA 

showed that synthesized CNMs had a high level of impurities. Optimum yields and crystallinity 

for S-FA catalyst were obtained at 750 ℃, a CO2 flow rate of 962 sccm and argon (Ar) flow rate 

of 1202 sccm, and a mass catalyst of 1000 mg. The morphologies of CNMs found on the spheres 

were different from morphologies of CNMs on the irregular fragments. The pressure was found to 

be more influential on the yield and quality of the carbonaceous products than the flow rate.  

When C2H2 was the carbon source, the results were consistent with CO2. CNFs in good yield and 

good quality were formed in S-FA than in E-FA. CNFs with uniform large diameters were formed 

in S-FA from the large catalyst size. For E-FA, TEM analysis and DTG revealed growth of CNFs, 

CNTs, and carbon microspheres (CMS). 

These results show that CO2 and fly ash can be converted to commodity products, which can 

contribute towards mitigating their negative impact on the environment and generate monetary 

value from them. Sasol fly ash was also found to be superior to Eskom fly ash for the production 

of CNMs under all conditions.  
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1. Chapter 1: Overview and Scope 
 

1.1 Introduction 

Carbon nanomaterials (CNMs) such as CNFs and CNTs are cylindrical structures that are filled 

and hollow, respectively. They are composed of only the carbon atom with diameters in the 

nanometer range and contain lengths that extend from a few to several microns [1]–[4]. The interest 

in these materials can be attributed to their unique and tremendous properties such as high 

electrical and thermal conductivity and good mechanical strength [5]–[7]. These properties created 

opportunities for CNMs to be applied in flat panel displays, batteries, water purification, and 

catalysis to mention a few [8]–[13]. A variety of techniques have been reported and used in 

literature to produce different CNMs structures. These methods include arc-discharge, laser 

ablation, chemical vapour deposition (CVD) [14]–[16]. The arc-discharge method involves the 

vaporization of two high pure graphite electrodes by an electric current [14]. The laser ablation 

method is like the arc-discharge method. However, instead of a current, a laser is used to vaporize 

a carbon target doped with metals such as Ni, Fe, and Co [15]. In CVD, a carbon-containing 

compound (ethylene, methane, acetylene, CO, etc.) mixed with a carrier gas (H2, Ar, N2) is reacted 

over transition metal catalysts to form CNMs [17]. All three of these techniques have 

disadvantages and advantages. However, the most promising and widely used technique is the 

CVD. This is because the CVD method is cheap, easy to set up, and can be scaled up for industrial 

production [16]. The CVD method generally uses transition metals (Ni, Fe, Co, and alloys) as 

catalysts upon which the CNMs nucleate. However, these catalysts and carbon sources are 

expensive and toxic. Thus, inexpensive and readily available industrial waste products such as fly 

ash and carbon dioxide (CO2) are the respectively desired catalysts and carbon sources for the 

production of nanomaterials.  

Carbon dioxide (CO2) is one of the major waste gases produced in the world because of the great 

reliance on fossil fuel energy. A report published by PBL (Planbureau voor de Leefomgeving) 

Netherlands Environmental Assessment on global trends of CO2 and total GHG (greenhouse gas) 

emissions, showed that in the past decade global GHGs emissions have increased by 1.2% [18]. 

The main GHGs are carbon dioxide, methane, nitrous oxide, and fluorinated gases which 

contribute 82% 10%, 6%, and 3%, respectively [19]–[21]. These gases are responsible for trapping 

heat in the atmosphere causing a rise in the temperature of the planet. This phenomenon is normally 
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referred to as global warming. The effects of global warming on the planet are quite severe and 

are well documented [21]–[24]. Currently, the countries with the highest GHG emissions globally 

are China (26%), the United States (13%), European Union (8%), India (7%), The Russian 

Federation (5%), and Japan (3%). These countries contribute 62% worldwide to GHG emissions 

and they also have the highest CO2 emission levels [18], [25]. 

CO2 can be captured in a process called carbon capture and storage (CCS), whereby it is captured 

from the atmosphere or production plants and stored underground [26]–[28]. However, after 

decades of research this technology has been hit by high operational costs, concerns with the period 

of the CO2 storage underground unit [29]–[33]. As such, research interests in carbon capture, 

storage, and utilization (CCSU) seemed to be gaining momentum and more favoured. The 

utilization of CO2 not only contributes to the reduction of GHGs but also provides economic relief. 

It has also been a goal for scientists to find uses of carbon dioxide to produce value-added products. 

It has found its use in carbonated drinks, dry ice, solvent, refrigerant, welding medium, and 

Enhanced Oil Recovery (EOR) [29], [34]. These are relevant but not significant enough to the 

abatement of CO2 concentrations in the atmosphere[35].  

The main barrier to the usage of CO2 as a chemical feedstock is its high stability (ΔGf = -396 

kJ/mol). It is both a kinetically and thermodynamically stable molecule and difficult to reduce, 

therefore, converting it requires a significant of energy [36]. Among the research areas of CO2 

utilization is in the synthesis of CNMs such as CNTs and CNFs as a carbon source [37]. The 

studies conducted on CO2 as a carbon source for CNMs are still lacking and need further research 

including using different catalysts.  

Fly ash, also known as pulverized ash, is a solid waste product produced in coal-fired power plants 

when generating electricity. Fly ash mostly consists of silicon dioxide (SiO2), aluminium oxide 

(Al2O3), and iron oxide (Fe3O2). It also has minor constituents of calcium, magnesium, silica, 

potassium, manganese, lead, nickel, cobalt, zinc, arsenic, selenium, and boron [38], [39]. Its 

composition depends upon the coal bed composition and combustion method [40].  

The management and disposal of fly ash have raised some environmental and economic concerns. 

Since fly ash is waste, the common practice is to dump it in the sea or into landfills [41]–[43]. This 

is not good because, although they exist in small amounts, fly ash contains some toxic metals [38]. 

When fly ash is dumped, there is a possibility of the metals leaching into groundwater or surface 
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water nearby [44]. Furthermore, it could cause air pollution by being blown away by air and could 

also affect human health through direct inhalation [45]. More importantly, there exists a long-term 

financial burden associated with land use and maintenance with ash dumps [39], [46]. Thus, this 

led researchers around the world to try and find the uses of fly ash as a value-added commodity.  

The research into the uses of fly ash has received a great deal of attention. It has found use in the 

construction industry, agriculture, geopolymers, soil amendment, ceramic materials, and catalysis 

to name a few [47]. Researchers around the world have also attempted to use fly ash as a catalyst 

in the synthesis of CNMs [48]–[51]. One of its advantages is its low cost and availability which 

also provides an incentive to use this material. Furthermore, it contains a small portion of the 

catalysts that are used in the production of CNM such as iron.  

In this study, carbon dioxide was used as a sole and main source of carbon along with pre– and 

post-combustion fly ash to synthesize carbon nanomaterials. Pre-combustion fly ash is generated 

at South African Synthetic Oil Limited (Sasol) during coal combustion, which implies the coal is 

partially combusted resulting in unburnt carbon. The coal from the Electricity Supply Commission 

(ESKOM) is post-combusted, meaning it is completely combusted and leaves low unburnt carbon 

content. For the rest of the chapters, pre-combustion fly ash will be addressed as Sasol fly ash and 

post-combustion will be referring to a Eskom fly ash. The two fly ashes were characterized using 

EDS and XRF analysis to determine their compositions. Two comparative studies were conducted, 

one using CO2 as a carbon source under various parameters and the other using acetylene (C2H2). 

These studies were conducted to determine which fly ash forms purer CNMs with good 

crystallinity in high terms of their ability to synthesize CNMs using the CVD method. The fly 

ashes were used untreated, and argon (Ar) was used as a carrier gas used.  

1.2 Problem Statement 

Currently, waste such as fly ash and carbon dioxide poses an environmental problem. Fly ash can 

cause air pollution by being blown away by air and affect human health through direct inhalation. 

It also contains some toxic metals that can leach into underground water. While carbon dioxide is 

a well-known greenhouse gas and a major contributor to global warming. Both these waste 

products have been studied for their applications. This study aims toward contributing to the 

currently existing technology and research on mitigating the environmental effects of these waste 



 

4 
 

products. This will be done by investigating them as a carbon source (CO2) and catalyst (fly ash) 

on the synthesis of carbon nanomaterials. 

1.3 Research Questions 

• Which fly ash catalyst produces good quality and good yield of CNMs between Sasol and 

Eskom fly ash? 

• Can the variation of CO2 and carrier gas flow rate, reactor temperature, type, and mass of 

catalyst result in optimum quality and quantity of CNMs production? 

• How do the composition and particle size of fly ash influence the structure and morphology 

of CNMs? 

1.4 Research Aim and Objectives 

In South Africa, only one type of fly ash has been investigated to produce carbon nanomaterials, 

this is post-combustion fly ash from Eskom. This research aims to investigate the effect of Sasol 

(pre-combustion) and Eskom (post-combustion) fly ash as a catalyst to produce CNTs from CO2 

via the CVD.  

The aim can be achieved through the following objectives: 

• To determine the best-operating conditions such as reactor temperature, catalyst amount, 

and gas flowrate on the production of CNMs; 

• To investigate the effect of carbon sources (CO2 and C2H2) on the production of CNMs; 

• To compare the production of CNMs using pre-combustion and post-combustion fly ashes. 

1.5 Hypothesis 

Since the coal from Sasol is pre-combusted resulting in fly ash with higher levels of unburnt carbon 

than Eskom fly ash. Therefore, good quality and yield of CNMs will be obtained with Sasol fly 

ash.  

1.6 Structure of the Dissertation 

This dissertation is divided into seven chapters including this one. It is organized as follows: 

Chapter 1: Overview and Scope  

This chapter gives an overview and summary of the work done and justifies the use of CO2 and 

fly ash for carbon nanomaterial synthesis. It also highlights the challenges faced by using both 
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waste materials as feedstock (CO2) and catalyst (fly ash). Lastly, the benefits of using these by-

products are mentioned.  

Chapter 2: Literature Review  

A comprehensive overview and background on the properties, applications, challenges, and 

environmental impact of fly ash and CO2 are given. Studies of fly ash as a catalyst and CO2 as a 

carbon precursor for CNMs synthesis are deliberated separately. They are subsequently discussed 

as a carbon source and catalyst combination. A literature review on CNMs is given, with a focus 

on CNTs. Factors and synthesis conditions that influence the formation of CNMs from CO2 are 

mentioned.  

Chapter 3: Methodology  

The materials, methods, and characterization techniques used in this study are presented in this 

chapter.  

Chapter 4: Fly ash Characterization 

A comparative study on the properties of the two fly ash catalysts was conducted and the results 

are presented. The characterization methods used to compare their properties are SEM, EDS, XRF, 

and XRD and a particle size analyser.  

Chapter 5: Synthesis of CNMs from CO2 using Sasol and Eskom fly ash 

The catalytic abilities of the fly ash catalyst are compared to determine which catalyst produces 

better CNMs when CO2 is a precursor gas. The parameters: reactor temperature, the flow rate of 

precursor gas carrier gas, and catalyst mass were varied to examine their effect on the yield and 

quality of the CNMs. The products were studied using TGA and DTG, SEM, and Raman 

spectroscopy. 

Chapter 6: Synthesis of CNMs from C2H2 using Sasol and Eskom and fly ash 

This chapter presents detailed results of the CNMs produced from C2H2 as a precursor gas and 

argon as a carrier gas. The products are compared by using SEM, TEM, TGA and DTG, XRD, 

and Raman spectroscopy.  

Chapter 7: Conclusion and Recommendations 
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Here, a summary of the findings in this study is given and their implications for the future 

production of CNMs from fly ash and CO2. Areas that require further investigation are discussed.  
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2. Chapter 2: Literature Review 
 

2.1 Carbon Dioxide 

Carbon dioxide (CO2) is a colourless, odourless, nontoxic [1] and stable molecule usually in 

gaseous form at standard pressure and temperature conditions (1 atm and 25 ℃). It can also exist 

as a liquid or solid (dry ice) under certain conditions. At 1 atm, solid CO2 directly sublimes to a 

gas. Below a pressure of 5.11 atm, it does not exist as a liquid. Its structure consists of two oxygen 

atoms that are covalently bonded to a single carbon atom forming a double bond. It is a non-polar 

and chemically unreactive molecule under standard conditions that exists predominantly in the 

earth’s atmosphere. Its stability makes it difficult to react with other molecules. Most reactions of 

CO2 occur at the C-atom by a nucleophilic attack using electron-donating agents or electrophilic 

attack at the O-atom [2]. It can dissolve in water to reversibly form carbonic acid (H2CO3). CO2 is 

a supercritical fluid (scCO2) at temperatures and pressures at or above the critical point (30.98 ℃, 

72.79 atm) as shown in Figure 2.1. This enables it to have some properties of both gas and liquid. 

This uniform phase gives CO2 the property to mix with other fluids.  

  

Figure 2.1: Phase Diagram of CO2 showing different phases of CO2 under 

different temperature and pressure conditions [224] 
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2.2 Formation and Source of CO2 

Carbon dioxide is an essential molecule for plants for their survival. Its concentration in the 

atmosphere depends on the processes that consume or release it. Plants, algae, and certain 

bacterium types use light energy to convert CO2 and water to O2, carbohydrates, and water. CO2 

may be produced through natural and anthropogenic processes [3]. 

2.2.1 Natural Formation 

 

The natural formation of CO2 is associated with indigenous gases and the carbon cycle. This 

mainly includes plant and animal respiration and decay, volcanic eruptions, hot springs, and 

geysers. These natural sources of CO2 contribute very little to the Green House Gas (GHG) effect, 

most of the contributions come from anthropogenic activity. 

2.2.2 Anthropogenic 

 

These are human activities or industrial processes that produce large amounts of CO2. The heavy 

reliance on carbon fossils is driven by the global energy demands for modernization, a better 

quality of life, and the need for economic growth [4]. Notwithstanding the measures that have been 

put in place such as alternative energy sources, environmental awareness campaigns, and policies, 

the burning of fossil fuels continues to be the preferred source of energy. The main sources of 

man-made CO2 emissions can be divided into sectors as shown in Figure 2.2. The energy sector is 

the leading source of CO2 emissions and contributes around 72% globally and includes electricity 

and heat, transportation, manufacturing, and construction fugitive emissions, and other fuel 

combustion. In the energy sector, the combustion of coal electricity, and heat is the leading emitter 

of CO2 at 31%, followed by transportation (15%) and, manufacturing and construction (12.4%). 

Transportation includes but is not limited to the movement of people and using cars, buses, ships, 

airplanes, and trucks. The energy sector is followed by agriculture (11%). Industrial emissions 

contribute 6% and mostly include the production of cement, hydrogen, ethylene oxide, and 

limestone [5],[6].  
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2.3 CO2 Capture and Storage 

Carbon capture and storage (CCS) is one of the leading and early developed technologies used in 

the abatement of CO2 concentration. Although expensive [7],[8], this method has been extensively 

studied. It is an area that is not short of literature and it is available at a commercial scale [3]. The 

CCS technology mainly targets CO2 emissions from large point sources such as fossil fuel power 

plants, refineries, iron and steel factories, oil and gas production sites, cement, and other chemical 

plants. This is where most CO2 emissions emanate from[9], as seen in Figure 2.2. The steps 

involved in capturing CO2 include capture and compression from flue gas, transportation via 

pipelines, utilization, and storage. The technologies that are currently available for capturing CO2 

are pre-combustion[10]–[13], post-combustion [14]–[17] and oxyfuel combustion capture [18], 

[19]. The captured CO2 is stored in the underground formation, deep sedimentary formations, 

saline aquifers, depleted oil and gas reservoirs, and in the ocean [3], [20]–[22]. An alternative 

approach to carbon management is to utilize the captured carbon dioxide instead of storing it 

underground. 

 

 

Figure 2.2: Anthropogenic CO2 sources according to sectors [5] 
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2.4 Application of Carbon Dioxide 

Carbon dioxide has found several applications in chemical industrial processes and research is still 

ongoing to find efficient and economic routes of its utilization. Its conversion to chemicals and 

fuels can be traced back to the late 1800s where it was used in the synthesis of salicylic acid [23], 

NaHCO3 [24], NaCO3 [25], and in the early 1900s for its conversion to urea [26]. From then it has 

grown to a vast number of applications. Huang and Tan [27] categorized the application of CO2 

into two parts: chemical and physical utilization Figure 2.3. 

2.4.1 Physical/Direct Utilization 

 

In the physical or direct utilization, CO2 remains in its purest form without any conversion and can 

also be suspended in a solution. One of its most common applications is in beverages. It is 

dissolved in cold drinks and other beverages to assist in sharpening the taste and flavour when the 

reaction of CO2 gas with water forms carbonic acid [28]. It is chosen for beverages because of its 

solubility in water, stability, cost, preservation, and it is safer when compared with other gases. In 

the oil and gas industry, it is used to enhance the production and recovery of oil after primary 

recovery by injecting it into the reservoir. The oil containing dissolved CO2 is brought to the 

surface, and CO2 is separated for reinjection. The recovery of oil and gas can be increased up to 

Figure 2.3: Simplification of various CO2 utilization pathways 
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15% by CO2 flooding. In fire extinguishers, CO2 gas is used as a fire suppressant. The fire 

extinguisher is filled with CO2 under extremely high pressures. During a fire, CO2 can remove 

oxygen from the triangle of fire, thereby stopping the flames [30]. CO2 is used in welding as a 

shielding gas to prevent the molten weld from meeting oxygen, nitrogen, and hydrogen gases in 

the air atmosphere. Meeting these gases results in porosity in the welded area [31], [32].  

In its solid form, which is referred to as dry ice, it is used to preserve food as a refrigerant since it 

is much colder than ice water causing it to have a greater effect. Doctors use it to freeze and remove 

skin infections. It can be used in many other fields in different ways [29]. Supercritical carbon 

dioxide (scCO2) can be used as a solvent to replace volatile organic compounds. It is an attractive 

solvent especially for a majority of nonpolar, limited polar, and low molecular weight organic 

compounds. Additionally, it is used in the synthesis of nanoparticles or composites and polymer 

modification [33], [34]. These physical applications are mostly on a small scale and have a minimal 

effect or contribution towards reducing CO2 concentration. However, the advantage in most of its 

direct applications is the limited amount of energy required. 

2.4.2 Chemical Utilization 

 

This classification of CO2 utilization stems from the conversion of CO2 to fuels and chemicals. It 

can serve as a carbon source and feedstock to form a chemically different compound. Under 

suitable conditions, CO2 bonds are broken down into their pure carbon or CO molecules form in 

exothermic or endothermic reactions. Furthermore, it can react with other compounds to create 

long hydrocarbon chains. The amount of energy required to convert CO2 depends on the type of 

conversion it undergoes. 

Generally, CO2 can undergo carboxylation and reduction transformations. Where in the former 

transformation, the whole CO2 moiety is incorporated into a polymeric or molecular compound 

and requires less energy whereas the latter produces reduced forms of CO2 and requires a 

significant amount of energy.  

Carboxylation Reactions 

Urea 

Urea (carbamide) production from carbon dioxide and ammonia is one of the matured technologies 

for the conversion of CO2 and has been in existence for nearly a century. The reaction takes place 
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at 185-190 ℃ and 180-200 atm and occurs in two steps at equilibrium. In the first step (Equation 

2.1), which is fast and exothermic, the whole CO2 molecule is attached to liquid ammonia to form 

ammonium carbamate. The second step (Equation 2.2) is slow and endothermic, ammonium 

carbamate is decomposed into water and urea [35]. 

Equation 2.1 

2𝑁𝐻3 + 𝐶𝑂2 ↔ 𝐻2𝑁 − 𝐶𝑂𝑂𝑁𝐻4  

Equation 2.2 

𝐻2𝑁𝐶𝑂𝑂𝑁𝐻4 ↔ (𝑁𝐻2)2𝐶𝑂 + 𝐻2𝑂 

The most notable application of urea is in fertilizers due to its high nitrogen content (46%), when 

it reacts with water it releases ammonia and CO2 to the soil. Therefore, using CO2 for urea 

synthesis is not considered as a measure to reduce CO2 concentrations. 

Salicylic Acid 

Salicylic acid is a precursor to aspirin. It is obtained when CO2 is brought into contact with sodium 

phenoxide under high pressure and temperature (100 atm and 125 ℃) [36]. The product obtained 

is treated with sulphuric acid. Iijima and Yamaguchi [37] obtained salicylic acid from phenol and 

supercritical CO2 in good yields in the presence of a Lewis acid catalyst at moderate temperatures. 

Among the catalysts they studied, aluminium bromide (AlBr3) was found to be the most active.  

Cyclic carbonates 

Cyclic carbonates containing five-membered rings can be produced through cycloaddition of CO2 

to epoxides. These have reached industrial-scale production and have since found applications in 

lithium batteries, reagents, polar solvents, and diluents [38]. Cyclic carbonates can be used as 

components of oils and paints and can also undergo ring-opening polymerization to synthesize 

polycarbonates [39] and polyurethanes [40]. Their reaction usually requires a Lewis acid or base 

catalysts which require harsh synthesis conditions, thus limiting the formation. North et al. [41] 

reviewed major developments of catalyst systems used in the synthesis of cyclic carbonates and 

alternative routes that allow synthesis to be carried out under milder conditions. Yu et al. [42] 

studied the free-solvent conversion of CO2 and epoxides to cyclic carbonates under atmospheric 

and room temperature conditions. A new Cu6 cluster [Cu6(μ4-O)2(SO4)4(DMA)6] with a high 

density of active Lewis acid sites were synthesized and found to be a suitable catalyst for this 

process. CO2 can undergo copolymerization to form polymers. A copolymer is a molecule that 
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contains two different repeating units. It is formed by polymerizing the two monomers (CO2 and 

epoxide) at the same time to form a single chain [43].  

Formic acid 

Formic acid is the simplest form of carboxylic acid. It is used in the leather and textile industry, 

silage preservation, and synthesis of other organic chemicals [44]. Formic acid is produced 

commercially using four different methods:  

• Oxidation of hydrocarbons 

• Methyl formate hydrolysis 

• Hydrolysis of formamide 

• Preparation from formats 

However, the most common production method used is methyl formate hydrolysis [45]. In this 

process, the carbonylation of methanol with CO takes place in the presence of a base catalyst (2.5 

wt%) such as sodium methoxide (NaOMe) at 80 ℃ and 45 bar. The resulting methyl formate is 

subsequently hydrolysed to give formic acid [46]. Some of the available processes that exist to 

convert CO2 into formic acid are homogenous catalysts, heterogeneous catalysts, and 

photocatalytic reduction. Direct hydrogenation of CO2 to formic acid using a heterogeneous 

catalyst is the preferred method of synthesis since they have a high selectivity [47]. 

Reduction Reactions 

Methane  

Methane or natural gas can be consumed as feedstock in dry reforming with CO2 to afford synthesis 

gas (Equation 2.3). It can also be formed as a product in the hydrogenation of CO2 (Sabatier process) 

in the presence of a metal catalyst (Equation 2.4). Dry reforming of methane with CO2 is an 

endothermic reaction and requires high temperatures. Synthesis gas (also called syngas) resulting 

from this process primarily constitutes carbon monoxide (CO), hydrogen (H2) and often contains 

CO2. It can be used in the matured Fischer-Tropsch process to produce a range of valuable liquid 

hydrocarbons such as methanol. This process is also found to be beneficial since both feedstocks 

are cheap and are greenhouse gases as opposed to using steam. Normally, hydrogen is the targeted 

product when steam is used. However, with CO2 more CO is produced [40]. 

Equation 2.3: Dry reforming 

𝐶𝑂2 + 𝐶𝐻4 ↔ 𝐶𝑂 + 2𝐻2 
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Equation 2.4: Methanation/Sabatier process 

𝐶𝑂2 + 4𝐻2 ↔ 𝐶𝐻4 + 2𝐻2𝑂  

The Sabatier process or methanation of CO2, unlike the consumption of methane, is exothermic. 

The reaction between CO2 and H2 usually takes place in the temperature range of 300-500 ℃, at 

pressures from atmospheric to 100 bar in the presence of a ruthenium-based catalyst. Currently, it 

is used to purify syngas in ammonia plants, reduce carbon oxide in hydrogen-rich syngas, and 

polymer electrolytes in fuel cell anodes [48]. Particle size, catalyst support, and operating 

temperature play an important role in methanation reactions [45]. However, the industrial 

application of this process has been halted by the carbon deposition which deactivates the catalyst 

[49].   

Methanol 

Methanol has found applications in fuels as a raw material, dyes, paints, rubbers, pharmaceuticals, 

and medicine [27], [50]. Thus, it is an important commodity in the chemical industry. Nearly all 

the methanol today is produced from synthesis gas obtained via gasification of carbon feedstocks 

(Equation 2.5). As also shown above (Equation 2.3), natural gas or methane can be industrially used 

for syngas generation. The commercial conversion of syngas to methanol is carried out over metal 

catalysts (Cu/Zn/Al2O3 system) at 5-10 MPa and 200-300 ℃ and is also very exothermic [51]. 

Equation 2.5 

𝐶𝑂 + 2𝐻2 = 𝐶𝐻3𝑂𝐻      

Equation 2.6 

𝐶𝑂2 + 3𝐻2 = 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂   

Equation 2.7 

𝐶𝑂2 + 𝐻2 → 𝐶𝑂 + 𝐻2𝑂    

Research efforts are concentrated on the catalytic hydrogenation of CO2 to synthesize methanol 

(Equation 2.6). Unfortunately, this is accompanied by an undesirable side reaction, the reverse-

water-gas shift reaction (RWGS) as shown in (Equation 2.7). The RWGS reaction consumes 

hydrogen, decreasing the yield of methanol. The large amount of water produced from both 

reactions inhibits the catalyst active sites. Other by-products such as alcohols and hydrocarbons 

are also formed. A highly effective catalyst is considered a key factor in synthesizing methanol 

successfully in high selectivity [52], [53]. 
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Dimethyl carbonate (DMC) 

The direct synthesis of DMC from CO is an attractive process for the use of CO2 [54]. DMC is an 

environmentally friendly chemical with potential applications in the electronics and chemical 

industry [55]. Initially, it was produced from phosgene with methanol. However, the process had 

to be abandoned due to the toxicity of phosgene and other synthesis routes were developed [56].  

Equation 2.8 

𝐶𝑂2 + 𝐶𝐻2𝑂𝐻 ↔ 𝐷𝑀𝐶 + 𝐻2𝑂  

Furthermore, the direct synthesis from CO2 and methanol (Equation 2.8) is considered a green 

chemical process [57]. De Groot et al. [58] discussed the design of a DMC production plant using 

methanol and CO2 as feed materials. They proposed 3 routes: 

1. Direct synthesis from methanol and CO2. 

2. Conversion of DMC with methanol from CO2 and ammonia and forming a cyclic carbonate 

from CO2. 

3. Ethylene oxide which can be converted to DMC via transesterification with methanol.  

Dimethyl ether (DME) 

Dimethyl ether (DME) is the simplest form of an ether that is environmentally friendly, non-toxic 

nor carcinogenic and it is used as an alternative to Liquified petroleum gas (LPG) [59]. Methanol 

produced from the hydrogenation of CO2 is dehydrated to DME in the presence of acidic catalysts 

like zeolite (Equation 2.9).  

Equation 2.9 

𝐶𝐻3𝑂𝐻 ↔ 𝐶𝐻3𝑂𝐶𝐻3 + 𝐻2𝑂    

Another alternative route is by considering the reverse water-gas shift reaction (Equation 2.10) This 

route is considered to break the equilibrium barrier and results in a synergistic effect. In using CO2, 

hydrogenation takes place using a bifunctional catalyst in a single step to methanol (Equation 2.11). 

Equation 2.10 

2𝐶𝑂 + 4𝐻2 ↔ 𝐶𝐻3𝑂𝐶𝐻3 + 𝐻2𝑂     

Equation 2.11 

2𝐶𝑂2 + 6𝐻2 ↔ 𝐶𝐻3𝑂𝐶𝐻3 + 3𝐻2𝑂    



 

21 
 

The stability of CO2 is high (-394.3 kJ/mol), and its conversion as a single reactant is energy 

intensive. One way to overcome this is by using a CO2 as co-reactant with another reactant that 

has a higher Gibbs free energy like methane or hydrogen.   

Carbon dioxide can be converted to methanol and water with hydrogen. This is one of the simplest 

and straightforward methods for methanol synthesis and DME. Other techniques for methanol 

synthesis from CO2 such as electrochemical reduction, photochemical reduction, plasma (cold& 

thermal).    

Most of the CO2 that is targeted for utilization is from industrial processes such as the production 

of cement and the burning of fossil fuels. This emitted CO2 is usually contaminated and contains 

other waste materials other than CO2 and would require purification for its utilization.  

The volume of CO2 that is emitted is significantly larger compared to the amount of carbon dioxide 

used. Currently, only 200 Mt/yr is used from the anthropogenic CO2 that is emitted (3200 Mt/yr) 

[25], and this calls for an improvement on the current technology and processes that use CO2. An 

emerging application of CO2 that is gaining the attention of researchers is its use as a sole carbon 

source for the synthesis of carbon nanomaterials.   

 

2.5 Carbon nanotubes 

Due to the number of studies produced in carbon nanotubes and their popularity, this section will 

solely focus on them and no other carbonaceous products. A CNT is a rolled-up sheet of graphene 

material, forming a cylindrical shape or tube with a diameter in the nanometre scale and length in 

microns. CNTs were 1st observed by Iijima in 1991 [61] as a by-product in the synthesis of 

fullerenes. However, the formation of filamentous carbon was reported in the early 1970s by Baker 

et al. [62], [63] and in the mid – 1970s by Oberlin et al. [64]. At the time, the techniques that could 

characterize the filamentous carbon were poor [65]. From that work by Iijima, it was realized that 

carbon with sp2 bonding can exist in different forms shown in Figure 2.4, such as amorphous 

carbon, carbon nanofibers (CNTs), graphene other than graphite and diamond[66].  

After their discovery, CNTs received a great deal of attention from researchers all over the world. 

This is seen by the vast amount of available literature and publications on this nanomaterial. CNTs 

possess properties that are unique and interesting such as their extraordinary electrical and thermal 
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conductivity [67], and high mechanical strength [68] that make them useful in different 

applications such as hydrogen storage[69], catalysis [70], electronics[69], [71]–[76], biological 

sensors [77], water purification [78] and polymer science [79] amongst others.  

There are mainly two types of CNTs, single-walled CNTs (SWCNTs) and multi-walled CNTs 

(CNTs). The major and obvious difference between the two types is the number of walls in their 

structure. SWCNTs contain only a single layer of graphene whereas MWCNTs contain multiple 

layers of graphene, ranging from 2 – 100 layers rolled to form a tube. Other structures such as few-

walled [80] and double-walled CNTs [80]–[82] have been reported.   

 

 

The graphene sheet structure can be rolled up in more than one way to yield different CNT forms 

Figure 2.5. This orientation in single-walled carbon nanotubes can be specified by a vector called 

the chiral vector C and can be defined as, 

Equation 2.12 

𝐶 = 𝑛𝑎1 + 𝑚𝑎2 

Figure 2.4: Different forms of carbon and carbon nanomaterials [225] 
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which determines how the graphene sheet is rolled up. The indices (n, m) are integers and define 

the diameter and chiral vector that give rise to different structures, a1 and a2 are the unit cell vectors 

of the two – dimensional lattice formed by sheets of graphene. 

 

 

 

The length of the chiral vector C is the circumference of the nanotube and given by the equation:  

Equation 2.13 

𝑐 = |𝐶| = 𝑎√(𝑛2 + 𝑛𝑚 + 𝑚2)    

Where a is the length of the unit cell vector a1 or a2. Using the circumference c, the diameter of 

the carbon nanotube can be represented as: 

Equation 2.14 

D = c/π  

The angle between the chiral vector and the zigzag nanotube axis is called the chiral angle θ is 

given by: 

Equation 2.15 

(a) 

(b) 

Figure 2.5: Graphene sheet rolled up in various ways to form (a) zigzag, (b) chiral and (c) 

armchair SWCNTs 

(c) 
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𝜃 = 𝑡𝑎𝑛−1 [
𝑚√3

𝑚+2𝑛
]     

Thus the nanotube can be specified by its (n,m) indices or equivalently by θ. When 𝑚 =

0 𝑜𝑟 (𝜃 = 30°) the CNT structure formed is zigzag (Figure 2.5a) while 𝑚 = 𝑛 𝑜𝑟 (𝜃 = 0°) gives 

armchair (Figure 2.5c) and when 𝑚 ≠ 𝑛 the nanotubes are chiral (Figure 2.5b) CNTs and θ takes 

a value between 0° and 30°. The difference in these structures is noticeable by the open ends. The 

values of (n, m) affect the electronic, mechanical, and optical properties of CNTs [83]. This 

classification is mostly used to describe single-walled carbon nanotubes (SWCNTs). Multi-walled 

carbon nanotubes (MWCNTs) can be formed like a scroll, whereby the graphene sheet wraps 

around itself manifold times or the coaxial cylindrically curved graphene sheets when the carbon 

nanotube contains another one inside it [84]. Eatemadi et al [83] also described the Russian Doll 

and Parchment model for MWCNTs. 

2.5.1 Synthesis Methods of CNMs (CNTs) 

 

Several techniques have been used in the synthesis of CNTs since their discovery. The most 

common of these techniques are laser ablation, arc discharge, and chemical vapour deposition 

(CVD). Each of these techniques has advantages and disadvantages and they have been modified 

with different recipes to overcoming some of the challenges. This is also done to get CNTs with a 

specific type of morphology, the number of walls, better quality, and yield for the intended use. 

The CVD, however, has been the most favoured method among researchers worldwide.  

Arc Discharge 

The arc discharge method is one of the most common and oldest techniques used to produce carbon 

nanotubes. It was through this method that Iijima [61] first synthesized CNTs. For CNT synthesis, 

two graphite electrodes, the anode (positive) and a cathode (negative) are used to produce an arc 

by digital current (DC). The electrodes are placed ~1 mm apart in an inert gas-filled environment 

such as helium (He), argon (Ar), or nitrogen (N2) at pressures of 50-500 torr. The diameter of the 

cathode is 8-12 mm and the is anode 6-8 mm. The inert gas serves to increase the speed of carbon 

deposition. A direct current of 50-120 A and a current density of ~150 A/cm2 are driven by a 

voltage of ~30 v to generate high-temperature (>4000 ℃) plasma between the two graphite 

electrodes. The high-temperature plasma region then causes sublimation of carbon on the anode 

(positive) electrode which in turn deposits on the cathode (negative) electrode resulting in the 
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formation of CNTs and other carbonaceous material. As the anode is consumed, it is brought closer 

to the cathode to maintain the stability of the discharge. The reaction time for nanotubes is mostly 

in shorter periods of 2-20 minutes [84]. Normally, the purity and quality of the CNTs are dependent 

on the reaction conditions such as flow rate, gas pressure, and metal concentration. The 

crystallinity of the CNTs produced by this method is very high. However, the number of impurities 

is also significantly higher compared with the other methods and the yields are relatively low. The 

quality of CNTs depends on the current, the lower the current the better the quality of the CNTs 

[84]. CNTs can be produced with or without a catalyst in the arc discharge technique [85]. When 

a catalyst is used, SWCNTs are usually formed. A schematic representation of the arc discharge 

method is shown in Figure 2.6. 

 

 

The laser ablation method is much like the arc discharge except that a laser beam is used instead 

of an arc discharge to vaporize the carbon target and deposit it onto the substrate. It is depicted in 

Figure 2.7. The synthesis of CNTs by this method was developed by Smalley’s research group at 

Rice University [87]. A laser beam source (YAG or CO2) is used to create a high temperature 

(>3000 ℃) on a carbon target such as graphite under an inert atmosphere of helium (He) or argon 

(Ar) kept at a constant pressure of 500 torr. As the laser beam vaporizes the carbon target, 

Figure 2.6: A schematic representation of the arc discharge method 

[84] 
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condensation rapidly occurs resulting in the formation of CNTs and other carbonaceous by-

products. 

 

Doping the carbon target with transition metal catalysts (Fe, Co, and Ni) results in the formation 

of SWCNTs and due to this, laser ablation has been exclusively used to produce SWCNTs. The 

purity of the nanotubes formed by this process is very high compared (up to about 90% pure) to 

the arc discharge and possesses better graphitization [85]. Good quality nanotubes are obtained at 

1200 ℃, lower temperatures result in the formation of defects in the structure. 

Chemical Vapour Deposition 

The chemical vapour deposition technique can be defined as the deposition of a solid that takes 

place in a vacuum chamber from a chemical reaction in the vapour phase. This technique is simple 

and economical for the synthesis of carbon nanotubes/fibres. The carbon nanotubes produced by 

the CVD are purer and it shows great potential for mass production of CNTs compared with the 

laser vaporisation and arc discharge techniques. It offers more control of the synthesis parameters 

to allow for the selective production of CNTs with predefined properties. Thus, the CVD technique 

has become the standard method for CNT synthesis.  

Figure 2.7: A typical laser ablation instrument for CNT 

synthesis [87] 
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To synthesize carbon nanotubes using the CVD method, heat, catalyst, and carbon 

source/precursor compounds are required for a process that takes place in a tubular furnace [88]. 

This reactor contains a furnace, a temperature controller to set the temperature, a quartz tube that 

contains a ceramic boat or crucible to carry the catalyst, an inlet, and a gas outlet. During CNT 

growth, gas-phase carbon-rich molecules are pyrolyzed in the presence of supported transition 

metal catalysts at high temperatures (500-1100 ℃). CNTs are subsequently deposited in the form 

of precipitated solid carbon.  

The carbon-containing molecules can be in any form (gas, solid, liquid) but most of the carbon 

sources used are in the gas phase. With proper conditions, CNTs can be synthesized from a large 

variety of carbon-containing molecules. This was demonstrated by Vishwanathan et al. in a review 

paper where several carbon-containing molecules from natural sources were discussed [89]. In 

another review, Kumar et al. [90] outlined several natural and waste hydrocarbon precursors such 

as vegetation waste and palm oil for CNT synthesis among others. The most common precursor 

compounds used are acetylene [91], [92], methane [93], [94], ethylene [95], [96], benzene [97], 

ethanol [98], [99] and carbon monoxide (CO) [100], [101] to name a few. Hydrocarbons are the 

most preferred carbon sources due to their low thermodynamic stability. The decomposition of 

acetylene, ethylene, and benzene is allowed at all temperatures and occurs readily. An exception 

is methane, which is the most stable hydrocarbon. This information can be extracted from the 

change in Gibbs free energy of formation (∆f G) [102], [103]. The carbon sources also affect the 

morphology formation of CNTs. Linear hydrocarbons such as acetylene, ethylene, and methane 

thermally decompose into atomic carbon or linear dimers/trimers of carbon (C2, C3), and usually 

form straight hollow CNTs. Whereas cyclic hydrocarbons such as benzene, xylene, cyclohexane, 

and fullerenes produce curved CNTs having bridged structures inside the tube walls[104], [105]. 

This shows that the precursor compounds play a critical role in the CNT synthesis. Proper selection 

of the carbon precursor can lead to a longer catalyst lifetime, increase the CNT growth rate, quality, 

and yield. Generally, low-temperature CVD (500-900 ℃) yields MWCNTs, while high-

temperature CVD (900-1200 ℃) forms SWCNTs. The SWCNTs have higher energy of formation 

owing to their small diameters, high curvature bears, and high strain. This could explain why from 

most hydrocarbons, it is easier to produce MWCNTs than SWCNTs which grow from a selected 

few carbon sources like methane and CO. They are stable at temperatures between 600-900 ℃ 

[107]. The carbon precursors that are commonly used for MWCNTs (acetylene, benzene etc.) are 
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unstable at high temperatures and result in the formation other carbonaceous by products such as 

amorphous carbon[106], [108].   

Under the CVD method, many other methods have been developed. These include fluidized-bed 

CVD (FBCVD), floating catalyst (FC-CVD) CVD, plasma-enhance CVD (PECVD), microwave-

assisted CVD (MWCVD) to name a few [109].   

2.5.2 Growth of CNMs from carbon dioxide 

 

The growth of CNMs from CO2 is reviewed based on several synthesis techniques. These include 

the chemical reaction of CO2 with alkali metals as catalysts, the CVD, and electrolysis. The 

reaction conditions and yields are summarized in (Table 2.1) for the chemical reactions and the 

CVD method. 

 

Table 2.1: Summary of synthesis parameters and results of CNMs structures obtained by chemical reaction 

 
References Reductant Temperature 

(℃) 

Pressure (atm) Morphology Yield 

Motiei 

[110] 
Mg 1000 9869.23 

(10kbar) 

 
10% 

Lou [114] Li 720 
 

Double Helical CNTs 70% 

Li 600 
  

<70% 

Na 720 
 

bamboo CNTs - 

Na 600 
 

bamboo CNTs  

 

Zhang  

[116] 

 600-1000  Mesoporous graphene, CNTs, hollow 

carbon boxes 

0.3-1g 

 

Lou  [117] NaBH4 700 1000 Y-junction CNTs, CNTs, graphite 

amorphous carbon 

4.20% 

 

By Chemical Reaction 

The CNT synthesis from CO2 was first reported by Motiei et al. [110]. They produced carbon and 

MgO by reacting supercritical carbon dioxide with Mg at 1000 ℃ and 10 kbar for 3 hours in an 

autoclave. The total yield of the carbonaceous products relative to the CO2 starting material was 

15.5%. Only 10% of this material was CNTs (Figure 2.8a) and 1-2% were fullerenes from High 

Resolution (HR)TEM observations. Raman spectrum of the CNTs showed a good crystallinity 

since the intensity of the D band which is associated with the presence of defects was very low 

[111]–[113]. 
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Lou [114] formed CNTs by following the same procedure as Motiei. However, lithium (Li) and 

sodium (Na) were used as catalysts instead of Mg and the reaction time was also increased to 10h. 

The temperature was decreased to between 600-750 ℃ with an autogenic pressure. Under these 

reaction conditions, CNTs with different morphologies were formed (Figure 2.8b, c). CNTs 

containing 70% double-helical nanostructures (Figure 2.8b) were synthesized at 720℃ using (Li) 

as a reductant. When the temperature was decreased to 600 ℃ and the mass of CO2 increased, they 

observed a decline in the yield of CNTs. This can be attributed to the retardation of the growth rate 

of the nanotubes due to the decreased temperature [115]. The yield (70%) and purity of CNTs 

synthesized under these conditions are still higher than what Motiei et al. (15.5 %) obtained. When 

sodium was used as a reductant under the same reaction conditions, only bamboo-shaped CNTs 

Figure 2.8 : Electron Microscopy CNTs images by (a) Motiei using Mg metal, (b) Lou 

using Li and (c) Na, (d) Zhang using Mg metal and (e) by Lou using NaBH4 [110], 

[114], [116], [117] 
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(Figure 2.8c) were formed. EDS analysis showed carbon as being the only product and the yield 

of the CNTs formed was not reported in this instance. The electron diffraction pattern of the CNTs 

corresponded with the one of graphite. The work conducted by these two authors demonstrates the 

importance of choosing a suitable reductant since different morphologies were obtained under 

different reductants. 

Zhang et al. [116] manipulated the temperature to obtain carbon nanomaterials of different 

morphologies using the same reductant (Mg) as Motiei. The CNMs were synthesized at 

temperatures ranging from 600-1000 ℃. The carbon nanotubes observed were grown at 800 ℃ 

with a yield of 0.8 g from 10 g of Mg (Figure 2.8d), and contained significant amounts of 

amorphous carbon, while mesoporous graphene (MPG) and hollow carbon boxes (HCB) were 

synthesized at 600 and 1000 ℃, respectively. Raman and XRD spectra showed a shift to lower 

wavenumbers which is associated with an increase in the amount of graphitized carbon.    

Lou et al. [117] used sodium borohydride (NaBH4) as a reductant in the synthesis of Y-junction 

CNTs at 700 ℃ and 1000 atm for 8 hrs (Figure 2.8 e). The presence of the Y-junction CNTs were 

confirmed by TEM images and comprised of only 10% of the carbon product. The XRD patterns 

contained a sharp peak at 2θ = 26° indicating few defects in the structure of the Y-junction CNTs. 

The Raman spectrum contained a very strong D-band (1349 cm-1) peak which indicates a 

significant amount of defected, poorly graphitized, amorphous carbon[118], [119]. Lou et al. 

attribute this to the special nanostructure of the Y – junction CNTs with the bamboo-shaped 

structure.  A High Resolution (HR) TEM showed nearly parallel lines and were said to be graphite 

atomic phases with a distance of 0.34 nm. The Raman spectrum contained a very strong D band 

(1349 cm-1) peak which indicates a significant amount of defected carbon [118], [119]. Lou et al. 

attribute this to the special nanostructure of the Y-junction CNTs with the bamboo-shaped 

morphology. The growth mechanism of the Y-junction CNTs was investigated by varying 

parameters in a series of experiments. They found that temperature and the type of reductant played 

a crucial role which agrees with Lou et al. as mentioned above. At a temperature below 700 ℃, no 

Y-junction CNT structures were formed, and the result was the same when other alkali metals were 

used as reductants. This further emphasizes the importance of temperature and the choice of 

reductant in a supercritical CO2 system.  
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In the above reactions, an autoclave was used to synthesize the carbon nanostructures with varying 

morphologies. Extremely high pressures and enclosed containers that can withstand the pressures 

are required to ensure a supercritical state when using this technique. From the above, it is observed 

that significant amounts of impurities such as amorphous carbon are produced by this technique. 

At lower temperatures only amorphous carbon forms and therefore, high synthesis temperatures 

are required. Furthermore, different allotropes of carbon are produced in the same synthesis 

reaction. Some of the shortcomings/weaknesses/disadvantages of this method can be overcome by 

the chemical vapour deposition technique.   

Chemical Vapour Deposition (CVD) method 

 

The CVD method has been the most extensively used method for the growth of nanotubes and 

nanofibers. Unlike the autoclave method, CNTs can be produced at lower pressures without the 

need for special equipment using the same carbon source in a gas phase. Although high flow rates 

favour CNTs growth, structures with good crystallinity, purity, and yield are obtained. Xu and 

Huang [120] used CO2 as a carbon source to synthesize CNTs using the CVD technique over a 

Fe/CaO supported catalyst in a molar ratio of 1:10 (Figure 2.9a). While whereas Allaedini et al. 

[121] used Ni/MgO as a catalyst and scCO2 as a precursor. The CO2 flowed at 750 sccm and H2 

was equal to 1500 sccm for the former author, while the latter author used CO2 at 900 sccm and 

H2 at 1500 sccm as shown summarized in Table 2.2. The yield was determined using different 

methods, thus comparing them would be inaccurate. Allaedini et al. used the percentage of carbon 

present in the sample from EDS analysis whereas Xu and Huang obtained the yield using the initial 

weight of the catalyst. The yield obtained by Xu and Huang was more than 50 % at a temperature 

of 790 ℃ and above 810 ℃ CNTs could not be grown. The synthesized CNTs also showed good 

crystallinity from Raman spectroscopy. However, Allaedini et al. used a much higher temperature 

of 1100 ℃ and obtained 27.38 % MWCNTs (Figure 2.9b). At this temperature CO2 was in its 

supercritical state. The Raman spectrum showed the same crystallinity as Xu and Huang. The CNT 

from both studies also had contrasting morphologies and diameters. Xu and Huang further stipulate 

that CNTs prepared by CO2 show much higher purity than hydrocarbons. The importance of 

temperature was demonstrated in Xu and Huang, since an increase in temperature from 790 to 810 

℃ the CNTs morphology changed from straight and crooked to branching. The effect of catalyst 
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support was also investigated, and it was found that only CaO support could produce CNTs. This 

could explain why Allaedini obtained a lower yield since they used MgO as support. 

 

 

Both researchers discussed the mechanism and revealed the crucial role played by hydrogen in 

providing additional carbon atoms for CNTs synthesis. The high flow rates observed in these two 

studies would defeat the purpose or reducing the production costs of CNTs. Furthermore, the very 

few to no synthesis parameters were varied to investigate their influence on the properties and 

structure of CNTs and optimize their production. However, Simate et al. [122] examined the 

influence of some of the parameters influence the production of CNTs.   

Simate et al. [122] utilized a swirled floating catalyst CVD (SFC-CVD) reactor to investigate the 

effect of temperature, CO2 flow rate, and concentration of CO2 on the production rate of CNTs. 

Table 2.2: Synthesis conditions of CNTs from CO2 using the CVD and the optimized parameters 
 

References Catalyst Temperature 

(℃) 

Flow rate (sccm) Pressure 

(atm) 

Carbon source 

concentration 
Time 

(minutes) 

Yield 

Carbon 

source 

Carrier 

gas 

Xu and 

Huang 

[120] 
  

Fe/CaO 

(1:10) 

790-810 CO2 

(750)  

H2 

(1500) 

 
 45 50% 

Allaedini 

(2015)[121]  
  

Ni/MgO 1100 CO2 

(900) 

H2 

(1500) 

9869.23 

(10kbar) 

 60 27.38% 

Simate et al. 

[122] 
  

Fe/CaO (10g) 800 CO2 

(400) 

H2 
 

5000 ppm 45 
 

Li, Wen& 

Ren[123] 
  

Fe/SiO2 

(100mg) 

750 C2H2 (20)  NH3 

(80) 

0.79 

(600torr) 

 120 600% 

Allaedini 

(2016) 

[125] 
  

Ge/MgO 1100 CO2 

(963.3)  

Ar 

(900) 

 
 60  39.05%  

Lee [126] 
 

  

CoO-

MoO/Al2O3 

762 CH4 N2 
 

 276 350% 

See [127] Fe/Al2O3 

(120g) 

850& 650 C2H4 

(98.34& 

73.75)  

H2 & 

N2 

 
10% and 

25% 

40 
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The CNTs were grown at temperatures of 750 – 840 ℃ and CO2 flow rates of 50-400 sccm using 

Fe/CaO as a catalyst (Figure 2.9c). They found that increasing the reaction temperature to 800℃ 

increases the rate of production and thereafter it decreases. The decreased production rate at high 

temperatures was attributed to CO2 decomposition, Boudouard reaction requirements and kinetics 

of carbon diffusion. The same trend applies for the concentration and flow rate of CO2 i.e., the 

production rate increases as they increase up to a certain level (5000 ppm and 400 sccm). The high 

carbon concentration led to the rate of formation of adsorbed surface carbon to increase, exceeding 

the carbon diffusion rate. They also developed a kinetic model equation for the growth of CNTs 

from CO2. The Raman spectrum showed that the as-synthesized CNTs have remarkable 

crystallinity as the temperature increases from 750 – 840 ℃.  The purity of the CNTs in this study 

is higher than Xu and Huang. Li, Wen and Ren [123] also found that at high pressure the 

concentration of carbon atoms is high, the rate at which the carbon atoms dissolve increases. 

However, the graphitization was found to be poor at high pressures than at low pressures. Garg et 

al. [124] found that the CNTs growth rate deteriorated and diameter increased when the methane 

flow rate was decreased. 

Synthesis conditions of CNTs are one of the primary determiners of the yield and quality of CNTs 

as has been already established. Optimization of these parameters is highly beneficial for finding 

the optimum conditions that will produce CNTs of the desired quality, yield, and purity at a 

commercial scale. There are several ways to find the optimum conditions for CNTs growth. 

Softwares such as Design Expert or Minitab can be used, or it can be conducted manually by 

varying the synthesis parameters. However, we will only consider studies that employed 

optimization software. The software has several approaches which include the one factor at a time 

method, statistical design of experiments (DoE), etc. The DoE can investigate the effect of input 

factors on the response or desired output [128]. It includes response surface methodology (RSM), 

completely randomized design (CRD), two-level factorial design (FD) [126], [127], [129], [130]. 

Allaedini et al. [125] made use of central composite design (CCD), a method of RSM to optimize 

the synthesis of CNTs from CO2 and get the best response. The effect of CO2 flow rate, catalyst 
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loading, and temperature on the yield and morphology of CNTs were the responses selected. 

Ge/MgO was used as a catalyst via the CVD technique at CO2 flow rates, catalyst loading, and 

temperature ranging from 600-900 cm3/min, 8-10 g, and 700-1100 ℃, respectively. From the 20 

experiments they conducted, they found temperature to be the most significant factor. The highest 

yield of CNTs (54.58 g) occurred at a temperature of 1226 ℃, catalyst loading of 10.6 g, and CO2 

flow rate of 963 cm3/min). At lower temperatures (700& 900 ℃), only blocked-shaped and cubic-

shaped carbon were obtained (the boxed shape carbon nanomaterial was also obtained by Zhang 

as mentioned above). EDS and TGA results showed an increase in the amount of carbon deposited 

as temperature increased. Carbon nanotubes were only observed at a temperature of 1100 ℃ 

(Figure 2.9d). Both the Raman spectrum and XRD patterns showed that as the temperature 

increased, the crystallinity of the CNTs improved. This is currently the only study that optimized 

CNMs production from CO2, much more work still needs to be done that will investigate other 

parameters such as carrier gas flow rate (H2), synthesis time, catalyst and support ratios and other 

Figure 2.9: TEM micrographs of CNTs obtained from different studies of CO2 as a precursor (a) 

Straight CNTs, (b) purified CNTs, (c) CNTs structures synthesized at optimum temperatures of 

800℃ and (d) 1100℃ [120], [121], [122], [125] 
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transition metals catalysts. Some of these parameters were investigated by other authors using 

different carbon sources.  

Methane is a stable hydrocarbon and decomposes at higher temperatures, Lee et al. [126] used it 

as a carbon source on an alumina-based catalyst to grow CNTs. Six variables (the amount of 

catalyst, temperature, time, metal loading, methane, the flow rate of methane, and carrier gas 

nitrogen), were screened using a fractional factorial series to find the three most influential 

parameters on the yield and crystallinity (ID/IG ratio) of CNTs. These parameters were optimized 

in RSM and the optimum synthesis conditions were found at a temperature of 762 ℃, time of 2.3 

hrs, metal loading of 27 %, and ID/IG ratio of 0.595. 

See et al. [127] conducted a parametric study to investigate the effects of temperature, feedstock 

concentration, fluidization ratio, deposition time, and their interactions using a statistical design 

methodology on CNTs yield and quality. MWCNTs were synthesized from ethylene and Fe-

alumina supported catalyst in a fluidized bed reactor. They found that for 10 % ethylene 

concentration, the optimum yield was obtained at 6 SLPM (Standard Liter Per Minute) and 850 

℃.  While at 25 % ethylene, it was obtained at 3 and 4.5 SLPM, 650 ℃. The temperature was 

found to be more influential on the CNTs production than the flow rate. The yield increased 

directly with an increase in temperature at flow rates above 3 SLPM. High temperatures and shorter 

reaction times were required to produce high-quality CNTs. Higher fluidization ratios led to poor 

conversion rates.  

Several research groups have demonstrated that oxygen-containing compounds or oxidants such 

as water (H2O), CO2, and alcohols greatly improve the yield and quality of CNTs. Hata et al. [131] 

promoted the growth of SWCNTs by the addition of a small and controlled amount of water to 

ethylene. They produced SWCNTs with high purity and yield. H2O was said to act as a weak 

oxidizer that removes amorphous carbon without damaging the CNTs. It does this by promoting 

and preserving catalytic activity. The effect of CO2 as a promoter or co-feed has also been 

investigated. 

 

Magrez et al. [132] reported a mixed equimolar ratio reaction between C2H2 and CO2 to enhance 

the yield of CNTs. The MWCNTs were produced from Fe2Co/CaCO3 in 30 minutes at 

temperatures of 680 ℃. They stipulate that the lifetime of the catalyst is extended as well as the 



 

36 
 

initial growth rate, this, in turn, increases the yield of the CNTs. They assumed that CO2 is acting 

as an etching agent that prevents catalyst poisoning and it also limits acetylene polymerization. 

Huang et al. [81] used CO2 to promote the growth of vertically aligned CNT forests on a silicon 

wafer catalyst. Ethylene (C2H4, 100 sccm) was a carbon source with argon (250 sccm) and 

hydrogen (200 sccm) as carrier gases at a temperature of 750 ℃ and a duration of 60 minutes. It 

was found that without the addition of CO2, significant amounts of amorphous carbon were 

formed. When CO2 was added, amorphous carbon was present in small quantities. As the 

concentration of CO2 was increased from 0 mol% to 36.8 mol%, the intensity ratio (IG/ID) of the 

CNTs also increased indicating good quality. The same trend was observed for the mass when CO2 

concentration was increased. Varying the concentration also changed the morphology of the 

carbon products from convex-shaped to radial block-shaped at low concentrations and then to 

bowl-shaped at high concentrations. Without CO2, nearly 50 % of DWCNTs were formed and 

SWCNTs were below 20 %. With CO2, the amounts of SWCNTs increased with an increase in 

CO2 concentration. 

Wen et al. [133] observed the same results as the above research groups in terms of the effect of 

CO2 on the yield and quality of CNTs. The conversion of methane and carbon dioxide to SWCNTs 

took place at 900 ℃ on a Fe/Mo/MgO supported catalyst for 15 min. The SWCNTs obtained with 

CO2 showed much high purity and crystallinity than methane alone. The effect was the same with 

the yield, an increase from 17.5 % to 28.7 % was observed from TGA when CO2 was added. CO2 

was also found to be a better catalyst regenerating agent than CO2 since it yielded higher 

carbonaceous material.   

 

By electrolysis 

 

Electrolysis is used to drive an oxidation-reduction reaction in a direction it does not spontaneously 

occur. The reaction is driven by an electric current and can be used by electrolysis to split a 

compound into its elemental components. Therefore, CO2 can be directly split into carbon and O2 

by this method. 

Jiawen et al. did extensive work on the transformation of carbon dioxide to carbon nanotubes by 

molten carbonate electrolysis [134]–[138]. They split CO2 into solid carbon (CNTs) and oxygen, 

they call this C2CNT methodology. In their work [134] they demonstrated the splitting of CO2 into 
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a new type of carbon nanotube, a CNT – wool. The carbon nanotube wools were grown in 50 g 

lithium carbonate (Li2CO3) at 770 °C, using a variety of cathodes. The Monel and copper cathodes 

produced high yields and good quality CNTs with different morphologies. In another study [137] 

that was conducted by the same research group, they combined various molten electrolytes to form 

pure CNTs or CNFs in high yields. The CNTs or CNFs were grown on a steel cathode at a current 

ranging from 0.8 – 1.00 A and a temperature of 770 ℃ for 1 hr. Boron–doped CNTs at high yields 

(>90 %) were formed by mixing Lithium metaborate (LiBO2) and LiCO3 electrolytes. They found 

that at higher levels of LiBO2 doping (>10 wt%), the amount of amorphous material in the CNT 

product increased. With less than 10 % by mass LiBO2 and 50g Li2CO3, good quality CNTs were 

obtained and ~10 % of amorphous carbon was present. The Raman spectroscopy patterns of the 

CNTs indicated that the number of defects increased with the level of doping.  

Douglas et al. [139] used atomic layer deposition, electrode composition, and current density to 

direct the formation of iron-based catalysts and grow CNTs. They used 40 g Lithium carbonate 

electrolyte at a temperature of 750 ℃ and a constant current for 1 hour. To access the effect of 

electrodes on the synthesis of CNTs, 3 different anodes and cathodes were investigated. In the case 

of the 3 different cathodes investigated, the anode was deactivated to allow the growth of CNTs to 

be controlled by the composition of the cathode. These electrodes were subjected to low (25 

mA/cm2) and high (100 mA/cm2) current densities. For the galvanized steel cathode, only 30 % of 

CNTs were grown at low current densities, however, when the current density was high a 99 % 

yield was obtained. The increase in yield was attributed to the faster carbon deposition kinetics 

and greater Fe migration through the ZnO coating, driven by the increased electric field to the 

electrode surface. In the case of stainless steel, no CNTs were observed at all current densities. 

The 3rd cathode, 1010 steel did not produce any CNTs or amorphous carbon at low current 

densities, whereas at high current densities a yield of 90 % was obtained. TEM images showed 

highly crystalline graphitic walls which are consistent with Raman spectroscopy patterns. For the 

anodes, untreated Ni wire, thermally oxidized Ni wire and Ni wire coated with ~50nm of alumina. 

In the case of untreated Ni wire, CNFs were formed with minor CNTs containing large diameters. 

The thermally oxidized Ni wire formed hollow-centre CNTs with large diameters and lastly, the 

coated Ni wire produced straight CNTs with dense diameters.  

2.5.3 Growth Mechanism 
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The growth mechanism of CNTs is somewhat unclear despite all the efforts made to define it both 

experimentally and theoretically. The mechanisms that have been proposed are often contradicting. 

However, the two most widely accepted mechanisms are the Vapour-Liquid-Solid (VLS) and 

Vapour-Solid-Solid (VSS) mechanism originally suggested by Wagner and Ellis for silicon 

whiskers growth [140]. There are three steps in the VLS mechanism. First, the carbon-containing 

gas adsorbs and dissociates on the surface catalyst nanoparticles to form elementary carbon atoms. 

Secondly, the carbon atoms dissolve in the bulk of the nanoparticle to form a metastable liquid 

carbide and diffuse within the particle. Then, carbon solid precipitates at the rear end of the particle 

to form CNTs. In the VSS mechanism, which is derived from the VLS mechanism, the carbon-

containing gas dissociates into carbon atoms and then diffuses on the catalyst nanoparticle.  

 

 

They precipitate in the form of CNTs. Furthermore, the growth of CNTs on substrates has been 

divided into two growth models: the root/base and tip growth models (Figure 2.10). In the tip 

growth model, the catalyst is lifted off from the surface of the catalyst due to weak catalyst-

substrate interactions (Figure 2.10a). On the contrary, in the root/base growth model, the catalyst 

Figure 2.10: CNTs broadly accepted growth mechanism: (a) tip growth and (b) 

base/root growth mechanism [108] 
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and substrate remain in contact while the CNT grows due to a strong catalyst substrate (Figure 

2.10). 

2.5.4 Carbon nanomaterials Synthesis parameters 

 

Carbon nanotubes can be grown under various synthesis conditions and are affected by a 

significant number of parameters. The synthesis parameters influence their yield, crystallinity, 

purity, morphology, and structure. Under the correct conditions, CNTs of superior quality can be 

grown using the CVD technique. The parameters and conditions under which CNTs can be grown 

have been widely investigated. These include catalyst, substrate, pressure, temperature, carbon 

precursor and carrier gas flow rates, catalyst preparation method, type of carbon precursor, and 

catalyst loading. In this subsection, only three of the mentioned parameters will be investigated 

and they are temperature, flow rate, and mass of catalyst. 

Temperature 

The reaction temperature is one of the most important and leading parameters that significantly 

affect carbon nanotube production and its properties. As such, it remains the most investigated 

parameter in CNT synthesis, and it is also considered an important economic factor. The 

temperature range for CNTs production varies over a large range and different types of CNTs are 

observed. A usual trend is that lower temperatures (500-600 ℃) forms CNTs in lower quantities 

and higher temperatures (700-800 ℃) results in higher yields.  Much higher temperatures (>900 

℃) decrease the yield of CNTs with an increase in amorphous carbon. Yang et al. [115] 

synthesized CNTs on stainless steel microfibrous composites at temperatures from 600-700 ℃. 

They observed an increase in the length and density of CNTs when the temperature was increased 

due to an increase in the growth rate of the CNTs. They stipulate that as the reaction continues, the 

growth rate slowly decreases and terminates abruptly due to the support of morphological 

evolution. They stipulate those higher temperatures can slow down the process and increase the 

growth time forming CNTs with higher density and length. Santangelo et al. [141] calibrated 

reaction parameters to improve thermal stability and crystalline quality of CNTs. They found that 

the best crystalline quality and highest oxidative resistance were obtained at 700 ℃. A yield of 

more than 14 g with 94 % purity CNTs per gram of catalyst was obtained while at 600 ℃ a drastic 

decrease in yield was seen. Maruyama et al. [98] demonstrated the synthesis of high purity 
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SWCNTs at lower temperatures (700-800 ℃) which generally form at high temperatures (>1200 

℃) by using alcohol as a carbon source. 

 

Flow rate 

Carrier gases such as nitrogen (N2), argon (Ar), Helium (He), and hydrogen (H2) are used in the 

CVD synthesis of CNTs to create an inert atmospheric and prevent the CNTs from being oxidized. 

They also serve to reduce the catalyst to nanoparticles. The flow rate is one of the parameters to 

be considered and affects the properties and production of CNTs. Khorrami and Lofti [142] 

investigated the effect of H2 and N2 mixture gas flow rates on CNTs growth rate using a copper 

(Cu) catalyst. CNTs of different morphologies and structures were observed at different flow rates. 

At 100 and 150 standard cubic centimetres per minute (sccm) large amounts of CNTs were seen 

while at 200 sccm nearly no CNTs were present. With yield, the formation of CNTs was decreasing 

with increasing the carrier gas flow rates. At the lower flow rates, the CNTs had a good 

crystallinity. Tripathi et al. [143] optimized the flow rate and flow duration of the carbon precursor 

acetylene, to synthesize CNTs. The flow rate was varied from 10-50 sccm. Their results showed 

that yield, diameter, and length of CNTs increase with the flow rate of acetylene up to 20 sccm. 

Thereafter, the yield and length started decreasing but incremental increases in diameter occurred.  

Catalyst 

Catalysts are necessary and play a central role in the formation of carbon nanotubes using the CVD 

technique. The catalyst properties can influence the yield, quality, morphology, and size of the 

CNT to be formed. Their function is to decompose the carbon-containing gas at temperatures lower 

than their spontaneous decomposition temperature and allow the diffusion of carbon intermediates 

and their chemical interaction. They act as nucleation sites for CNTs growth, Shah and Tali even 

refer to the catalyst nanoparticle as the father of the resulting carbon nanotube [106]. A great deal 

of attention has been paid to the catalyst in nanotube formation. The most used catalyst are 

transition metals (Fe, Ni, and Co) for CNT growth by CVD. Besides Fe, Ni, and Co, late [144], 

[145] and early transition metals [107], [146], [147], and lanthanides [148] have also been reported 

to be active for CNT growth. 

Several factors affecting the growth of carbon nanotubes growth and their properties can be 

attributed to the catalyst properties. Several researchers stipulated that the catalyst size determines 
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the tube diameter of the resulting nanotube. Cheung et al. [149] proved this connection by using 

iron (Fe) nanoparticles with diameters of 3, 9, 13 nm to grow carbon nanotubes of average 

diameters of 3, 7, and 12 nm, respectively. It has also been stipulated that catalyst nanoparticles 

with smaller diameters generally result in SWCNTs and larger diameter catalysts grow 

MWCNTs[150], [151]. Liao et al. [152] investigated the effect of Co-Mo catalyst composition on 

CNT growth. They found that a catalyst with low Co content (<15 %) produced long CNTs while 

a catalyst with high Co content (>80 %) produced onion-like structures. Narkiewicz et al. [153] 

investigated hydrocarbon decomposition on Fe, Ni, and Co catalysts. They observed that cobalt 

and iron formed MWCNTs at 700℃ whereas, with nickel, many disordered carbon structures were 

found. Mhlanga et al. [154] studied several parameters that affect CNTs synthesis including the 

catalyst preparation. The catalysts were prepared using three different methods i.e., wet 

impregnation, deposition-precipitation, and reverse micelles. The yield obtained from catalysts 

prepared by wet impregnation and deposition precipitation was relatively higher than reverse 

micelles.  

Bimetallic catalysts have been shown to exponentially increase the yield CNTs. Kathyayini et al. 

[155] synthesized MWCNTs on different supports and carbon sources using Fe, Co, and a mixture 

of iron-cobalt catalysts at 700 ℃. The best carbon deposit yield was obtained when the mixture of 

iron and cobalt were catalysts, while the yield of iron alone was very poor. Hardeman et al. [156] 

reported the growth of CNT forest using Fe-Co bimetallic catalysts. They discovered that the 

height of the forests was much higher compared to pure Fe or Co. On a MgO support, Tsoufis et 

al. [157] synthesized MWCNTs with a combination of Fe and Ni transition metals in a ratio of 1:1 

with varying metal loadings (1-50 wt%). The highest yield was obtained with 15 wt% Fe and 15 

wt% Ni at 800 ℃ for 30 minutes. While high-quality CNTs were found at Fe 1 wt% and Ni 1 wt% 

at 900 ℃ for a reaction time of 30 min. It was realized that to obtain good quality CNTs in high 

yields, reaction time, temperature and metal loading are critical parameters.  

2.6 Coal 

Coal remains the most abundantly consumed fossil fuel for electric power generation. It falls into 

the group of hydrocarbon-rich fossil fuels that are vastly used throughout the world as an energy 

source. It primarily formed from dead plant matter that accumulated in swamps, decayed into peat, 

and was converted to coal by being exposed to extreme pressure and temperature conditions. Like 
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other fossil fuels, its formation took place over millions of years, and for that reason, it is referred 

to as a non-renewable source of energy.    

In South Africa, it is estimated coal reserves are at 50 billion tons. To meet the country’s energy 

demands, more than 200 million tons of coal are produced each year putting it in the 5th place of 

the largest producers of coal worldwide [158]. According to the South African department of 

mineral resources and energy [159], 70 % of the coal produced is used to provide the country’s 

energy needs which makes it one of the countries that are highly dependent on coal combustion to 

produce electricity. Coal is also converted to gas and liquids. In addition to the coal produced and 

consumed locally, South Africa also exports about 28 % of the coal it produces, making it the 4th 

largest country in the world exporting coal [160].  

2.6.1 Coal Rank/Classification 

 

The rank of coal refers to its degree of metamorphism or maturity [161]. High-ranking coals tend 

to be more mature and have high carbon content whereas lower-ranking coals correspond to less 

metamorphism and contain high contents of ash and moisture [162]. There are three different 

classes or ranks of coal that are being consumed, namely; anthracite, bituminous, and lignite coals 

[163]. Their classification is based on their heating value and relative carbon content. As seen in 

Table 2.3, anthracite has a heating value ranging from 13 500 to 15 600 Bt/lb and high carbon 

content of 92-98 %. Anthracite is breakable and lustrous. It is subdivided into anthracite, semi-

anthracite, and meta-anthracite based on carbon content[164]. Bituminous coal has a lower 

concentration of carbon and heating value than anthracite, ranging from 46-86 % and 8300-15600 

Bt/lb, respectively. It is the most abundant type of coal. Bituminous also contains subbituminous 

coal. After bituminous coal is lignite, the lowest class of coal among the different types. It 

constitutes the lowest carbon content and heating value at 46-60% and 5500-8600 Bt/lb, 

respectively [165]. Other classifications or specifications of coal that are used include ash content, 

proximate and ultimate analyses, volatile matter, total moisture, ash fusion temperature, and forms 

of sulphur.  
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2.6.2 Composition and mineralogy of coal 

 

The composition of coal is strongly influenced by its geochemical history and contains both 

organic and inorganic matter [166]. Its composition varies widely from one source to another and 

contains major, minor, and trace elements. The common major elements are carbon (C), nitrogen 

(N), sulfur(S), silicon (Si), aluminium (Al), oxygen (O), and iron (Fe). Minor elements such as 

potassium (K), calcium (Ca), sodium (Na), titanium (Ti) and magnesium (Mg) have been detected 

[161], [167], [168]. The common elements in trace amounts are arsenic (As), cadmium (Cd), 

chromium (Cr), mercury (Hg), and selenium (Se) [169]. Its composition also affects the 

composition of fly ash. 

 

Table 2.4: Minerals found in coal 

Classification Mineral Name 

Major Minerals 

 

Quartz 

Kaolinite 

Illite 

Montmorillonite 

Pyrite 

Calcite 

Minor Minerals 

Analcime 

Apatite 

Barite 

Chalcopyrite 

Trace Minerals 

Chromite 

Gibbsite 

Gypsum 

Halite 

Magnetite 

 

Table 2.3: Types of coal based on their heating value and carbon content 
 

Heating Value (Bt/lb) Relative carbon content (%) 

Anthracite 13500-16500 89-98 

Bituminous 8300-15600 46-89 

Lignite 5500-8600 46-60 
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Various minerals have been detected and identified in coal samples. These are dependent on the 

coal source. The mineral matter found in this fossil fuel is the most significant factor in problems 

that may arise during its use such as slagging, sintering, pollution, and corrosion [170]. Generally, 

coal contains major, minor, and trace elements as listed in Table 2.4. These minerals result in ash 

when combusted. 

2.6.3 Coal Consumption 

 

In 2011-2015, coal power generation supplied 29 % of electricity worldwide and despite the use 

of renewables, the share of coal is expected to increase to 38-46 % by 2030-3035 [171]. Data 

gathered by International Energy Agency (IEA) [172] revealed that in 2018, coal power generation 

accounted for 27 % of all energy consumed. China is the leading consumer of coal and accounted 

for 50.2 % of the world's consumption in 2015. It is followed by the US (11.7 %) and India (8 %) 

( Figure 2.11). In South Africa, 119.2 million tons (2.4 %) of coal was consumed in the year 2014 

and it is in the top ten of world coal consumers [173].  

 

 

Figure 2.11: Global consumption of coal [173] 
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2.7 Coal Combustion in South Africa 

The combustion of coal for electricity production is one of the leading usages of coal. In South 

Africa, the major utilities that combust coal are ESKOM and Sasol. The former uses it for 

electricity production and the latter uses it to produce syngas and generate electricity. Different 

methods to burn coal can take different routes depending on several factors such as coal usage and 

harmful gases released [167]. 

The method used by Eskom and Sasol is known as pulverized fuel combustion (PFC). This method 

of coal combustion, depicted in Figure 2.12, is standard in many countries around the world [174]. 

Low rank/low grade (sub)bituminous coal is first pulverized in huge grinding mills into fine 

powders before it is blown into chambers and combusted at high temperatures. This increases its 

surface area and enables it to burn more quickly. During this process, the heat generated is used to 

convert water into steam at high pressures. This steam is used to rotate the blades of giant fans 

called turbines at high speeds, generating electricity [158]. 

 

 

Coal ash is formed from the incombustible mineral matter in coal. It contains bottom ash and fly 

ash. Bottom ash is the larger, heavier, and denser component of coal ash which falls to the bottom 

Figure 2.12: A typical pulverized fuel combustion process [161] 
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of the boiler during combustion and is collected in the ash hopper of the boiler [175]. While fly 

ash contains lighter-particulate matter, that is suspended in flue gas and collected by electrostatic 

precipitators and makes up most of the coal ash (75-85 %). The coal at Sasol is pre-combusted 

whereas at ESKOM is it post-combusted and the fly ash produced from these methods differ in 

physical and chemical properties. Some of the boilers at Sasol make use of low NOx burners which 

is known to increase the amount of unburnt carbon content [176]. Loss on Ignition (LOI) is the 

amount of unburnt carbon in fly ash.  

2.8 Fly ash 

Fly ash is the largest industrial waste produced. Currently, it is estimated that the global production 

of fly ash is 750 million tons (Mt) annually [177]. This can be attributed to the increase in the 

number of coal-fired power plants and high demands for electricity. The amount of fly ash that is 

currently being used is at a very low 25 % worldwide [178] which is a very small portion compared 

with the amount that is formed. South Africa produces 34.4 Mt (28.9 %) of fly ash per annum and 

only about 7 % of it is used [179]. In 2015, the fly ash utilization rates in China, India and US were 

70 %, 62 % and 50 %, respectively [180]. Compared to these countries, South Africa stands at the 

bottom in utilizing its fly ash. The production and utilization rates of fly ash from different 

countries are given in Figure 2.13. 

Figure 2.13: Fly ash production and utilization rates from different countries [180] 
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2.8.1 Fly ash physical properties 

 

Understanding the properties of fly ash is important since they determine how it is used and 

disposed of [181]. The properties of this coal combustion product are largely dependent on the 

combustion conditions, source of coal, boiler type, and how it is collected. Depending on the 

contents of iron and unburnt carbon, fly ash can be white-grey to dark grey or orange to brown 

[173]. It is light in texture, heterogeneous, and amorphous in nature having spherical glassy 

particles with diameters that range from 1-100 μm. The spherical particles as shown in Figure 2.14 

include cenospheres, plerospheres, irregular-shaped debris, fluidized bed combustion ash (FBC), 

and unburnt carbon. The fine particles in fly ash have a low to medium-bulk density (0.54-0.86 

g/cm3) and a high surface area (300-500 m2/kg) [182].  

 

 

2.8.2 Mineralogy and chemical properties 

 

The chemical composition of fly ash varies considerably and is dependent upon the combustion 

method and type of coal being burnt. It has been said that over 316 individual minerals and 188 

minerals groups have been identified in different coal fly ashes [183]. 

Figure 2.14: Various types of morphologies of fly ash [179] 

[181][182] 
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However, the common components that have been identified from different fly ash samples 

worldwide in large proportions include silica (SiO2), alumina (Al2O3), calcium oxide (CaO). Other 

trace elements that are found are titanium (Ti), Magnesium (Mg), Manganese (Mn), phosphorus 

(P), potassium (K), sodium (Na), chromium (Cr), Sulphur (S), arsenic (As), zinc (Zn), 

molybdenum (Mo), lead (Pb), cadmium (Cd), cobalt (Co) and copper (Cu)[184]. Its pH value 

varies from 1.2-7, 8-9, 11-13 and can be classified as acidic ash, mildly alkaline ash, and strongly 

alkaline ash, respectively [185]. 

2.9 Fly ash classification 

Fly ash classification stems from the American Society for Testing Materials (ASTM C618) based 

on the industrial application of fly ash [186]. Namely, two common types of fly ash exist, Class F 

and Class C. They are classified according to the amount of SiO2, Al2O3, and Fe2O3 content. The 

ash containing more than 70 % SiO2, Al2O3, and Fe2O3 is defined as Class F whereas Class C fly 

ash contains a combined content of SiO2, Al2O3, and Fe2O3 between 50 % and 70 %. According to 

ASTM, normally Class C fly ash has a calcium (as CaO) content of more than 15 % while for 

Class F fly ash, it is lower than 5 %. What is also generally observed is that sub-bituminous and 

lignite coals produce Class C fly ash when combusted and Class F results from the combustion of 

anthracite and bituminous coals [187]. The high silica (SiO2) content in Class F ash makes it to be 

pozzolanic with no cementitious properties. However, in a finely divided form, it chemically reacts 

with calcium hydroxide [Ca(OH)2)] at room temperature to produce compounds exhibiting 

cementitious properties. Class C fly ash on other hand, has self-cementing abilities, meaning in 

the presence of water it hardens and becomes solid over time [178].  

2.10 Applications of fly ash 

 

2.10.1 Agriculture 

 

The use of fly ash in agriculture has several benefits especially in improving the properties of soils 

that enhance the growth of plants. Fly ash provides some essential micro-nutrients for soil such as 

K, P, S, Ca, and Mg, and macronutrients such as Fe, B, Zn, Co, Mn, Cu, and Mo that are beneficial 

for plant growth. It has found several uses as an insecticide, improving soil texture, bulk density, 

porosity, water holding capacity, hydraulic conductivity, aeration [188]–[191]. The presence of 
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pozzolanic minerals in fly ash also improves the quality of the soil. These properties of fly ash 

directly affect plant growth, bulk density, ability to retain water, and porosity.  

Sikka& Kansal [192] investigated the effects of fly ash on dry-matter yield, nutrient composition 

of 60 days old rice and wheat plants. An increase in the N, S, Ca, Na and Fe nutrients was observed 

while P and Zn decreased.  The fly ash used did not influence the dry-matter yield and nutrient 

composition of wheat. However, the Fe concentration in wheat increased significantly from 139 

ppm to 161 ppm at 8 % addition of fly ash. Chang et al [193] performed several experiments with 

five different soil types mixed with fly ash. Among the five soil types, Reyes silty clay showed an 

increase in the bulk density from 0.89 g/cc to 1.01 g/cc. Prabakar et al. [194] investigated the load-

bearing capacity of soil mixed with fly ash and it was found that increasing the addition of fly ash 

increases the shear strength non-linearly, and linearly for both shear stress and cohesion.  

The water-holding capacity is a very important phenomenon in the growth of crops and plants. In 

general, the higher the water-holding capacity of soils the less likely the leaching of nutrients losses 

will occur [195]. Soils with a high water-holding capacity greatly improve the crop’s quantity and 

quality in yield and decrease the adverse effects of droughts and erosion. Fly ash can change the 

soil texture and increase water-holding capacity permanently when applied at high rates. This was 

observed by Ghodrati et al. [196] when the water-holding capacity of the soil was raised from 12 

% to 25 % with 30 % fly ash. Khan& Khan [197] reported an increase in porosity, water-holding 

capacity, conductivity, pH, etc. with a gradual increase in fly ash concentrations (0, 10, 20…100 

%) in the normal field soil. 

The growth of crops is generally optimum at pH between 6.5 and 7. Coal fly ash, which is acidic 

or basic, can be applied to buffer the pH of soils depending on the coal source and combustion 

conditions [198]. Introducing fly ash (which is generally alkaline) to acidic soils can raise the pH 

of the soil and this is explained by the release of Al, Ca, OH, and Na ions [177]. The lime in fly 

ash reacts with the acidic constituents in soil and releases these ions that benefit crop plants. Class 

C fly ash has proven to be able to raise the pH of acidic soil more efficiently than Class F fly ash, 

thus it has been used at excessively high rates. For most of class f ash, its ability to ameliorate the 

acidity of soils is limited unless it has a higher component of CaO.   

The application of fly ash in agriculture can be enhanced by blending it with organic and inorganic 

materials such as lime, gypsum, farm manure, composts, red mud, and acid-forming organic by-
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products like sewage sludge, animal manure and poultry. The co-application of these materials has 

several advantages which include reducing the bioavailability of toxic metals, increasing the 

content of soil organic matter, enhancing the availability of nutrients, indirectly stimulating 

microbial activity, and buffering soil pH [188], [189], [191]. 

Although fly ash has some benefits in agriculture, it also has some detrimental and undesirable 

effects on crops, soils, and groundwater due to high concentrations of heavy metals that are 

potentially toxic, change in soil salinity, and radionuclides. Utilizing un-weathered fly ash could 

result in the accumulation of elements such as B, Se, Mo, and Fe which are toxic at high 

concentrations and decrease crop yields [199]. Higher rates of fly ash in soils might lead to the 

activation of toxic elements which could hinder microbial activity [200].   

2.10.2 Environmental protection/adsorbent 

 

The fly ash particles have high porosity, large specific surface area, alkalinity, and a significant 

amount of unburnt carbon with a negatively charged surface at high pH and many other unique 

characteristics. These properties of fly ash give the impression that it can be used as an efficient 

high-capacity adsorbent for treating environmental pollutants. Its direct application as an adsorbent 

for gaseous and aqueous pollutants has been investigated. By 1984, fly ash had shown great 

promise as an adsorbent for copper (Cu2+) ions removal from industrial wastewaters [201].  

To remove boron from seawater and desalinated seawater, Polat et al. [202] conducted several 

batch experiments using different types of fly ash and coals as adsorbents. They found that 

approximately 90 % of boron could be successfully removed from the seawaters due to the 

interaction of coal and fly ash under the appropriate conditions. Cho et al. [203] investigated the 

removal of heavy metals (Zn, Pb, Cd, and Cu) from aqueous solutions under varied reaction 

conditions. They found that the percentage removal of the heavy metals increased as the pH 

increased. When the pH was 8, 95 % of the metals were removed. Aksu and Yener [204] studied 

the adsorption of phenol using fly ash as a substitute for activated carbon. Adsorption of 27.9 mg/g 

for phenol was reported compared to 108 mg/g for activated carbon at 100 mg/l for phenol 

concentration. Kim et al. [205] demonstrated the fabrication of multipurpose composite 

polyurethane membrane from TiO2 and fly ash for the adsorption of heavy metals. The fly ash 

fibrous membrane had a higher and faster adsorption capacity. Mohan et al.[206] studied the 
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removal of dyes from wastewaters using fly ash and it was to be comparable to that of other low-

cost commercially available adsorbents. 

2.10.3 Construction 

 

The use of fly ash in the construction industry has gained tremendous attention and is currently the 

leader in the applications of fly ash. Concrete in the construction industry is of high importance 

and this is seen by the amount of concrete used worldwide, Blissett et al. [177] further mention 

that the humans' species do not use any other material in greater quantities than concrete except 

for water. It is also the basis of almost all of the construction projects that take place and has been 

shown to have a significant number of benefits such as high strength, easily moldable, affordable, 

adaptability, and readily available [181].  

Fly ash can be described as either being pozzolanic or cementitious depending on the content of 

CaO. This property enables it to be used extensively either as a raw material or in cement 

replacement for ceramics, construction fills, road base, etc. The addition of fly ash in cement 

enhances the durability and strength of concrete, reduces the heat of hydration, permeability, cost 

of concrete, and resists sulfate attack [181]. Commonly in a commercial application, the amount 

of fly ash added ranges from 15-20 wt.%. However, they can get as high as 70 wt.% for concrete 

in constructions such as pavement, parking lots, and walls. The use of high levels of low-lime fly 

ash as a constituent of cement in concrete was examined by McCarthy and Dhir [207]. They found 

that up to 45 wt% levels of fly ash can be combined with Portland cement to form a range of 

concrete strengths. However, early strength, a critical feature in concrete, can be reduced compared 

to Portland cement. Felekoglu [208] investigated the potential of three types of Turkish fly ashes 

from different sources for high-volume fly ash (HVFA) concrete production. The results showed 

that for structural applications, HVFA can only be produced by using fly ash with appropriate 

physical and chemical properties within the limits specified.   

Fly ash-based geopolymers are promising alternatives to building materials due to their interesting 

properties like high mechanical strength, good thermal stability, surface hardness amongst others 

[177],[209]. They rapidly harden at room temperature with mortar containing compressive 

strengths and concrete strength of 80-120 MPa and 70 MPa, respectively. Nath and Sarker [210] 

studied fly ash-based geopolymers appropriate for curing conditions. To accelerate the curing of 
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geopolymer, Portland cement, and low-calcium fly ash were added. Compressive strength of more 

than 50 MPa was achieved for mortar samples and 40 MPa for concrete samples. Temuujin et al. 

[211] prepared geopolymer mortars with varying degrees of sand aggregate and examined their 

physical and mechanical properties. They found that the compressive strength of fly ash-based 

geopolymer mortar depended on the strength of the geopolymer binder. Joseph and Matthew [212] 

presented the engineering properties of geopolymer concrete made from alkali-activated fly ash. 

The geopolymer had a higher value of Poisons ratio and modulus of elasticity than ordinary 

concrete cement. Ma et al. [213] reviewed the structural performance of geopolymers and their 

analysis. They found that geopolymers can replace ordinary concrete since they possess better 

mechanical strength, higher durability, and more desirable structural performances.   

The utilization of fly ash in the construction industry is largely affected by seasonal changes in 

countries like the US and the EU. The high rates of fly ash production are more conducive in winter 

whereas, in the construction industry, cement is much more required in summer where building 

projects are at their peak. In the summer months, coal generators tend to be restricted to double 

shifting which leads to the Loss of Ignition (LOI) of the ash to be increased, resulting in poor 

quality of fly ash and mixture of aggregation.  

2.10.4 Fly ash as a catalyst 

 

The application of fly ash in heterogeneous catalysis has attracted the attention of many researchers 

around the world. The main characteristics of heterogenous catalysts such as aluminosilicates 

make them suitable to be used as catalysts, catalyst supports, adsorbents, and sensors to name a 

few. Their properties include larger surface areas, tunable pore sizes, and large porous structures. 

In fly ash, the aluminosilicates which have been exposed to higher temperatures enable them to be 

thermally stable and suitable to be used as catalyst or catalyst supports for various reactions. As 

catalyst support, fly ash has shown higher catalytic activities for ammonia decomposition, catalytic 

reduction of NOx and SOx, methane oxidation, dye decomposition, and CO2 reforming of methane 

[178].  

Jain et al. [214] prepared fly ash catalyst supported on CaO for fine chemical production and tested 

its catalytic activity by Knoevenagel condensation. The results showed a higher conversion of 

benzaldehyde to the desired product with high purity. Titanium dioxide (TiO2) is a good semi-
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conductor for photocatalytic reactions. Yu [215] coated fly ash with TiO2 for the removal of NO 

and found that higher rates of NO removal were more favoured at higher temperatures than at low 

temperatures. This improvement was a result of the phase transformation of iron oxide, magnetite 

into hematite (Fe2O3). Wang [216] tested fly ash as potential catalyst support for nickel (Ni) in 

carbon dioxide reforming of methane. It was demonstrated that treating the ash before Ni loading 

has the potential to improve the catalytic activity and stability of the resultant catalysts.  

Fly ash has been used as a catalyst in the synthesis of carbon nanomaterials (CNMs). Compared 

to the commonly used catalysts for CNM formation, fly ash is cost-effective, recyclable, and 

readily available at the megaton scale. It can be used without any pre-treatments or be treated with 

various transition metal catalysts. CNMs have been one of the most researched fields in the past 

three decades with different recipes and formulations being reported. However, the number of 

available studies on the production of CNM using fly ash is very limited. The conditions that were 

used to synthesize CNMs are summarized in Table 2.5. 

 

Table 2.5: Summary of synthesis conditions used in the growth of CNMs from fly ash catalysts 
 

Ref. Catalyst Temp (℃) Carbon source 

and Carrier gas 
Time 

(minutes) 

Yield 

Dunens [217] Fly ash with 5 and 

2.5wt% Fe 

650 C2H4,H2,N2 

(1:1:2) 

120  0.8-25% 

Yasui [218]  Raw fly ash 697-797 CH4,He (1:1) 

C2H5OH,He 

(3:10) 

60   

Nath [42] 25wt% Fly ash and 

PVA 

500 PVA  

N2 (5L/min) 

10 45.5% 

Salah [221] Carbon-rich fly ash 550-950 C2H2 (0-50) 

Ar (100) 

15-60  

Rambau [222] Raw Fly ash 650 C2H4 (250) 

H2:Ar (1:5) 

60  

Hintsho [39] Raw Fly ash 400-700 C2H2 (100) 

H2 (100) 

30   

 

Dunens et al. [217] synthesized Multiwall carbon nanotubes (MWCNTs) on Australian fly ash 

catalysts by fluidized bed chemical vapour deposition (FBCVD). In this study, fly ash was 

impregnated with different metal loadings of iron nitrate and calcinated in the air at 650 ℃ for 2 

hrs. The CNTs were produced at 800 ℃ for 12 hrs under a 1:1 ratio of H2:N2 carrier gases with 



 

54 
 

ethylene as a carbon source. The TGA results showed that fly ash impregnated with 5 wt% Fe had 

the highest catalyst activity for CNMs (Figure 2.15a) whereas the raw fly ash did not produce any 

CNT under the selected conditions. They explained that the increased Fe content in fly ash 

increased the hydrocarbon decomposition rate and provided more reactive sites for CNT growth. 

While the catalytic inactivity of the as-received fly ash was attributed to the inherent heterogeneity 

of the iron location and composition of the untreated fly ash.  

 

Figure 2.15: Electron microscopy images of (a) CNFs entwined with MWCNTs from 5 wt% 

Fe and fly ash, (b)  CNTs from ethanol and carrier gas (3:10) and fly ash, (c) CNT ribbons 

from PVA and 25 wt% fly ash, (d)  CNTs obtained at the optimum conditions of 650 ℃, 300 

torr [217]–[219], [221], [222].   
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Yasui et al. [218] reported on the fabrication of CNTs from Japanese fly ash in a thermal CVD 

(TCVD). They stipulated that this process could result in simple, cost-effective, and large amounts 

of CNTs. The synthesized CNTs using fly ash was intended to be applied in electronic material 

such as electromagnetic and optical absorber. Furthermore, the principal oxides in fly ash, alumina, 

and silica, are low dielectric constant materials that are used in electronic devices and high-

frequency materials. Methane and ethanol were used as carbon precursors with He and N2 as carrier 

gases at different temperatures. On using methane as a carbon source and He as carrier gas at 897 

℃, very few CNTs were observed. However, the yield was increased when ethanol was used as a 

carbon source and CNT growth could occur at a temperature of 697 ℃. A further increase in the 

yield was reported when the temperature and ethanol were raised to 797 ℃ and 3:10, respectively 

(Figure 2.15b) They established that the carrier gases had no effect on the results obtained. From 

the Raman spectrum, the D-band (degree of disorder) at 1390 cm-1 had a broader peak than the G-

band (degree graphitized carbon) resulting in defects, poor graphitization of the CNTs, and high 

yields of amorphous carbon. 

Nath and Sahajwalla [219] produced CNTs from a different technique than the other authors. The 

CNTs were synthesized from fly ash catalyzed pyrolysis of a composite film of polyvinyl alcohol 

(PVA). The fly ash in this study was used as received. The synthesis was carried out in a horizontal 

tube furnace at 500 ℃ under N2 as a carrier gas for 10 minutes. The pyrolysis was between 

mixtures of PVA and fly ash, powder PVA, PVA, and composite films. Only the pyrolysis of PVA 

with 25 wt% fly ash formed CNTs with a yield of 45.5 % (Figure 2.15c). From this, CNT ribbons 

and fibers with different morphological geometries were produced CNT ribbons with a range of 

diameters and lengths. The self-assembled CNT ribbons exhibited high flexibility and permanently 

twisted structures. The intensity of the D-band was lower than the G-band, indicating well 

graphitized CNT ribbons. They stipulated that the ribbons have the potential to be used in 

fabricating high-strength composite materials with polymer and metals. 

Fly ash is also a by-product of heavy oil or crude oil from water desalination plants. The major 

component in this fly ash is unburnt carbon, which exceeds 80 % and sometimes can reach up to 

90 %. Salah [220] ultrasonically treated a solution of carbon-rich fly ash in water and grew CNTs 

in a low-pressure CVD (LPCVD). This carbon-rich fly ash from Saudi Arabia served as both a 

catalyst and co-precursor along with acetylene and N2 as a carrier gas. The reaction took place at 
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a temperature of 700 ℃ and pressure of 15 Torr, while acetylene and nitrogen were flowing at 50 

and 200 sccm, respectively, for 20 minutes. CNTs were formed in high yields and had a high 

degree of wall graphitization as evidenced in the Raman spectrum. In this work, he stipulates that 

this method converts carbon-rich fly ash completely to CNTs and is suitable for large-scale 

production at a low cost.  

In an attempt to find the optimum reaction conditions for the growth of CNTs from this carbon-

rich fly ash using LPCVD, Salah et al.[221] in another work, investigated the parameters affecting 

their growth using the same method as above [220]. These parameters are temperature, time, gas 

pressure, and flow rate. The optimum synthesis conditions were temperature of 650 ℃, the gas 

pressure of 300 torr, growth time of 60 min, C2H2: Ar ratios of 30:100, and resulted in full 

conversion of fly ash to CNTs with a range of diameters and lengths (Figure 2.15d). At higher 

temperatures, a mixture of thick CNTs and unreacted fly ash was observed whereas lower 

temperatures had poor growth. The CNTs obtained from higher pressures showed better results 

than the ones at lower pressures, which had a mixture of fly ash nanotubes. The length and 

diameters of the CNTs were found to increase with the growth time, increasing acetylene flowrate 

resulted in an increase in amorphous carbon. In this study, the mechanism of CNT formation from 

fly ash was also discussed and that this fly ash contains a significant number of hydrocarbons. 

They predict that this fly ash can be applied as composites for polymers and rubbers. 

Rambau et al.[222] reported on the different combinations of fly ash, extracted iron oxide from fly 

ash, and ethylene and waste tyres pyrolysis oil to produce CNMs. The magnetic iron oxide in fly 

ash was extracted via acid digestion and used as catalyst and support along with the as-received 

fly ash. Ethylene and pyrolysis oil vapour were used as precursor compounds. The CNTs were 

grown in a CVD furnace at 650 ℃ under argon and hydrogen gases for 60 minutes. The SEM 

images of CNMs from fly ash and ethylene showed CNMs with a wide variety of diameters and 

lengths (Figure 2.15e). Pyrolysis oil vapour precursor and fly ash catalyst produced CNMs that 

were anchored on the surface of cenospheres. The morphology of CNMs from ethylene and 

extracted magnetic Fe portrayed clustered cylindrical structures whereas, with pyrolysis oil vapour 

the CNM observed had thin tubular structures at low quantity. The Raman spectra showed CNMs 

with good graphitization and minor defects.  
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Using South African fly ash, Hintsho et al. [223] synthesized thick CNFs (Figure 2.15f). from 

acetylene under different temperature conditions (400-700 ℃). The ash was fly ash was used as 

received in a tubular furnace with both acetylene and H2 flowing at 100 ml/min for 30 min. At a 

high temperature (700 ℃), the degree of graphitization was found to be high for the CNMs from 

Raman Spectroscopy. Thermal analysis (TGA) results were coherent with the Raman 

spectroscopy, they showed that the nanomaterials had an oxidation temperature that was greater 

than 550 ℃ and the CNMs synthesized at 700 ℃ had the highest oxidation temperature. This 

indicates a material with good graphitization.  In this study, the formation of CNFs from fly ash 

was attributed to the presence of iron in the form of iron carbide. This was done by XRD, EDS, 

and Mӧssbauer spectroscopy. 

 

2.11 Carbon Dioxide as a carbon source and fly ash as a catalyst for CNMs 

production 

The studies on the combination of CO2 and fly ash as a carbon source and catalyst are very limited. 

Hintsho et al. [223] demonstrated the use of the two waste products to produce CNMs. The fly ash 

was untreated while CO2 was used in three different ways: as a sole carbon source, as an additive 

to acetylene, and in advance to reaction with acetylene. The CNMs were grown at temperatures 

between 500 and 1000 ℃ using the CVD furnace with H2 as carrier gas. Then it was flushed with 

H2 for 15 min followed by acetylene into the furnace for 30 min. CO2 as a sole precursor formed 

CNMs only at 900 ℃. The CNMs were produced in low yields and were confirmed by Raman 

spectroscopy which portrayed a high D-peak of disordered carbon and a low G-peak of graphitic 

carbon. A three-fold increase in the yield was obtained from 500-700 ℃ when CO2 was added to 

acetylene. The high intensity of the G-band and low intensity of the D-band from the Raman 

spectroscopy showed an improvement in the crystallinity of CNMs. In the third case, CO2 was 

used as a carbon source before acetylene to avoid dangerous chemicals from occurring. It was 

introduced into the furnace at a set flow rate and allowed to react with fly ash at a set temperature 

for 30 min. Regularly and irregularly shaped nanofibers were formed along with small amounts of 

CNTs. An increase in yield was observed at 500-600 ℃ and decreased at 700 ℃. The same trend 

was observed for crystallinity. Since low yields and poor quality of the carbonaceous products 

were obtained, the carbon-rich fly ash was used by Salah et al. [220]. 
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2.12 Fly ash disposal 

The disposal of wastes from different processes has always been a problem for industry and fly 

ash is not any different. Its management and disposal are a major problem to thermal power plants 

generators require a vast amount of land. Fly ash should be disposed of in a manner that is safe in 

all aspects and will not have short- or long-term detrimental effects on human health, vegetation, 

economy, aquatic life, and animals. This heterogeneous inorganic material constitutes some toxic 

metals such as lead (Pb) and chromium (Cr), which can be a consequence of some serious health 

concerns and are harmful to the environment[224]–[227]. 

In Tennessee (US), a fly ash pond containing 3.8 billion Litres of water and 4.1 million tons of fly 

ash collapsed and infiltrated several residential areas, contaminating the Emory River. This event 

took place in the December of 2008. However, the clean-up was only concluded in 2015 and cost 

a total of $1.1 billion [228]. Kumar et al. [229] analysed the leaching behaviour of 17 combinations 

of columns with fly ash and three soil types and found higher concentrations of metals than the 

drinking water quality guidelines for the column filled with fly ash only. In another study, Singh 

et al. [230] attempted to assess groundwater contamination due to fly ash disposal in ash by 

simulating the dumpsite conditions using batch leaching tests. Only a few elements were selected 

for the leachate test and the average concentration of these elements in groundwater was found to 

be higher than the prescribed concentrations in drinking water. 

In the past, fly ash was disposed into the atmosphere. This created environmental and health 

concerns which prompted the development of other methods. There are mainly two methods of 

disposing of fly ash, dry disposal, and wet disposal. In the dry disposal method, fly ash captured 

and collected from electrostatic precipitators (ESP) is transported by trucks and conveyors to 

landfills and dumpsites. In wet disposal, fly ash is mixed with water and transported as slurry from 

the thermal power plants to ash ponds near the plant [224]. Wet disposal is the most popular and 

widely used method of fly ash disposal since it is cost-effective. Despite being cheaper, wet 

disposal does not protect the environment from the leaching of heavy metals into the soil and 

groundwater contamination [231].  
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2.13 Conclusion and Summary of CNMs production from fly ash and CO2 

Remarkable achievements have been in the synthesis of CNMs in the last 30 years. Significant 

progress has been made in the synthesis techniques which brought about the realization of 

industrial production of CNMs and their application in commercial products. While some 

applications of carbon dioxide and fly ash have been realized and reached maturity, the use of fly 

ash and carbon dioxide in the production of carbon nanomaterials is still limited on a lab scale. 

One of the major challenges of CO2 is its stability that requires extreme synthesis conditions for 

growing CNTs in good yield and quality. Suitable catalysts and modified CVD reactors to suit 

CO2 might crack the secrets its holds in producing these materials. The morphology of the 

nanostructures obtained from the reduction of CO2 is greatly influenced by temperature and the 

type of reductant used. The mechanism by which CNMs grow by this method has not been fully 

explored. The parameters for its use as a carbon source have been optimized for CNTs production 

on the CVD. However, high temperatures were shown to be more favourable. The use of CO2 as 

a co-feed has shown tremendous success and potential to produce pure SWCNTs in high yields. 

This is the most successful method in this review that used CO2 SWCNTs production in the CVD, 

the next step in this method would be to produce SWCNTs on an industrial scale. Electrolysis is 

also one promising technique since it is more affordable than CVD.  

The quality of the CNMs produced from fly ash is generally low, depending on the type of fly ash 

used and contains unreacted fly ash particles. As we have demonstrated, in some instances a 

mixture of CNFs and CNTs was formed from fly ash instead of a single product. Controlling the 

formation of the desired material becomes paramount and this also relates to the growth 

mechanism experienced by fly ash for CNMs which needs to be explored further. Besides fly ash, 

the general growth mechanism of CNMs is still not clear. No studies have been conducted to 

achieve high yield and good quality products through optimizing the synthesis conditions in fly 

ash. The presence of iron in fly ash plays an important role as observed in some of the studies, its 

higher content results in good yields. The temperature was shown to be the most important and 

influential parameter on the CNMs synthesis. The availability of studies where they are both used 

collectively is very limited.  Research efforts should focus more on the use of fly ash and CO2 as 

raw materials without any pre-treatments or mixing them with other compounds to have a 

significant contribution in their mitigation. 
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3. Chapter 3: Methodology 
 

3.1 Introduction 

This chapter outlines and describes the materials used and methods followed in this research study, 

the equipment and chemicals used are given and listed. The characterization techniques for the fly 

ash carbon nanomaterials are also explained and listed.  

 

3.2 Materials  

The gases used for CNT synthesis were argon (Ar) as a carrier gas and carbon dioxide (CO2) and 

acetylene (C2H2) as precursor gases. These gases were obtained from AFROX (African Oxygen 

Limited) and they came with a certificate of analysis indicating the purity of 99.99 %. Post-

combustion fly ash was obtained from Electricity Supply Commission (ESKOM) through Lafarge. 

Pre- combustion fly was sourced from Sasol in Secunda. The catalysts were used as received.  

 

3.3 Synthesis of CNMs 
Figure 3.1 depicts the CVD setup used to synthesize CNMs. Varying amounts of raw samples of 

fly ash were weighed and uniformly spread on a catalyst boat and placed inside the middle of the 

stainless-steel tube reactor in the CVD. The CVD furnace was set at different temperatures 

between 750-950 ℃. Argon gas was opened and flowed at 150 sccm. This was done to purge the 

furnace of any contaminants and detect any leakages from the gases to the reactor. Once the desired 

temperature was reached, the pressure of argon was increased to the desired value and CO2 or 

acetylene was introduced into the CVD system as a carbon source. It flowed for a period of 60 

minutes at a specified flow rate. Thereafter, the flow of CO2 or acetylene was cut off and the 

furnace was allowed to cool down under the argon atmosphere for an hour, and then it was 

terminated. The furnace was further allowed to cool overnight to room temperature. The product 

was collected from the tubular furnace.  
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3.4 Characterization Methods for fly ash and CNMs 

A thorough description of the characterization methods used to analyse the two fly ash catalysts 

and CNMs in this study is given: 

SEM, EDS, TGA, TEM, Raman Spectroscopy, XRD, XRF, and a particle size analyser. 

3.4.1 Scanning Electron Microscopy (SEM) 

 

The SEM technique is one of the most used characterization methods across many disciplines. In 

this study, it was used to visualize and examine the surface morphology, diameter, and length of 

nanomaterials with a very high resolution and a greater depth of field. The SEM micrographs were 

obtained using a ZEISS Sigma 300VP Field Emission Scanning Electron Microscopy (FESEM) 

and the images were obtained using ZEISS Smart SEM. It was operating at voltages of 8, 10, 15, 

and 20 kV. A small amount of the sample was placed on a carbon tape which was placed on a stub 

and coated twice with Gold and Palladium (Au/Pd). This was then introduced into the SEM. 

 

 

Figure 3.1: Chemical vapour deposition setup used in this study 
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3.4.2 Energy Dispersive Spectroscopy (EDS) 

 

EDS is a chemical analysis technique in conjunction with SEM analysis. The information obtained 

from EDS can be used to quantitatively determine the elements present in a sample. One of the 

main advantages of EDS along with SEM and TEM is sample preparation. It is very minimal and 

they are not destructive techniques. In this study, a visible area of the fly ash sample was selected 

and analyzed, and subsequently, individual spheres and non-spherical fragments were also 

selected. This was done to compare the content of iron between the spherical and irregular 

particles. An Oxford instruments x-act PentaFET precision detector was used. 

3.4.3 Thermogravimetric Analysis (TGA) 

 

Generally, by-products like amorphous carbon are formed during the production of carbon 

nanomaterials, and impurities such as unreacted metal catalysts are present. Thus, investigating 

the quality and purity of CNMs is a crucial task for their applications. Thermal gravimetric analysis 

(TGA) is a destructive technique that is used to investigate the purity and yield of CNMs based on 

the decomposition temperature of the CNMs. This technique gives a curve of weight loss (%) vs. 

temperature (℃) and its derivative. From this curve, the quality and level of impurities are 

determined. The derivative thermogravimetry (DTG) was used to determine the distribution of 

particles and the quality of the CNMs. Thermal analysis of the CNMs was done using an SDT 

Q600 thermogravimetric analysis (TGA). This was conducted by using 10 mg of the catalyst, 

placed in an alumina crucible, and placed inside the TGA furnace. The decomposition took place 

in air and nitrogen flowing at 50 ml/cm3 with the temperature increasing at a rate of 30 ℃/min 

until it reached 800 ℃. 

3.4.4 Transmission Electron Microscopy (TEM)  

 

The TEM technique gives information about the internal structure of the specimen. The number 

of walls, as well as the morphology and diameter of CNT, are obtained from the TEM. The CNMs 

were visualized on an FEI Tecnai T12 Transmission Electron Microscopy (TEM). To prepare the 

sample for analysis, the product was dissolved in 10 ml ethanol. It was subsequently sonicated for 

10 minutes and a drop of the solution was subsequently deposited on a copper grip and placed on 

a lacy carbon film.  
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3.4.5 Raman Spectroscopy 

 

Raman spectroscopy is a powerful tool that is useful to determine the crystallinity of the CNMs. 

Generally, the peaks in Raman exhibit two bands, namely the D (defective) and G (graphitic) band 

occurring at 1350 cm-1 and 1580 cm-1, respectively. These occur namely for carbon nanofibers 

(CNFs) and multi-walled carbon nanotubes (MWCNTs). The D band is associated with the 

presence of defects (disordered carbon) in CNMs' wall structures. While the G band correlates 

with an E2g mode of graphite and is related to the vibrations of sp2 carbon-bonded atoms in a two-

dimensional hexagonal lattice, such as in a graphitic layer. The relative intensity ratio (ID/IG) of 

these two peaks is used to determine the degree of graphitization of the CNMs. Raman spectra 

were acquired using the 514.5 nm line of a Lexel Model 95 SHG argon-ion laser as an excitation 

source and a Horiba LabRAM HR Raman spectrometer equipped with an Olympus BX41 

microscope attachment. The incident beam was focused onto the sample using a 100x objective 

(N.A.=0.90) and the backscattered light was dispersed via a 600 lines/mm grating onto liquid 

nitrogen cooled CCD detector. The data was acquired using LabSpec v5 software. The laser power 

at the sample was approximately 0.4 mW to minimize localised heating effects. 

3.4.6 X-ray fluorescence (XRF) 

 

XRF analysis was used to determine the chemical composition of fly ash. About 2.5 g of the fly 

ash was placed in a crucible and heated in a furnace at 1050℃ for a period of 35 min and then it 

was left to cool in the air to room temperature. This was pulverized using a pestle and mortar, 

followed by mixing 1 g of fly ash with 5 g of flux, then heated in a modutemp at 1000 ℃ and a 

fused bead was formed and used for analysis. 

3.4.7 X-ray diffraction (XRD) 

 

XRD was used to identify the mineral phases present in the fly ash particles and the carbonaceous 

products when acetylene was the carbon source. The analysis was conducted using a Bruker D2 

phaser Benchtop X-ray diffraction (XRD) equipped with Cu Kα radiation [𝜆 = 1.54184 Å] in the 

2-theta range of 5 to 90°, at 0.02° with a counting time of 31.4s per step. 
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3.4.8 Particle Size Analyser 

 

The particle size distribution (PSD) was determined using a Nanotrac Wave, Particle size, and Zeta 

Potential Analyzer. The catalyst was dissolved in water, then collected using a dropper, and was 

added dropwise to the particle size analyser. The data was acquired with Microtrac FLEX 10.6.1 

software. 
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4. Chapter 4: Fly Ash Characterization 
 

4.1 Introduction 

Fly ash is an inorganic fine material that is formed from the combustion of coal during power 

generation. It is composed of a variety of chemical compounds. The major ones exist as oxides 

including silica (SiO2), alumina (Al2O3), calcium oxide (CaO), iron oxide (FeO), magnesium oxide 

(MgO), potassium oxide (K2O), and titanium oxide (TiO2) [1]–[3]. Fly ash composition varies by 

a large margin and it's mostly dependent on the coal source, capturing, and combustion technology. 

It can be white-grey to dark grey or orange to brown in colour, depending on the chemical 

composition [3]. Most countries are largely reliant on coal combustion for industrialization and 

the improvement of life. This leads to massive quantities of this material being produced [4]. These 

large quantities of fly ash are either disposed of in lagoons or dams and ash dumpsites [5]. There 

are costs such as transportation and maintenance of disposal sites associated with the act of 

discarding fly ash [6]. Furthermore, the disposal methods have caught the attention of 

environmentalists. It has been reported that the toxic metals found in fly ash could result in 

pollution and leaching to underground water [7]. A cost-effective and safe disposal method of fly 

ash is utilizing this inorganic material and converting it to useful products. It has been widely 

applied in the construction industry and agriculture, as an adsorbent and catalyst, and polymer 

composites  [5]–[7]. Despite the research conducted on the potential applications of fly ash, 

substantial quantities of this inorganic material are still disposed and remain unused. The current 

global figure of fly ash utilization is approximately 25 %. In the US, China and India only 65 %, 

45 %, and 38 % of fly ash are respectively utilized [11]. In developing countries like South Africa, 

only 10 % is used. These figures are extremely low compared to the amount of fly ash produced 

and this calls for further research into finding or improving its beneficiation.  

South Africa is the leading producer of electricity from coal in Africa [12]. Thus, fly ash is being 

produced on the megaton scale. Currently, two major utilities i.e., Sasol and Eskom produce fly 

ash in large quantities. Differences exist in both materials in terms of their physical and chemical 

properties. Sasol fly ash (S-FA) is produced from pre-combustion, while Eskom fly ash is from 

post-combustion. In pre-combustion, the coal is partially combusted and therefore contains some 

unburnt carbon. While post-combustion at Eskom, the coal is completely combusted. In this 
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chapter, we seek to compare and characterize these two heterogeneous materials and determine 

which one would be a catalyst best suitable for CNMs' production from CO2. 

4.2 Results and Discussion 

The SEM images of Eskom (post-combustion) and Sasol (pre-combustion) fly ashes are depicted 

in Figure 4.1. They reveal that both of these coal combustion products are comprised of spherical 

particles of varying sizes mixed with irregularly shaped fragments. Smaller spheres and irregular 

fragments are attached and resting on the surface of bigger spheres, Figure 4.1a& b. Most of the 

surfaces on Eskom fly ash (E-FA) appear finer and well-rounded with some pores (Figure 4.1c). 

While some spheres from Sasol fly ash (S-FA) appear to have coarser, chipped, and uneven 

surfaces that are poorly rounded (Figure 4.1d). The chipped surfaces of the spheres seen in both 

materials reveal that they are filled inside which indicates the presence of plerospheres [13]. 

Cenospheres are also present. A physical inspection of the fly ashes revealed that the colour is 

Figure 4.1: SEM micrographs of (a) Eskom and (b) Sasol fly ashes. A closer inspection of the fly 

ash particles showing (c) smaller spheres, broken granular fragments in E-FA and (d) course 

surface of S-FA spheres mixed with higher fraction of irregular 
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darker in Sasol than in Eskom’s fly ash due to the different combustion conditions of the coal [4]. 

The particle size of the catalyst is also an important measure in carbon nanotube/fibre synthesis. 

The particle size distribution (PSD) of both fly ashes obtained using a Zeta Potential Analyzer is 

depicted in Figure 4.2. The variation of the sizes of both ashes appears to be closely similar (2.8-

88 μm). However, S-FA is observed to contain the highest number of smaller and larger particles 

than E-FA. Lastly, S-FA has significant amounts of non-spherical material compared to E-FA as 

observed in the SEM micrographs above. The composition of the samples was determined using 

EDS (Energy-dispersive X-ray Spectroscopy) and XRF (X-ray Fluorescence) techniques.  

 

 

 

Table 4.1 depicts the overall chemical composition as oxides of both fly ash samples. SiO2 and 

Al2O3 are the principal components in both catalysts as expected. However, their amounts are 

higher in E-FA compared to S-FA. Iron (Fe) is also one of the components abundant in S-FA than 

E-FA. It is one of the commonly used catalysts for CNMs growth. Thus, a higher yield of CNMs 

would be expected from S-FA. Furthermore, a significant difference in the LOI (Loss on Ignition) 

is observed. It is a measure of the unburnt carbon content in fly ash and it is used in the construction 

industry to determine the suitability of fly ash to be used as a replacement for Portland cement [9], 

[11], [14]. Sasol’s coal combustion product has a higher LOI (8.5 wt%) than Eskom, which is 

extremely low (0.9 wt%). Sasol uses the pre-combustion method which is not total combustion 

Figure 4.2: Comparison of the particle size distributions of raw (a) Sasol and (b) Eskom fly ash 
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because there is a large amount of CO in the flue gases [15], [16]. This justifies the large amount 

of LOI in S-FA compared to E-FA which uses the post-combustion method. 

 

 

 

 

 

 

 

 

 

 

 

In the EDS technique, a visible area of the fly ash sample was selected and analysed. Subsequently, 

individual spheres and non-spherical fragments were also selected for elemental quantitative 

analysis. Depicted in Figure 4.4 are the selected spherical and irregular particles from Eskom fly 

ash. Fe was found to be less abundant on the irregular fragments than spherical particles. This 

observation was consistent when the analysis was conducted on different areas in the fly ash. 

However, Sasol fly ash (Figure 4.3) showed the opposite result in terms of the abundance of iron. 

It was found to be more abundant in the irregular fragments. The results obtained when a whole 

area was selected samples are consistent with the XRF analysis in both fly ashes as shown in Table 

4.2 

Table 4.1: Chemical composition of Sasol and Eskom fly ash obtained 

from XRF 
Component Sasol (wt%) Eskom (wt%) 

SiO2 46.4 53.88 

Al2O3 25.25 33.12 

CaO 7.73 4.00 

Fe2O3 4.51 3.33 

MgO 2.5 1.17 

TiO2 1.39 1.65 

K2O 0.81 0.71 

Na2O 0.78 0.28 

P2O5 0.71 0.40 

MnO 0.06 0.04 

Cr2O3 0.03 0.05 

NiO 0.01 0.01 

LOI 8.5 0.90 
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Figure 4.3: EDS analysis of raw Sasol fly ash showing 

elemental composition of a spherical particle (spectrum 1)  

and an irregularly fragment (spectrum 2)  

Figure 4.4: EDS analysis of raw Eskom fly ash of selected 

individual particles (spherical and irregular fragment)  
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Carbon was not included in Table 4.2 since the samples were placed on carbon tape for the analysis 

and it would be detected during analysis and give inaccurate results. The chemical composition 

was found to be consistent with other fly ash studies [17]–[20]. 

XRD was used to determine the phases formed from the coal combustion processes. The XRD 

spectra in Figure 4.5 revealed that mullite (3Al2O3⸱2SiO2) and quartz (SiO2) are the major phases 

followed by calcite (CaCO3) and magnetite (Fe2O4) as the minor phases in both materials. In the 

spectrum of Eskom fly ash, calcite was not detected whereas it was found in Sasol fly ash. This is 

coherent with the XRF results obtained in Table 4.1, where CaO contents were higher in S-FA 

than in E-FA. Hintsho et al. [21] confirmed iron as the main catalyst producing CNFs from results 

obtained in XRD and BET analyses.  

  

Table 4.2: Quantitative elemental analysis of Eskom and Sasol fly ash from EDS  
Elements  O Si Al Ca Fe Ti K Mg Na P S 

Eskom (wt%) 47.9 22.4 20.5 3.0 2.80 1.1 0.6 0.9 0.4 0.2 0.2 

Sasol (wt%) 62.9 16.51 9.94 5.79 2.89 1.99 0.99 0.59    

Figure 4.5: XRD patterns of Eskom and Sasol fly ashes showing phases that are present. 

U-Mullite, Q-quartz, Ca-calcite, M-magnetite 
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4.3 Conclusion 

Fly ash from Eskom (post-combustion) and Sasol (pre-combustion) in South African was 

characterized. This was done to compare them as catalysts for carbon nanomaterial synthesis using 

the chemical vapour deposition (CVD) technique. SEM images showed the presence of spheres 

containing cenospheres and plerospheres. The particle size distribution of the materials was the 

same. However, Sasol fly ash contained a higher concentration of large particle sizes. Their 

chemical, elemental, and phase compositions were determined by XRF, EDS, and XRD analysis, 

respectively. XRF analysis showed Eskom fly ash had significantly low contents of unburnt carbon 

whereas Sasol fly ash contained higher composition of unburnt carbon and iron. XRD showed 

sharp peaks of aluminosilicate phases, small calcite, and hematite phases which corresponded with 

the XRF and EDS results. From these results, it can be predicted that Sasol fly ash (pre-

combustion) will yield CNMs in high quantities than Eskom fly ash (post-combustion). 
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5. Chapter 5: Synthesis of CNMs from CO2 using Sasol 

and Eskom Fly ash as catalyst 
 

5.1 Introduction 

Carbon nanomaterials such as carbon nanotubes (CNTs) and carbon nanofibers (CNFs) have 

gained the attention and interest of researchers all over the world. This huge interest in them 

emanates from their unique properties such as good mechanical strength, high electrical and 

thermal conductivity [1]–[8]. Their properties and characteristics are significantly influenced by 

synthesis parameters such as temperature, catalyst thickness and reaction time, etc [9]–[11]. 

Gaining precise control of these parameters is key to ensuring CNMs with desired properties are 

synthesized. It is particularly because of this ability to control parameters with ease that chemical 

vapour deposition (CVD) is the most widely used technique for CNMs synthesis [12]. Other 

methods such as laser ablation and arc discharge are also used [13], [14]. However, they require 

extremely high temperatures, and the control of parameters is limited. The CVD allows for several 

compounds to be used as sources of carbon and different catalysts for growing CNMs at moderate 

temperatures. Most of the carbon-containing compounds can be used as CNMs precursors. 

However, the most common sources of carbon are hydrocarbons and carbon monoxide (CO) [15]. 

While transition metals such as Fe, Ni, Co, and their alloys are commonly used on supports [16]–

[19]. Most of these carbon sources and catalysts are expensive and toxic. The catalyst also requires 

pre-treatment and preparation. 

Carbon dioxide (CO2) and fly ash are harmful industrial waste products that are known to be 

produced in large quantities. Fly ash is a fine powder that is formed from the combustion of coal 

during power generation. CO2 exists naturally in the atmosphere and is needed by plants for 

survival. However, anthropogenic CO2 sources such as the use of burning fossil fuels and cement 

production contribute significantly to global warming and its effects are well documented [20]–

[22]. Studies using CO2 as a carbon source for CNMs production have been reported [23]–[25]. 

Its use as a carbon source stems from its affordability, abundance, and non-toxicity. CNTs were 

also reported in good yields in some of these studies. Fly ash has also been reported as a catalyst 

in the formation of CNMs [26]–[31]. It is affordable and available in large amounts. Although its 

applications exist, they are limited and require further research to explore some of its potential 

applications. Fly ash is generally kept in landfills or lagoons. However, instead of storing it, it can 
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be used to make useful products such as CNMs and contribute towards mitigating its effect on the 

environment. In South Africa, two major utilities produce fly ash in large quantities; Sasol, and 

Eskom. Their catalytic ability to produce CNMs is compared. In this chapter, temperature, flow 

rate, and mass are the parameters varied to investigate the optimum conditions that give good 

crystalline materials in high yields. This chapter is structured as follows; Section 5.2 outlines the 

experimental methods. Section 5.3 discusses the effects of the synthesis parameters on the yield, 

purity, and crystallinity of CNMs using Sasol fly ash (subsection 5.3.1) and Eskom fly ash 

(subsection 5.3.2). Section 5.4 concludes the chapter.   

5.2 Experimental and Characterization Methods 

Raw Sasol and Eskom fly ash were used as catalysts for CNMs production. Sasol Fly ash (S-FA) 

was obtained from Secunda and the Eskom fly ash (E-FA) was obtained at Lethabo power station 

through Lafarge. The CNMs synthesis took place in a tubular chemical vapour deposition (CVD) 

furnace containing a stainless-steel tube reactor. Measured amounts of the catalyst were placed at 

the centre of the reactor in the CVD furnace. Argon (Ar) gas was allowed to flow at 150 sccm until 

the desired synthesis temperature was reached. Subsequently, the Ar gas flow was increased, and 

carbon dioxide (CO2) gas was opened for 60 minutes. The furnace was turned off and allowed to 

cool down under Ar gas for 60 minutes and then it cooled down overnight without the inert gas. 

The influence of the studied synthesis parameters are summarized in Table 5.1 for both catalysts. 

The yield and purity of the synthesized carbon nanomaterials were determined using an SDT Q600 

thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG). Field Emission 

Scanning Electron Microscopy (FESEM) was used to visualize and identify the carbonaceous 

products as well as their morphology. Raman spectra were acquired to determine the crystallinity 

of the CNMs. Generally, the peaks in Raman exhibit two bands, namely the D (defective) and G 

(graphitic) band occurring at 1350 cm-1 and 1580 cm-1, respectively [32]–[34]. The relative 

intensity ratio (ID/IG) of these two peaks is used to determine the degree of graphitization of the 

CNMs. A low ID/IG ratio indicates a low level of defects, which implies the material has a good 

crystallinity [23].  
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5.3 Results and Discussion 

The growth rate of CNMs is influenced by several factors which affect the quantity and quality of 

nanomaterials. There is still some controversy surrounding the growth mechanism of CNMs. 

However, the current growth model that is widely accepted can give compelling explanations 

about the influence certain parameters have on the yield and crystallinity of CNMs. The 

mechanism of CNMs growth can be summarized in three stages: (i) adsorption and dissociation of 

carbon atoms on the catalyst surface, (ii) diffusion of carbon atoms through the catalyst, and (iii) 

precipitation of solid carbon as CNMs (CNTs/CNFs) [9]–[12]. All these stages are affected by the 

temperature, type of catalyst, flow rates of the carrier gas, and carbon source gas.   

Table 5.1: Reaction parameters varied for the synthesis of CNMs from Sasol and Eskom 

fly ash 

Run Temperature (℃) CO2 (sccm) Argon (sccm) Catalyst Mass 

(mg) 

1 950 962 1202 600 

2 950 601 1202 600 

3 850 601 1202 600 

4 750 601 1202 600 

5 850 300.1 901.5 600 

6 950 300.1 901.5 600 

7 750 300.1 901.5 600 

8 850 962 1202 600 

9 750 962 1202 600 

10 750 300.1 480.7 600 

11 850 300.1 480.7 600 

12 950 1202 1202 600 

13 750 962 1202 800 

14 750 962 1202 1000 

15 850 300.1 901.5 1200 
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5.3.1 CNMs synthesis from Sasol Fly Ash 

The effect of temperature, flow rate, and catalyst amount was investigated to determine the 

conditions to synthesize CNMs from Sasol fly ash. The best results obtained from these 

investigated parameters are summarized in Table 5.2 below. 

 

Table 5.2: Summary of the best synthesis conditions obtained from each of the parameters investigated in 

Sasol fly ash 

Temperature 

(℃) 

Flow rate (sccm) Mass 

(mg) 

Yield 

(wt%) 

ID/IG 

CO2 Ar 

750 300.1 901.5 600 4 0.8 

750 962 1202 600 4.6 0.84 

750 962 1202 1000 4.1 0.96 

 

 

Effect of Temperature 

The temperature was varied from 750 ℃ (run 7) through 850 ℃ (run 5) to 950 ℃ (run 6), while 

the flow rate of CO2/Ar was maintained at 300.1/901.5 sccm and catalyst mass was 600 mg. The 

collected product from the furnace showed some changes in terms of their texture and colour. They 

appeared slightly darker and harder than before. For all the temperatures, yields <95% were 

obtained. 

The TGA and DTG curves for different synthesis temperatures are depicted in Figure 5.1a and 

Figure 5.1b, respectively. The decomposition temperatures of amorphous carbon and CNTs or 

CNFs are found at 200-400 ℃ and 450-650 ℃ regions, respectively, in the TGA [35]. At synthesis 

temperatures of 750 ℃ (run 7) in Figure 5.1a, it can be seen that amorphous carbon is present. In 

its region, there is a rapid decrease in the mass loss of the product. The decomposition of CNTs 

and CNFs occurred between the 400-700 ℃ region with a mass loss of 4 %. Residual fly ash 

particles remain as impurities at temperatures >700 ℃. The DTG curve is used to determine the 

distribution of products and oxidation temperatures of the materials. The DTG thermograms in 

Figure 5.1b, show multiple peaks in the 620-680 ℃ region, indicating the formation of more than 

one carbonaceous material. They are probably CNTs and CNFs containing various diameters. The 

formation of more than one product occurred because of the heterogeneous nature of the fly ash 



 

101 
 

catalyst and its non-uniform particle size. The oxidation temperature, which is the temperature at 

which mass loss is at a maximum in the DTG was found at 680 ℃. This implies that CNMs with 

good crystallinity were obtained. 

 

 

The SEM images of CNMs produced at a temperature of 750℃ (run 7) are shown in Figure 5.2. 

Net and carpet-like CNT/CNFs of various lengths and diameters were formed on top of the fly ash 

sphere are shown (Figure 5.2a), with some branching. These structures seem to be beginning the 

Figure 5.1: Thermal analysis of the as-synthesized CNMs at various temperatures (a) TGA curve showing 

decomposition temperatures and (b) derivative thermogravimetric curve showing oxidation temperature 

Figure 5.2: SEM images of CNMs grown at 750℃ showing (a) mixture of CNMs with fly ash 

and (b) net-like CNMs 
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formation of CNMs and getting attached to the spheres. This happens while the fly ash particles 

deform (becoming hollow on their surface). 

Although catalyst supports were not used in this study, this could suggest that the CNMs were 

formed via the root-growth mechanism. Some unreacted fly ash fragments are also observed 

(Figure 5.2b). The Raman spectroscopy obtained at this temperature is shown in Figure 5.3. Strong 

D and G peaks were obtained at 1369cm-1 and 1608cm-1, respectively. However, the G band has a 

stronger intensity than the D band. This indicates that a material with high graphitic content than 

defects was formed. The ID/IG ratio was 0.8, showing that the CNMs have a good crystalline 

structure as seen in the DTG analysis at this temperature (750℃). 

 

 

When the temperature was increased (850-950℃), a decrease in the yield of CNMs was observed 

(Figure 5.1a). Generally, an increase in temperature is known to increase the yield of CNMs [36], 

[37]. However, at 950℃ (run 6) the highest decrease was observed. The decrease in the yield is 

because CO2 is more chemically stable at high temperatures. Thus, activating it in the reaction is 

difficult [23]. This affects stages (i)& (ii) in the growth mechanism since insufficient carbon atoms 

Figure 5.3: Raman Spectra obtained from CNMs synthesized 

using Sasol fly ash at different temperatures 
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are being decomposed and diffused through the catalyst. A decrease in the production of CNTs 

was also observed by Simate et al. [25] at temperatures greater than 840 ℃ when CO2 was used 

as a carbon source. They attributed this observation to the Bourdouard reaction requirements and 

the decomposition of CO2. They explained that during the decomposition of CO2, CO is released. 

The disproportionation reaction of CO is restricted kinetically at low temperatures and it is 

restricted thermodynamically at high temperatures. Subsequently, the production rate of CNMs 

decreases. The initial decomposition temperature of the nanomaterials in the TGA is relatively 

similar (480-500 ℃), which means they possess relatively the same thermal stabilities. The DTG 

curve, Figure 5.1b, shows that the oxidation temperatures of the nanomaterials are close. This 

indicates that the crystallinity is also the same. The products synthesized at 950 ℃ showed a small 

mass gain between the 700 and 750 ℃ region in the TGA curve due to oxidation reactions. 

The SEM images of the nanomaterial obtained at 850 ℃ (run 5) are depicted in Figure 5.4. A 

splashed liquid-like substance on the surface of the sphere is seen, Figure 5.4a. This is CO2 

decomposed on the surface of the spheres forming CNMs. In Figure 5.4a, a different structure is 

obtained than in Figure 5.4b at the same temperature. This was seen throughout all the investigated 

parameters. This can be rationalized by the influence of the catalyst shape on the structure of 

CNMs. As seen in the images, the structures are grown on different surfaces i.e., a sphere in Figure 

5.4a and an irregular fragment in Figure 5.4b. This has also been seen by other researchers where 

the shape of the catalyst influenced the structure of the CNM [36],  [37]–[39]. The D and G bands 

were obtained at 1354.3 and 1598.7 cm-1, respectively for 850 ℃. Their ID/IG is 0.91 which is 

higher than the intensity ratio obtained at 750℃, implying that CNMs with lower crystallinity were 

grown. 

(a) (b) 

Figure 5.4: CNMs synthesized from Sasol fly ash at 850℃ showing (a) a splashed like liquid-

substance  on the surface of fly ash resembling CNMs and (b) an irregular and deformed fly ash 

structure. 
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The SEM micrographs of the products grown at 950 ℃ are depicted in Figure 5.5 a& b. In Figure 

5.5a, a deformed and conglomerate structure is observed showing the poor growth of CNMs which 

is consistent with the TGA results. This is also observed in Figure 5.5b, where strands of short 

lengths are grown on an irregular fly ash fragment. The D band had a Raman shift of 1339 cm-1 

and the G band was 1600 cm-1 (Figure 5.3) with an ID/IG ratio of 1.05. This shows that higher 

temperatures form structures with defects or poor crystallinity. From these findings, it is seen that 

a temperature of 750 ℃ forms CNMs in better quantities and quality than higher temperatures.  

 

 

 

Effect of flow rate  

The flow rate in the CVD synthesis of CNMs is one of the key parameters to achieve high yields 

and remarkable crystallinity. It affects stages (i)& (ii) in the growth mechanism. To observe the 

effects of CO2/Ar (carbon dioxide and argon) flow rates, the temperature, catalyst mass,  and time 

were held constant at 750 ℃, 600 mg, and 60 minutes, respectively. In run 3 (Table 5.1) the inlet 

pressure was also investigated.  

The TGA thermograms shown in Figure 5.6a reveal that in all the flow rates investigated, 

extremely low yields were obtained, as seen with the temperature. The yield, purity, and 

crystallinity of the products obtained at CO2/Ar flow rates of 300.1 sccm/ 901.5 sccm are the same 

(a) (b) 

Figure 5.5: CNMs from Sasol fly ash obtained at a temperature of 950℃ showing (a) deformed 

fly ash particle and (b) short-length rod-like structures 
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as the temperature at 750 ℃ (run 5) in Figure 5.4. Thus, they are not discussed further. A CO2/Ar 

flow increase to 601/1202 sccm (run 3) resulted in a decrease in the yield which happened because 

of a decrease in pressure as seen in Figure 5.6. This reverts to the growth mechanism in stages (i)& 

(ii). At low pressure, the concentration of adsorbed carbon species is low, the amount of carbon 

atoms dissolving and diffusing into the catalyst is limited. The CNMs' growth becomes suppressed, 

resulting in low yields. Li et al. [40] investigated the effect of gas pressure on the growth and 

structure of CNTs and they observed the same effect. The effect the decrease in pressure had on 

the crystallinity is observed in the DTG curve, Figure 5.6b. A broad peak at an oxidation 

temperature of ~600 ℃ is found, indicating a non-uniform nanomaterial. 

 

 

The SEM visuals of the carbonaceous products synthesized at CO2/Ar flow rates of 601/1202 sccm 

are shown in Figure 5.7. Poor growth of the nanomaterials is observed. In Figure 5.7a, the formed 

products show a dried chunk of fly ash material with some thick structures. While in Figure 5.7b 

flat-like structure is grown. This observation is due to the decreased pressure and the lack of 

adsorbed carbon atoms. The effect of the decreased pressure and increased flow rate is also 

observed in the Raman spectroscopy, Figure 5.8. The D band at 1354.3 cm-1 is higher than the G 

band at 1605.3 cm-1 indicating the presence of nanocarbons with significant amounts of disordered 

Figure 5.6: Thermograms of Sasol CNMs at various flow rates of CO2/Ar, (a) TGA and (b) DTG 



 

106 
 

carbon in the product. This is also corroborated by the high ID/IG ratio, which is 1.17, implying a 

low degree of graphitization and a high level of defects. 

 

 

 

 

Figure 5.7:  Products grown from Sasol fly ash at CO2/Ar flow rate of 600.1/1202 sccm with a 

decreased pressure showing (a) a dried chunk of fly ash material and (b) a flat-like structure  

(a) (b) 

Figure 5.8: Raman Spectroscopy of carbonaceous products 

synthesized from Sasol fly ash at various CO2 and argon flow 

rates 
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At CO2/Ar flow rates of 962/1202 sccm (run 8), the growth of CNMs was favourable as seen in 

the TGA measurements (Figure 5.6a). It is the highest yield obtained in the investigated flow rates. 

At these high flow rates, there is enough carbon source gas reaching the reactor. More carbon 

atoms can dissolve and diffuse through the catalyst surface to precipitate CNMs as described in 

the growth mechanism. The result is an increase in the yield. The DTG curve at these flow rates is 

similar to the CO2/Ar flow rates of 300.1/601 sccm, meaning the increase in flow rate had little 

effect on the crystallinity of the nanomaterials at the same pressure. The two peaks observed (broad 

and sharp) indicate that more than one product formed. This non-uniformity is attributable to the 

heterogeneous nature of fly ash and its wide diameter range resulting in CNMs with large 

diameters. At temperatures below 100 ℃ in the DTG, a small broad peak is seen. This occurs due 

to the oxidation of amorphous carbon. 

The SEM micrographs of the CNMs at the increased flow rates (962/1202 ssccm) are shown in 

Figure 5.9. Nanotubes and nanofibers of short lengths were grown from the irregular fragments of 

fly ash, Figure 5.9a. These interconnected nanostructures show some branching and various 

diameters mixed with other fly ash fragments. In Figure 5.9b, the nanostructures grown are 

completely covering or wrapping the fly ash sphere and are longer and with larger diameters. Their 

large diameters indicate the formation of CNFs. They show a certain growing pattern and 

orientation on the sphere, which forms circles or hexagonal structures and wave-like patterns on 

the surface. They also appear to have a dusty texture that comes from the fly ash. 

 

Figure 5.9: SEM micrographs of CNMs grown at CO2/Ar flowrates of 962/1202 sccm showing 

(a) short-length CNMs mixed fly ash particles and (b) CNMs covering fly ash sphere 

(a) (b) 
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The ID/IG ratio from the Raman spectroscopy was 0.84, indicating a material with good 

crystallinity. Compared with the other flow rates, the crystallinity is similar to the CO2/Ar flow 

rate of 300.1/901.5 sccm. However, they both are better than the flow rates of 601/1202 sccm 

where pressure was decreased. From this, it can be deduced that pressure has a greater influence 

on the yield and crystallinity than the flow rate. The flow rate has mostly influenced the yield and 

purity of the nanomaterials. In other studies that used CO2 as a carbon source in the CVD, high 

flow rates were used to achieve CNTs growth [23], [24][41]. Simate et al. [25] found that the 

production of CNTs was low at high flow rates, contradicting the results found in this study and 

others. For fly ash as a catalyst, Salah [30] found that an acetylene flow rate of 30sccm showed a 

good formation of uniform CNTs.  

Effect of catalyst mass 

To examine the effect of catalyst mass on the production of CNMs, three different runs with 

catalyst mass of 600, 800, and 1000 mg were carried out. Other reaction parameters were held 

constant at 750 ℃ and CO2/Ar flow rate of 962/1202 sccm for 60 minutes. From the TGA 

thermograms in Figure 5.10, increasing the mass of the catalyst increased the yield of CNMs.  

 

The highest yield was obtained with the mass of 1000 mg of fly ash and it also contained 

amorphous carbon which had an oxidation temperature of 70 ℃ in the DTG,  Figure 5.10b. The 

Figure 5.10: Effect of catalyst mass (S-FA) on the growth of CNMs determined using 

(a) TGA and (b) DTG 
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oxidation temperature of the carbon nanomaterials is relatively similar which indicates that their 

crystallinity is also similar as depicted in the DTG. The increase in the yield can be attributed to 

the increased catalyst particles that can grow CNMs in the fly ash.  

The SEM images of the carbonaceous products are depicted in  Figure 5.11. The images reveal a 

network of CNFs and CNTs grown on the surface of the catalyst having various morphologies and 

diameters. Large amounts of unreacted catalyst particles are seen, which agrees with low yields in 

the TGA measurements. In Figure 5.11a, CNMs laying flat on the fly ash surface are grown. The 

splashed-like orientation seen in Figure 5.4 is also observed for the CNMs grown from 800mg 

catalyst mass (Figure 5.11b). The smaller fly ash spheres have decomposed (melted) to form 

strands of CNFs and get attached on top of the larger sphere. At a mass of 1000 mg, unreacted fly 

ash particles and crystallized minerals are mixed with the grown products in Figure 5.11c. At this 

mass, short nanomaterials with some branching coming from the fly ash particle are seen. 

 

 

Figure 5.11: SEM micrographs showing CNMs grown from Sasol fly ash masses of  (a) 

600 mg, (b) 800 mg and (c) 1000 mg 
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 Figure 5.12 exhibits the effect of the catalyst mass on crystallinity. The Raman spectra show that 

minor differences exist in the shifts of the peaks. This can be corroborated by the ID/IG ratio, which 

was found to be 0.95 for 600 mg, 0.98 for 800 mg, and 0.96 for 1000 mg, which shows the CNMs 

contain similar defects and degree of graphitization. The relative intensity ratios are coherent with 

the DTG measurements of the nanomaterials. Therefore, increasing the mass of the catalyst 

increases the yield of CNMs. However, the degree of graphitization of the synthesized CNMs 

remains unchanged. 

 

 

 

5.3.2 CNMs synthesis from Eskom fly ash 
The effects of temperature, carbon source, and carrier gas flow rates, and catalyst mass were 

investigated using Eskom fly ash as a catalyst. 

Effect of Temperature 

The effect of temperature was investigated by using the same synthesis conditions used for Sasol 

fly ash in Table 5.1. The colour of the catalyst remained unchanged (light grey) when it was 

Figure 5.12: Raman spectra showing the effect of catalyst mass 

on the crystalinity of the CNMs 
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removed from the furnace and was slightly dry and hard. This means that the yield, crystallinity, 

and purity of the CNMs from Eskom fly (E-FA) ash are extremely poor. Therefore, their TGA 

measurements are not shown. Instead, SEM images of the structures obtained post-synthesis are 

shown in Figure 5.13, Figure 5.14, and Figure 5.15. Crystallization of the mineral’s phases in fly 

ash and their various shapes and morphologies was observed. The changes the catalyst underwent 

showed slight differences at their respective temperatures. CNMs are not visible possibly due to 

the low yields and the abundance of the fly ash catalyst. Several minerals occur from the same 

catalyst on the same synthesis run.  

At temperatures of 750 ℃ in Figure 5.13a, the fly ash sphere shows small twigs and rod-like 

structures and no identifiable carbonaceous products. These twigs and rod-like structures are 

mullite crystals [43]. At the same temperature in Figure 5.13b, a sphere covered with hematite 

minerals [42] is shown.  

 

The difference in these structures is attributable to the unequal distribution of minerals in each of 

the fly ash particles and its heterogenous composition. The mullite minerals in Figure 5.13a are 

also seen at temperatures of 850 ℃ (Figure 5.14b) and 950 ℃ (Figure 5.15b). These mullite 

minerals were also obtained by Song et al. [44] when they calcined amorphous silica-alumina 

particles at various temperatures (500-900 ℃) in air. Figure 5.14a & Figure 5.15a show the 

products obtained at temperatures of 850 ℃ and 950 ℃, respectively. The resulting minerals at 

850 ℃ show pore with some fly ash spheres occupying them. These porous structures are thought 

to be lime [45]. At 950 ℃, a patterned formation of silica and magnetite is seen on the surface of 

Figure 5.13: SEM micrographs of products obtained from Eskom fly ash at a temperature of 

750℃ showing (a) small twigs or rod-like structures in the fly ash sphere (b) hematite minerals  
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the sphere [46], [47]. The structures observed also indicate that the synthesis conditions were 

conducive for the crystallization of the minerals in the fly ash and can be extracted for other 

applications. 

 

 

 

 

The Raman spectra of the very low yield of CNMs from E-FA are shown in Figure 5.16. The 

spectra obtained are coherent with the SEM results, showing nanomaterial of poor crystallinity at 

all temperatures since the D band is higher than the G band. The ID/IG ratios at 750, 850, and 950 

(a) (b) 

Figure 5.14: Products obtained from Eskom fly ash grown at 850℃ showing (a) pores in fly ash 

with spheres occupying them and (b) twigs and rod-like structures 

(a) (b) 

Figure 5.15: Products obtained at 950℃ during CNMs synthesis showing (a) a fly ash sphere 

covered with patterned and growth of magnetite and silica minerals and (b) twigs or rod-like 

structures of mullite 
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℃ are 0.97, 1.16, and 1.12, respectively. This suggests that at low temperatures more crystalline 

carbonaceous products are formed from E-FA. 

 

 

 

Effect of flow rate 

The SEM micrographs obtained when the effect of flow rate was studied are shown in Figure 5.17. 

They show that the flow rate had a similar effect on the production of CNMs as temperature. Very 

low yields of CNMs were obtained. Alternatively, what is observed is the crystallization of the fly 

ash particles for the various flow rates investigated. 

The Raman spectra of the synthesized products were obtained as depicted in Figure 5.18. The ID/IG 

ratios are 0.94, 1.02, and 1.00 for CO2/Ar flow rates of 300.5/601, 600.1/1202, and 901.5/1202 

sccm, respectively. These findings indicate that lower CO2/Ar flow rates give CNMs better 

crystallinity and a low level of defects than at high flow rates.  The low yields obtained from E-

FA can be attributed to the low Fe content and loss on ignition (LOI), and lack of transition metal 

Figure 5.16: Raman Spectra of products synthesized from 

Eskom fly ash at temperatures of 750℃, 850℃, and 

950℃ 
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catalyst active CNMs growth. This reduces the number of catalyst active sites available to catalyze 

the growth of CNMs.  

 

 

 

The low LOI reduces the ability of E-FA to act as a carbon source to provide extra carbon atoms 

and the low Fe content renders it an unfavourable catalyst for CNMs growth. While the high LOI 

and Fe content in S-FA enables it to act as both a better catalyst and carbon source, respectively. 

The different minerals observed when the effect of temperature and flow rate was investigated 

were not observed in the S-FA. Carbon nanomaterials could not be identified as seen in the 

previous parameters. It is due to this that the results of the influence of mass are not included and 

therefore not discussed. 

Figure 5.17: SEM images of products obtained from Eskom fly ash at CO2/Ar flowrates of (a) 300.1/601 

sccm, (b) 600.1/1202 sccm and (c) 901.5/1202 sccm 



 

115 
 

 

 

 

 

 

5.4 Conclusion 

The synthesis of carbon nanomaterials from CO2 as a carbon source and fly ash as both carbon 

source and catalyst was demonstrated. The catalytic activity of two South African fly ashes i.e., 

Sasol and Eskom, were compared under various temperatures, CO2 and argon gas flow rates, and 

mass of catalyst. Overall, the yield obtained was poor in both fly ash catalysts. However, it was 

found that Sasol fly ash (S-FA) is a better catalyst for CNMs production than Eskom fly ash (E-

FA). Better yields and crystallinity were obtained from S-FA compared to E-FA. The yield of 

CNMs from E-FA was extremely low and contained high amounts of unreacted catalysts. While 

the yield of CNMs from S-FA varied between 2-4% from the TGA. The E-FA fly ash products 

Figure 5.18:  Raman Spectra of products synthesized from Eskom fly ash 

at CO2/Ar flow rates of 300.5/601 sccm, 600.1/1202 sccm and 

901.5/1202sccm 
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visualized using SEM showed crystallization of the major minerals in fly ash. Whereas Sasol 

CNMs showed different morphologies and various diameter ranges from the investigated 

parameters. No crystallized minerals were observed in S-FA. The Raman spectra and DTG showed 

products of poor crystallinity under all the parameters and conditions from E-FA. For S-FA, good 

yields, and crystallinity CNMs were obtained at lower temperatures (750 ℃), high CO2 gas (962 

sccm), and argon gas (1202 sccm) flow rates as well as bigger catalyst mass (1000 mg). The CNMs 

were mostly CNFs and CNTs.     
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6. Chapter 6: Synthesis of CNMs from C2H2 using Sasol 

and Eskom Fly Ash 
 

6.1 Introduction 

Fly ash forms as a by-product of the combustion of fossil fuels such as coal in coal-fired power 

stations for electricity generation [1]. This solid amorphous and generally fine material contains 

glassy-spherical particles with an unequal size distribution that varies from a few to several 

microns [2]. It is largely composed of alumina-silicate minerals with minor amounts of lime and 

hematite and unburnt carbon. Metals in trace amounts are also found as constituents in fly ash. 

Their presence and some elements, as well as their disposal methods, raised serious environmental 

concerns which could result in air pollution or contaminate groundwater [3]–[5]. There are also 

costs involved in transporting the fly ash from the power station to the dumpsites since it is 

generated in huge amounts [6]. Additionally, to accommodate the large quantities generated, a vast 

amount of land needs to be available and maintained [7]. These challenges precipitated methods 

to find new ways of utilizing and recycling fly ash. It has been used in construction (cement and 

concrete) [8][7], agriculture[9][10], (supported) catalyst [11], [12] and adsorbents [13], [14]. 

Recently, there has been an increasing interest in using fly ash as a catalyst and co-precursor to 

synthesize carbon nanomaterials (CNMs). The advantages of fly ash in the application of CNMs 

are its affordability, readily available in large amounts, and can be used without any catalyst 

support and pre-treatments or preparation steps. South Africa is the 7th largest (277 million tons)  

producer of coal globally and 62 % of this coal is used for electricity generation [15]. This produces 

more than 50 million tons per annum (mta) of ash and only about 10% is utilized [16]. This shows 

that much work is still required to find possible ash utilization pathways. In the past couple of 

decades, nanocarbons have become one of the most researched fields of study. The interest in these 

materials can be attributed to their unique properties such as their extraordinary mechanical 

strength, remarkable thermal and electrical conductivity [17]. These nanostructures are grown 

using several techniques, namely arc discharge, laser ablation, and chemical vapour deposition 

(CVD). However, the CVD method has been used extensively since it is affordable, scalable, and 

allows for different forms of catalysts and carbon precursors to be tested [18]. A basic CVD 

method generally requires a catalyst, carbon source, carrier gas, and heat [19]. However, the 

transition metal catalysts (Fe, Ni, and Co) used are expensive and toxic. This calls for researchers 
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to find alternative catalysts that can be used with little to no pre-treatment, that are also affordable 

and less harmful. Such a material that has been explored as a catalyst and fits these criteria is fly 

ash.  

Thus, in this study, we intend to use fly ash to produce CNMs from two South African major 

utilities, Sasol and Eskom. These two utilities produce fly ash in large amounts. Eskom is the 

largest electricity producer in Africa from coal, whereas Sasol converts it to liquids and also power 

generation [20]. Although both utilities use the pulverized coal combustion (PCC) method to burn 

the coal, different fly ash products with distinct quantities of unburnt carbon content and chemical 

composition are produced. Moreover, only fly ash from Eskom has been tested for carbon 

nanomaterial production and the literature surrounding fly ash utilization within the South African 

context is limited [21], [22]. Consequently, we compared the catalytic capability of fly ash from 

Eskom and Sasol to produce CNTs/Fs in good yield and crystallinity from acetylene. The yield, 

quality/crystallinity of the resulting carbon nanomaterial will be used to determine the catalytic 

ability of the fly ash to synthesize the carbon nanomaterials. 

6.2 Experimental Method 

The CVD method was used to synthesize CNMs with fly ash as a catalyst, acetylene as a carbon 

source, and argon as a carrier gas. Eskom fly ash (E-FA) was obtained from Lethabo power station 

through Lafarge (South Africa) and Sasol fly ash (S-FA) was obtained from Secunda, South 

Africa, and both were used as received. The catalyst (600 mg) was evenly spread on a quartz boat 

and placed at the centre of the reactor inside the horizontal tubular furnace. Then the catalyst was 

heated at a rate of 10 ℃/min for 70 minutes while purging with argon (500 sccm) and to also 

prevent oxidation of the CNMs. When the furnace reached a temperature of 800 ℃, acetylene was 

introduced into the reactor at a flow rate of 50 sccm. After a period of 1 hr had passed the acetylene 

flow was stopped, and the furnace was cooled down to room temperature under argon flow. The 

resulting black-powdery product was collected.   

6.3 Results and Discussion 

Thermogravimetric analysis (TGA) allows for the quantitative determination of impurities and the 

purity of CNMs. This is done by assessing the CNMs' mass loss with increasing temperature. It 

has been reported that the initial decomposition temperatures of amorphous carbon, single-wall 

carbon nanotubes (SWCNTs), and multi-walled carbon nanotubes (MWCNTs) occur at around 
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330-450 ℃, 500-600 ℃, and 700 ℃, respectively [32]–[35] CNFs synthesis produces little to no 

amorphous carbon and generally contains large diameters, making them likely to be resistant to 

oxidation [32]. 

 

Therefore, they would have higher decomposition and oxidative temperatures. The TGA was 

performed with 10 mg of each sample and heated at a rate of 20 ℃/min in air and nitrogen at 50 

ml/min. The thermograms for the carbonaceous materials are shown in Figure 6.1. The presence 

of amorphous carbon was not detected. The product collected from the furnace was 1.15g from 

Sasol and 0.87 g from Eskom. The TGA data shows Sasol CNMs (S-CNMs) with a mass loss of 

41 wt% and Eskom CNMs (E-CNMs) with 17wt%. By using these the yield is estimated to be:  

0.47 g (41% × 1.15 𝑔) for Sasol CNMs and for Eskom CNMs 0.15 g (17% × 0.87 𝑔). The 

difference in the yield arises from the high amounts of iron and Loss on Ignition (LOI) and iron in 

S-FA as evidenced in chapter 4.  

There are more catalyst sites where the Fe is high to catalyze CNMs. The high LOI in S-FA 

indicates that there is unburnt carbon which can provide extra carbon atoms for the growth of 

CNMs under the same conditions. Since TGA gives only the onset oxidation temperature, the 

derivative thermogravimetry (DTG) can be used to determine the oxidation temperature and 

Figure 6.1: TGA data of CNMs synthesized from acetylene using raw 

Sasol and Eskom fly ash 
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product distribution. A higher decomposition and oxidation temperature generally indicates a low 

level of impurities and a wider width peak indicates a wide size distribution of the materials. The 

DTG curves are given in Figure 6.2. 

 

The two peaks in E-CNMs indicate that two carbonaceous products were formed. The first peak 

is at 600 ℃ is nanofibers and the second peak occurs at 640 ℃ is attributed to carbon microspheres 

(CMSs). These two products are identified using TEM. S-CNMs show a strong and wide single 

peak at 620 ℃. Furthermore, the higher oxidation temperatures in the DTG thermogram suggested 

that products with good crystallinity were formed as explained previously. The high oxidation 

temperature of CNFs is also suspected to be from the large diameter of this material as mentioned 

by Dunens et al. [38]. A summary of the oxidation and decomposition temperatures from the 

derivative weight and TGA thermograms is given in Table 6.1. 

 

  

Table 6.1: Summary of DTG and TGA temperature values of Eskom and Sasol CNMs 

Products Derivative Weight (℃) TGA (℃) 

 CMSs CNFs/Ts - 

S-CNMs - 620 550 

E-CNMs 600 640 550 

Figure 6.2: Derivative Weight curves of Sasol and Eskom carbon 

nanomaterials 
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The products obtained from the decomposition of acetylene on fly ash catalysts from South African 

coals were visualized using SEM in Figure 6.3. The Eskom (Figure 6.3a) and Sasol fly ash (Figure 

6.3b) surfaces were both covered in vast amounts of entangled CNFs and are distributed unequally 

on both catalysts. This is explained by the unequal distribution of Fe and carbon in fly ash where 

CNMs growth is favoured. The deposited CNMs contain longer nanofibers which are seen to be 

dividing or branching to form an enclosed shape (Figure 6.3c-d). CNFs with large diameters were 

formed during the synthesis due to the large sizes of the catalysts and varied significantly between 

the materials. S-CNFs had the largest diameter range, from 60-110 nm while E-CNFs ranged from 

60-88 nm. The particle size distribution (chapter 4) also affirms this since S-FA contained a higher 

Figure 6.3: SEM images of CNMs grown on fly ash (a) Eskom CNMs (b) Sasol 

CNMs (c) morphology of E-CNMs (d) morphology of S-CNMs (e) small rod-

like CNMs precipitating from E-FA 
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concentration of particles of the same size than E-FA. Similar results were obtained by Hintsho et 

al. [21] when E-FA was used as a catalyst for CNFs formation. Furthermore, it is well-established 

that the catalyst particle size has a direct influence on the diameter of  CNT/Fs [19], [39]–[42]. 

The larger diameter of the products may also be influenced by the high temperature (800 ℃) used 

in this study, which coincides with the work of Miniach et al. [43]. In their study, CNFs were 

synthesized from methane on a hydroxyapatite-supported nickel catalyst at different temperatures. 

They observed that as the temperature increased, the diameter of the CNFs also increased. This 

was said to be from the ease at which the migration of the catalyst over the support surface occurs, 

which leads to their aggregation forming thicker CNFs [43]–[45]. 

On the surface of a spherical E-FA particle, small rod-like structures appear to be attempting to 

precipitate out of the sphere, while in some areas on the same sphere, strands of CNFs are observed 

(Figure 6.3c). This is due to the low LOI and Fe contents of E-FA which limits its ability to act as 

both carbon source and catalyst and would require a high rate of carbon supply to allow for 

complete precipitation. For S-FA, this carbon deficiency is compensated by the high LOI which 

enables it to also act as a co-precursor in addition to being a catalyst. Additionally, the high Fe 

content in S-FA gives it an advantage over E-FA such that the decomposition of the hydrocarbon 

is increased and provides more catalyst active sites for CNMs growth. The findings here are 

corroborated by differences in the yield. These findings are coherent with the work of Salah et 

al.[46] where high yields of CNTs were obtained from carbon-rich fly ash under various synthesis 

conditions. Therefore, CNMs growth was found to be favourable on S-FA compared to E-FA in 

terms of the yield. 

The TEM images of the CNMs are depicted in Figure 6.4. Different types of CNF structures were 

obtained from the acetylene-treated fly ashes. A mixture of herringbone CNFs and CNTs is 

observed in Figure 6.4a from S-FA. The CNTs contain open ends. E-CNMs contain nanofiber 

structures with large and small diameters (Figure 6.4b). The E-CNFs have filled cores with closed 

ends, the dark centers and the circles along the strands observed in S-CNFs rarely occur. The ring-

like and branching morphology of the nanocarbon products observed are consistent with the SEM 

images. This could The CNMs contain various diameters and lengths. 
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This blend of structures could be attributed to the heterogeneity of the fly ash catalyst and the 

shape of the particles means that the CNFs growth occurs from a central point in the catalyst to 

different directions. The catalyst particles are visible in the center at the nanofibers and the tips, 

suggesting the tip-growth mechanism. The E-CNMs also contain microspheres (CMSs) shown in 

Figure 6.5 have a mixture of small and large spheres with smooth surfaces. Their growth took 

place due to the small amount of Fe found on E-FA since their growth generally occurs in the 

Figure 6.4: TEM micrographs showing morphology of (a) Sasol CNMs from S-FA and (b) 

Eskom CNMs from E-FA 

Figure 6.5: Carbon microspheres covered with amorphous material observed 

in Eskom carbon nanomaterials 
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absence of a catalyst [48]. The two carbonaceous products observed in the TEM of E-CNMs are 

the two peaks observed in the DTG (Figure 6.2) 

The XRD patterns of the carbon nanomaterials were compared along with their respective fly ash 

catalysts to determine the changes in their crystalline phases and the presence of graphitic material. 

The XRD patterns of the catalysts and accompanying carbonaceous products are exhibited in 

Figure 6.6. The typical phases (mullite, quartz, calcite) are found in both catalysts Figure 6.6a. In 

the spectrum of Eskom fly ash, calcite was not detected whereas it was found in Sasol fly ash at 

low concentrations. A strong overlap of the graphitic and quartz/mullite phases is seen in the 

diffraction peaks of the CNMs Figure 6.6b. Peak broadening and widening were also observed in 

the narrow degree range (2θ = 20-32°) of graphite peak which was not seen in the raw fly ash [49]. 

However, it is more pronounced in the S-CNMs (since its yield is higher) signifying changes in 

the structure. 

 

 

Raman spectroscopy is used to determine the presence of defective carbon and the degree of 

graphitization of the nanocarbon structure [41]. The D band which is generally observed at ~1350 

cm-1 results from the presence of defective carbon. While the G band ranges from 1400-1700 cm-

1 gives the existence of graphitic carbon [42], [43]. The relative intensity ratio (ID/IG) of the D band 

Figure 6.6: XRD patterns of (a) Raw Sasol and Eskom fly ashes and (b) synthesized CNMs from Sasol and 

Eskom. U-Mullite, Q-quartz, Ca-calcite, M-magnetite 
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and the G-band gives the degree of graphitization and quality of the CNMs. A low ID/IG ratio is 

indicative of a CNM structure with good crystallinity and a low level of defects [44]. The Raman 

spectra obtained from the synthesis of CNMs from S-FA and E-FA catalysts are shown in Figure 

6.7. Two strong peaks are observed for both CNMs. The D and G bands of S-CNMs are located at 

1347 cm-1 and 1601 cm-1, respectively. The intensity of the D peak is lower than the G peak which 

indicates more ordered carbon in the CNMs [45]. The ID/IG ratio of CNMs from S-FA was found 

to be 0.86. While in E-CNMs the D band is at a wavelength of 1342 cm-1 and the G band at 1598 

cm-1, and their ID/IG ratio was 0.84. Since intensity ratios of both materials are low and closely 

similar, this would suggest that their CNM structure has good crystallinity and quality with 

negligible differences. 

 

6.4 Conclusion 

In this chapter, carbon nanomaterials which were comprised of carbon nanotubes, carbon 

nanofibers, and carbon microspheres were successfully synthesized from Eskom and Sasol fly ash. 

CNMs from E-FA were formed in lower yields compared to S-FA. An entangled network of CNFs 

with diameters ranging from 60 nm to 110 nm and unreacted fly ash particles were seen in the 

SEM images of Sasol CNMs. The large diameters were confirmed by the broad peak width in 

Figure 6.7: Raman Spectra of CNMs synthesized from 

Eskom and Sasol fly ash as catalyst 
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DTG, while E-CNMs had a narrow contained two peaks indicating different forms of carbon. 

These were identified with TEM and were found to be CNFs and microspheres. Raman 

spectroscopy indicated that both materials had a high degree of crystallinity with E-CNMs showing 

peaks of quartz and SWCNTs at the lower region of the spectrum. The TGA results confirmed this 

with the high onset oxidation (550 ℃) and oxidation temperature and further showed that no 

amorphous carbon was present in both products. Although their crystallinity is relatively similar, 

the results obtained suggested that S-FA would be better suitable for CNMs synthesis than E-FA 

since it gave a higher yield.  
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7. Chapter 7: Conclusion and Recommendations 
 

Two South African fly ashes, pre-combustion (Sasol), and post-combustion fly (Eskom) were 

successfully compared and characterized. Although these materials are essentially produced by 

closely similar processes, some major differences have been demonstrated in their properties. This 

would ultimately affect their applications. A physical inspection of both catalysts could already 

show some differences. Eskom fly ash was physically brighter compared to Sasol fly ash. Their 

particle size distribution was found to be similar, however, high contents of small and large 

particles were found in Sasol’s fly ash. This would affect the diameter of the CNMs The SEM 

images showed Eskom fly ash as having spherical particles with smooth surfaces, whereas in 

Sasol, the surface of the spheres was rough and chipped. Their chemical composition was found 

to be the most influential factor in determining yield. In the XRF data, Eskom fly ash had much 

higher weight percentages of SiO2 (silica) and Al2O3 (alumina). Sasol contained higher 

percentages of unburnt carbon, iron, and calcite. This would make Sasol fly ash a favourable 

catalyst as demonstrated. The EDS was done to compare and locate particles where iron was 

dominant. It was seen from several particles that iron was higher in the spheres for Eskom and 

higher for irregular particles for Sasol fly ash. Therefore, growth higher growth would be expected 

in the particles. The mineral composition of each catalyst was similar. However, calcite was not 

detected in Eskom fly ash. 

Only Sasol fly ash catalysts exhibited the growth of CNMs, albeit in small yields. The effect of 

temperature was found to be significant in both the yield and crystallinity. The yield of Sasol 

CNMs decreased with increasing temperature from TGA measurements. At low temperatures, 

amorphous was found. The DTG of nanomaterials showed multiple broad and sharp peaks, 

indicating the presence of multiple carbonaceous products. Raman spectroscopy showed 

nanomaterial of good crystallinity with a decrease in temperature. The pressure was found to be 

more influential than the flow rate to the quality and quantity. When it was decreased and flow 

rates increased, a dramatic decrease in yield and crystallinity was observed. The TGA showed an 

increase in yield when the pressure was increased to its initial value and the flow rate increased 

higher. The crystallinity was closely similar except for the low pressures. This shows how 

influential pressure is on yield and crystallinity. While the flow rate has minimal impact on the 

crystallinity. The last parameter investigated, the mass of catalyst, showed an increase in yield 
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when it was increased. However, the crystallinity was closely similar. From this parametric study 

of Sasol fly ash, the temperature was shown to have a significant influence on crystallinity. The 

yield of CNMs was extremely low for Eskom fly ash for all the parameters. Instead, crystallization 

of the catalyst took place and SEM images showed mullite, quartz, and calcite minerals. The 

Raman spectra showed nanomaterial of poor quality. Therefore, Sasol fly ash was found to be a 

better catalyst for the growth of CNMs. 

When the carbon source was acetylene, an increase in the yield for both catalysts was observed. 

However, the percentage yield was still high in Sasol compared to Eskom fly ash. A mixture of 

nanomaterials was obtained from both catalysts. CNFs were formed with large diameters and 

CNTs of various lengths were formed in Sasol fly ash. A strong broad peak was obtained with 

TGA, proving that a product with a large diameter was formed. The SEM images showed rings in 

the middle of the tubes, implying the tip growth mechanism. Eskom fly ash formed CNFs and 

carbon microspheres. These were seen in TEM, supported by the derivative thermogravimetry 

(DTG), which showed two peaks in the decomposition region of CNTs and CNFs. The crystallinity 

of the nanomaterial was shown to be closely similar, with Sasol CNMs being higher. The unburnt 

carbon and Fe content were found to be key properties in the CNMs from the fly ashes, especially 

the yield. The catalysts were treated under the same conditions and yielded different products. 

However, CNFs were dominant and most common in both treated samples. Therefore, the growth 

of CNFs is more favoured from South African fly ash is the catalyst. 

      

Recommendations 

The following recommendations can be made based on the finding made in this study: 

• A lot of unreacted fly ash particles were observed in the TGA and SEM, implying low 

yields. The yield of the CNMs can be increased by impregnating the fly ash with other 

catalysts such as ferrocene. It can also act both as a carbon source and catalyst to produce 

CNMs. 

• The growth mechanism of fly ash from CO2 and fly ash has not been ascertained. This also 

includes the growth of CNMs from other catalysts and carbon sources. Since fly ash was 

not supported by any catalysts supports, the mechanism would allow tailoring and directing 

the growth to high yields and crystallinity.  
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• Many CVD methods such as microwave and water-assisted CVD have been developed and 

shown to be effective for the growth of CNMs. Testing the modified CVD might improve 

the yield and quality.  

• The unburnt carbon and iron can be leached and be tested for nanomaterials growth 

 


