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Abstract 

The aim of this research was to determine the feasibility of carbon production from the 

pyrolysis of textile waste, seeking a way of increasing the sustainability of “fast fashion” and 

recycling the 92 million tonnes of textile waste entering landfill globally each year. Pyrolysis 

is an untapped method for the recovery of gases, oils and chars from textile waste. In this 

research, 91 % polyester 9 % lycra and 100 % cotton textile waste samples were pyrolysed 

individually with both fixed temperatures (heating rate 49.5 oC/min) and slow pyrolysis 

(heating rate 2.5 oC/min). The heating rates were selected due to instrumental limitations, 

and to cover both fast and slow pyrolysis. Different pyrolysis temperatures yielded different 

proportions of non-condensable gases, with both textile waste samples producing a 

maximum methane yield of 20 %. Chemical vapour deposition of the gas yield from the 

pyrolysis over a 90 % nickel catalyst was used to explore the opportunity of producing 

carbon nanomaterials sustainably. It was found that the 91 % polyester 9 % lycra sample 

gave the highest yield of carbon nanomaterials. The research then explored if these could 

be used to manufacture offshore wind turbine blades. The carbon nanomaterials produced 

were mixed with an epoxy matrix to create carbon fibre composites. Mechanical testing of 

composites with different carbon weight loadings (0.5, 2 and 3.5 wt. % in a bisphenol A 

diglycidyl ether) showed a decrease in both Young’s Modulus and flexural modulus but an 

improvement in the composite’s resistance to weathering. The synthesised carbon 

nanofibers produced may be used as a reinforcing agent to protect the leading edge of a 

wind turbine blade to improve weathering and attrition resistance. The research found that 

waste textile pyrolysis is a feasible approach to improve the sustainability of both fast 

fashion but also offshore wind industry. This could be used to strengthen the circular 

economy and contribute to meeting the UN’s Sustainable Development Goals. This research 

is innovative because it considers how waste materials can be used to produce 

nanomaterials which have a wide range of applications. 
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1.1. Green energy  

If temperature increases are not capped at an increase of 1.5 oC, significant changes to 

the climate will occur [1], ocean acidification has already bleached over half of the 

shallow water corals in the Great Barrier Reef, whilst in the Arctic the Permafrost has 

started melting [2]. Temperature increases occur due to the accumulation of gases, such 

as carbon dioxide, methane and water vapour, which reflects radiation back to Earth 

causing the surface temperature to rise [3]. Human behaviours are leading to an 

increase in releases of these gases, through industrial processes, farming, transport and 

agriculture. Whilst natural sinks do exist, such as trees and algal systems, they are put at 

risk through human behaviour spanning from deforestation for cattle rearing to ocean 

acidification leading to a reduction in the population of algae [4]. Whilst carbon dioxide 

is the best documented greenhouse gas, others are more a cause of concern. 

Atmospheric methane concentrations have increased rapidly since the 1980s with more 

than 50 % of emissions being directly correlated to human activities [5]. Current findings 

show that this is steadily increasing and has been over the last 20 years [5].  Methane is 

25 times more potent than carbon dioxide, whilst nitrous oxide is 298 times more 

potent. This potency is due to the reactions within the ozone layer, leading to depletion 

and the origin of holes. The presence of these gases will lead to an increase of reflected 

radiation, causing a temperature rise [6]. As both methane and nitrous oxide are 

released through the combustion of fossil fuels as well as agriculture, changing global 

habits may reduce these emissions [7].  

With increasing risks to the environment from global warming, and rising levels of 

greenhouse gases, 192 countries globally have signed the Kyoto protocol [8] and 

although not all countries have shown a significant decrease in emissions [9] the UK has. 

In line with the UK government goal to reach net zero by 2050, there is increased 

reliance on renewable sources of energy such as offshore wind, solar panels and tidal 

energy. In the UK the amount of energy produced through renewable sources has 

increased whilst the dependence on non-renewable sources has decreased, this also 

leads to an increase of self-sufficient energy production [10]. The levelised cost of 

energy (LCoE) is a measure of the current price of produced energy, considering the 

economic costs of maintenance and construction [11]. To further encourage 
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improvements to both environmental and human sustainability, the UN has produced 

Sustainable Development Goals (SDGs) [12]. These SDGs show the wide range of issues 

that need to be addressed, from affordable and clean energy through to clean water and 

sanitation and gender equality [13]. The research presented in this thesis will consider 

SDGs 7 and 12; affordable and clean energy, and responsible consumption and 

production. By utilising waste material to produce new materials to lower the LCoE of a 

clean energy production method both of these development goals can be furthered. 

Due to improvements in the design and efficiencies of offshore wind turbines, the LCoE 

for offshore wind energy has decreased globally in the last decade by 60 %, whilst in 

Europe the LCoE decreased by 29 % between 2020 and 2021 [14]. This makes offshore 

wind energy a much more attractive option for energy generation, especially for the UK 

with the amount of coastal space available [15]. 

1.2. Wind turbine blades  

Offshore wind turbine blades consist of a blade root, spar cap and shear web, as shown 

in Figure 1.1. These are all encapsulated within the shell which is the outer layer of the 

blade. Each section requires different material properties depending on their function, 

for example, the root requires stability, whilst the tip needs flexibility due to the 

application of loads [16]. 
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Figure 1.1. Sections of an offshore wind turbine blade [17] 

As shown in Table 1.1, different parts of the blade have different functions as well as 

different drivers for material choice. The root requires a high-performance material, 

whereas the choice of shell material is driven by cost. A low material cost is beneficial in 

maximising the levelised cost of energy [18].  
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Table 1.1 Parts of the wind turbine blade and their function [19] 

Blade 

element 

Function Performance vs 

Cost 

Root 1. Connection of blade to hub. 

2. Transference of loading from 

blade to hub. 

Performance 

Spar cap Structural stability of the overall 

blade 

Performance 

Shear web Transference of shear force and 

loadings between the faces and 

edges of the blade 

Cost 

Shell Efficiency Cost 

 

Blade manufacture historically has been via a “wet-layup” process, where open moulds are 

used for the bulk of the blade and the internal webs. The moulds are painted in a gelcoat 

before fibre mats are placed inside. A resin and hardener are mixed together and manually 

poured and spread around the mould using rollers to ensure all the fibres are fully wetted 

[20]. This approach was superseded due to its labour intensity as well as environmental 

concerns over the release of volatile organic compounds [21]. Resin transfer moulding was 

the successor to the “wet-layup” process. The initial process is identical, however, instead of 

using rollers to spread the resin, a vacuum bag covers the blade and the resin and hardener 

are pumped in. The vacuum allows a uniform wetting of the fibres, allowing a reduction in 

imperfections, defects and voids [20].  The current approach for manufacturers is the use of 

prepreg technology. The fibre mats are pre-impregnated with an uncured mixture of resin 

and hardener. The blade is laid up in the same process as wet-layup and then vacuum 

bagged. The mould is heated to ensure that the resin hardens. The main disadvantage of 

this approach is the limited shelf life and the curing temperatures [20]. 

Siemens Gamesa has developed IntegralBlade, which allows the wind turbine blade to be 

manufactured in one piece, without the need for bonding the two halves of the blade 

together. The blade is produced by using fibreglass that is encased in a fixed outer shell with 
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an expanding internal mould. The resin is applied under vacuum conditions to the shell 

material and the enclosed blade is hardened at high temperatures. Once hardened, the 

inner mould is collapsed, leaving a seamless blade [22].  

Following the design and optimisation of the blade, a scale model is usually produced, which 

is tested under conditions resembling those that the blade will be exposed to. The blade is 

also tested using mechanical tests. Following testing, the sample is analysed to monitor 

cracks or other defects such as voids. Most cracks remain enclosed within the sample and 

within the individual layers where they started [23]. Mechanical load testing is used to 

determine if the blades are suited to use, including monitoring the reaction to dynamic and 

static loads. This can aid in preventing large-scale failures. Blade testing can be separated 

into static testing, where the load is applied in one direction, and dynamic testing, which 

uses cyclic loading. The test-load can be either load-based or strength-based. Load-based 

tests determine if the blade will withstand operational loads, whilst strength-based tests are 

carried out to failure [24]. Composite materials are at risk of delamination through 

instabilities caused by propagation of cracks, or moisture intrusion, making it vital that these 

are monitored, as if left these can lead to catastrophic failures. 

Fagan et al, approached the testing of blades by using load saddles, as seen in Figure 1.2. 

Wind turbine blade set up for load testing  to evenly distribute weight over the blade prototype. 

It was found that the flap-wise forces were affected by lift and drag, meaning they may 

compromise the thrust generated. Lead and lag wise forces are also affected by lift and 

drag, however, they contribute torque which drives the wind turbine [25]. There was no 

discussion concerning operational loads such as centrifugal forces, which may lead to 

stretching and compression of the blade causing crack propagation and delamination. 
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Figure 1.2. Wind turbine blade set up for load testing [26] 

Shear tests determine the level of in-plane, parallel force that a material can withstand, as 

well as how well a composite material can withstand delamination. Within the shear test 

umbrella term, there are two main approaches; the V-Notched rail and Iosipescu. The main 

difference between these approaches is the V-Notched rail utilises a larger area, whilst the 

Iosipescu test is carried out by taking a sample of material that has a notch cut into it and 

secured in the test machinery. For both approaches one end has downward pressure 

applied whilst the other end remains static. This can be used to determine the potential for 

delamination in a composite material as a reduced shear load may indicate a greater risk of 

delamination [27]. 

The potential for delamination of the composite blade material has been explored using a 

specimen made of glass fabric-reinforced polymers layered at 0° and 90° to produce warp 

and weft. Specimens were cut to 40mm length with 25mm width and 1mm thickness. 

Impact tests, discussed later in this section, were carried out to generate impact data with 

delamination modelled using software alongside the impact data to generate cohesive-zone 

elements. These cohesive-zone elements simulate initiation and progression of lamination 

in a sample. It was found that the composite blade materials used exhibited permanent 

deformation rather than brittle behaviours. Based on the experimental work seen, the 
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perpendicular weave can be assumed to be relatively resistant to impact related 

delamination [28]. 

Vibrational testing is important so the blade avoids structural resonance. As the blades 

rotate, the stiffness changes due to centrifugal inertia forces. This can lead to unforeseen 

vibrations, which, in turn, may cause failure [29]. Blade vibrations can be grouped based on 

the excitation force and the way this force affects vibration. The excitation can be electronic 

or mechanical in nature. If external materials have resonances that are similar to the blade’s 

natural resonance then vibration will increase within the blade [30] leading to potential 

failures. 

One approach to vibrational testing is to use computational modelling to determine the 

natural frequencies of the blade as it rotates [29]. However, this approach can only be 

carried out following full-scale modelling. There was no discussion on how this may be 

scaled up on lab-trials, and the impact that this may have on the performance of blade. 

Another approach is to use physical laboratory testing comprising static tests, rotational 

tests and in-service tests. Static tests measure all the natural frequencies and modes of 

vibrations at laboratory scale, meaning that testing can be carried out using small scale 

models. The rotational tests measure the natural frequencies under the influence of 

centrifugal forces. This can also be carried out on small scale models. In-service tests 

measure the dynamic stresses and natural frequencies seen during operations. In these 

tests, a pulse hammer was used for the static tests, an air jet for the rotational tests whilst 

the in-service tests were carried out on site [30]. The results can be monitored using 

vibration meters attached to the blade. 

Torsion testing is carried out by fixing one end of the sample and then introducing a 

rotational force along the length, as shown in Figure 1.3. It is important to create minimal 

shear stress so that only torsion is being measured during this test. Torsion is an important 

consideration for offshore wind turbine blades to prevent flutter [31, 32]. Flutter is the 

phenomenon where the torsional mode matches a flap-wise bending moment which leads 

to an amplification of both motions. This can lead to significant fatigue and ultimately failure 

within the blade [33] [34]. 
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Figure 1.3. Wind turbine blade showing the application of torsion, represented by T, adapted from 
[35] 

Impact testing is used to determine the amount of energy absorbed by a specific material 

during impact, which relates to the material toughness. Impact testing can be separated into 

IZOD and Charpy, both of which load a small section of the sample. The Charpy tests are 

mostly carried out on metals whilst IZOD is mostly performed on plastic samples. The IZOD 

test is set up using a test sample with a notch cut into one face. One end is fixed in place 

facing towards a pendulum, as shown in Figure 1.4. The Pendulum is swung, and the force of 

impact required to break the test sample is recorded. The IZOD test results give information 

about how resistant the material is to impact, which in turn allows the wind turbine blade to 

be designed to optimise hardness.  
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Figure 1.4. Set up for IZOD test for determination of hardness [36] 

Testing is crucial on small scale models so that once the full-size blade is constructed, it will 

be efficient and the loads acting on it will be mitigated. This will diminish maintenance costs 

and reduce the LCoE. However, impact tests usually show poor reproducibility due to the 

presence of microfractures within the sample [37]. 

1.3. Carbon nanomaterials; background, types and synthesis   

Carbon materials are one of the most researched areas in material sciences. Fullerenes, 

Carbon nanotubes (CNTs) and graphene are the main focus of the research. As wind 

turbines are becoming more multifaceted, the materials they are made from are becoming 

more complex. There is a demand for lightweight materials that can withstand high loads 

and environmental conditions [38].  

1.3.1. Fullerenes 

Fullerenes, also known as buckminsterfullerene, or bucky balls, are a nanostructured 

allotrope of carbon that was discovered in 1985, by Sir Harry Kroto and his research team 

[39]. They are in the form of spheres that are made of Cn but the most common is C60 , as 

shown in Figure 1.5 [39]. They have been used to produce membranes, water channels and 

electrical sensors [40]. Fullerenes have a good range of electrochemical properties due to 

the highest occupied molecular orbital, and lowest unoccupied molecular orbitals, leading 
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to negative potentials. This makes them of interest for the energy industry as they can 

support a range of different applications, such as in photovoltaic cells [41]. 

 

Figure 1.5. Fullerene structure (drawn on chemdraw) 

Initially, fullerenes, Figure 1.5, were produced using laser evaporation of graphene [39], 

however, the main approach currently is to produce fullerenes is using the Arc discharge 

method, Figure 1.6. Dubrovsky et al, used argon gas as the plasma gas as part of the arc 

discharge to vaporise carbon black in a high temperature environment with a strong gas 

shield created by the gas stream to prevent the carbon black being vaporised too fast. In a 

sample of 180 mg/mm of carbon black the yield was 2 % fullerenes. Synthesis occurs in 

evaporation, enhanced by the inter-electrode gap and during condensation. Limitations 

occur due to the velocity of the carbon black. There is discussion of the potential re-use of 

the carbon black. In this study optimisation had not been carried out, meaning a higher yield 

may be found [42]. 

The arc discharge method, as shown in Figure 1.6, uses a direct-current arc voltage which is 

applied across two graphite electrodes, which are the source of the carbon used to form the 

nanomaterial, surrounded with an inert gas. When pure graphite is used for the electrodes 

the fullerenes are deposited as soot whilst carbon nanotubes are deposited on the cathode 

[43]. 
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Figure 1.6. Schematic representation of the Arc Discharge method set up [44] 

1.3.2. Carbon Nanotubes (CNTs) 

Carbon nanotubes (CNTs) can be separated into single-walled or multi-walled depending on 

the layering visible within the sample. As an allotrope of carbon, they are one dimensional 

but with a tube like structure [45]. They are envisioned as rolled up sheets of graphene 

planes and can be capped at one end with a fullerene hemisphere. The physiochemical 

properties of graphene are similar to those of CNTs, showing high mechanical strength 

alongside thermal and electric conductivity, they also can absorb light over a wide range of 

wavelengths. The difference is that carbon nanotubes have a high aspect ratio whilst 

graphene is layered. CNTs can also be tuned to different pore sizes and roughness 

requirements [46]. Carbon nanotubes have a reported tensile strength of between 10 to 110 

GPa with a Young’s Modulus of 0.62 to 1.2 TPa [46]. There has been research into the use of 

CNTs as nano modifiers helping hardness, wear resistance and crack resistance in the 

material [47]. 

As shown in Figure 1.7 [48], there are three main configurations of carbon nanotube. These 

are achieved by altering the way that the graphene is wrapped into the cylinder. The 

diameter and twist of the carbon nanotube, which is directed by the configuration, 

determines if it is metallic or semiconducting. Armchair configurations show electrical 

properties similar to metals whereas the majority of chiral and zigzag configurations show 

properties similar to semiconductors. All three configurations show good electrical 

conductivity as the electrons can travel freely in a delocalised wave, with no resistance [48]. 
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Figure 1.7. Comparison of three different configurations of carbon nanotube structures a) armchair 

b) zigzag c) chiral [48] 

Due to the high reported mechanical strengths CNT polymer, additives can be used to help 

reduce external loading conditions as well as edgewise and flapwise bending moments. 

They also help reduce the impacts of cyclic loadings. CNTs can also reduce long cracks and 

prevent delamination due to their agglomeration properties. They are especially valuable in 

materials that need to have a high resistance to fatigue, high strength, low weight, high 

stiffness and high resistance to adverse environmental conditions [45]. Most CNTs have 

been reported to be synthesised using chemical vapor deposition or arc discharge [47] and 

can be either grown onto fibre surfaces or added to a polymer resin. A “one-pot” approach 

can be utilised to produce CNTs from polypropylene (PP) by the combination of activated 

carbon and Ni2O3. This occurs through the carbenium ion mechanism where carbenium ions 

promote the degradation of PP to preferentially form carbon that can be catalysed to form 

CNTs. The carbon source is dissociated and then absorbs within the metal catalyst, once the 

catalyst is supersaturated, the carbon precipitates to form CNTs. Experimental data showed 

that different metal catalysts were used with nickel being found to be the most efficient 

[49].  

The growth of CNTs can be controlled through the properties of catalyst, the addition of 

promoter, metal-support interactions and reaction conditions [50]. The metal-support 

interactions govern the growth mechanism seen. Tip-growth occurs where there is a weaker 

metal-support interaction, whilst a base-growth mechanism occurs where stronger 

interactions were seen [51], although these can only be measured where there is anchoring 
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of the catalyst to a surface. The choice of catalyst is a crucial decision to be made. Nickel-

based catalysts were again found to be the most efficient to produce high quality CNTs. In a 

study by Wang et al, the majority of CNTs formed using pyrolysis and a nickel catalyst were 

multiwalled carbon nanotubes (MWCNTs) whilst a strong metal support reaction was seen 

to occur using a magnesium catalyst, making cleaning the nanotubes a more complex 

process. However, this also suppressed the growth of CNTs to produce short and irregular 

nanotubes [52]. 

Pyrolysis of waste plastics to produce the CNTs is a trending area of research [53]. This 

approach is economic and eco-friendly, as 50,000,000 tonnes of plastic is produced globally 

each year [53]. High density (HDPE) and low density (LDPE) polyethylene are some of the 

most common waste plastics, and it was reported that a specially designed reactor was 

required. The catalyst chosen in the study carried out by Bajad et al, was Ni4Mo0.2MgO, and 

was placed on trays within the reactor, the top tray was exposed to more hydrogen and 

gave a higher level of aligned CNTs than the bottom tray, showing that hydrogen. It was 

considered a very efficient process for batch synthesis, however, it was unclear how feasible 

mass production would be [54]. Further research by Bajad et al, showed that recycling the 

exhaust fumes can increase the conversion rates. It was reported that at a temperature of 

700 °C a 5.5 % yield of CNTs was produced. Hydrogen was reported as critical for enhancing 

the growth of CNTs. NMR and GC were used to analyse the resultant CNTs to determine 

their structural homogeneity. A higher pyrolysis temperature saw improved yields due to 

presence of free radicals and cracking of hydrocarbons [53]. 

Research carried out by Veksha et al, showed that pure PP and PE can produce good gases 

for nanotube synthesis. However, the landfill plastics are usually a mix of types and quality. 

polypropylene, polyester, polystyrene and polyethylene terephthalate (PET) account for 80 

% of plastic waste, when chemical vapor deposition was carried out in temperatures 

between 500 to 1000 °C the synthesis of CNTs was seen [55]. 

1.3.3. Graphene 

Graphene is another allotrope of carbon, seen to be chemically inert, friction reducing and 

with good mechanical properties. Graphene is produced from sp2 hybridised carbon atoms 
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packed into a honeycomb lattice with high thermal, mechanical and electrical properties, as 

shown in Figure 1.8 [56]. 

 

Figure 1.8. Structure of graphene (drawn on chemdraw) 

Huang et al [57], showed how a chemical vapour deposition (CVD) approach could be used 

to produce graphene. The relative merits of the CVD process will be further discussed in 

Section 4. Copper foil was placed in a tube furnace and the pressure altered to reach 0.5 Pa. 

Hydrogen was used to purify the area before the chamber was heated to 1060 °C with a 26 

°C/min heating rate, and maintained at a stable temperature for 100 minutes. Graphene 

was grown using 10 sccm hydrogen and 5 sccm methane for 60 min. The resultant graphene 

was washed with deionised water to remove contaminants [57]. 

Graphene can also be produced using the arc discharge approach where temperature 

variations can easily be increased up to 2000 °C and there is a low reported defect density. A 

fluorine modified graphene can be produced using a graphite rod with a CFx powder inside 

as an anode and a pure graphite rod as the cathode. The arc discharge then occurs to 

produce the graphene. Arc discharge is simple and straightforward as an approach, whereas 

the CVD approach is time consuming and requires multiple steps as well as high 

temperatures and pressures. It also requires aggressive reagents and complex equipment 

[58]. 

The aim of adding nanomaterials into an epoxy matrix is to combine the properties of epoxy 

and the nanomaterials being added [59]. Polymer networks can form giant macromolecules 

with weak cross-links called elastomers. The inclusion of solid particles in this material can 

tune the properties of materials. Carbon nanomaterials are used for reinforcement fillers 

due to their structures, morphology and dimensionality [60]. A suggested mechanism is a 
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formation of filler network which results in a transmission of strength to the network which 

leads to the improved mechanical properties of the material. In the study dissipative particle 

dynamic techniques were used to study the stress/relaxation and oscillatory shear [61]. 

Nanosized reinforcing particles can be generated via a sol-gel mechanism by catalysing 

hydrolysis of alkoxy derivatives of metals such as Si, Ti or Al. Polymer nanocomposites 

usually exhibit better mechanical properties than pristine polymers, due to improvements in 

mechanical properties from the nanocomposite filler. Depending on the shape of the filler 

such as length to filler ratio, the state of dispersion and the chemical composition the 

properties of the polymer can be altered. There are difficulties in obtaining homogenous 

dispersion of CNTs due to the bundling occurring from the van der waals forces. 

Functionalisation of the surfaces is expected to improve interactions with polymer chains to 

assist in dispersion and optimise physical characteristics. The incorporated CNTs can be used 

to create a continuous network whilst nano-graphite did not [62]. 

The sol-gel method is a process that allows the fabrication of a carbon material, working as 

the solution evolves towards the formation of a gel-like matrix. Following formation, the gel 

is treated and dried to harvest a solid material. It requires low temperatures to work, 100 to 

300 oC, making it an attractive approach for the production of nanoparticles [63]. 

A study by Bokobza et al, used nitrile rubber with MWCNTs, the CNTs used were produced 

using CVD and purified to 95 %, mixed with toluene at 11000 rpm to give homogeneity. The 

rubber was also mixed at 300 rpm for 12 hours. A 200 µm film was produced. It was found 

that a 3.8 wt. % addition imported a significant increase in Young’s Modulus. Due to 

agglomerate defects, reduction in stress and strain is seen as the CNTs are not fully 

dispersed. It is important to determine if the dispersion rate can be improved and what 

processing steps can be used for optimisation. Considerations also need to be made in 

terms of surface modification which can be used to create interactions with polymer chains 

and improving reinforcing ability [64]. 

In a study by Agnelli et al, the relation of different allotropes of carbon and binary fillers 

were tested in terms of shear stresses. CNT showed positive results. CNT showed increase in 

relative modulus is brought about by using nanofiller in a pure matrix. Correlation was 

found between the interactions and the interfacial area [62]. In a study with Boonbumrung 
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et al, nitrile rubber was reinforced with MWCNT, conductive carbon black, carbon black and 

precipitated silica. The improvements caused by the filler were monitored using viscoelastic 

behaviour, bound rubber content, electrical properties, cross-link density and the 

mechanical properties. The results of testing showed reinforcing fillers were incorporated 

and yielded high mechanical properties. However, their incorporation caused processability 

issues due to the viscosity of rubber. The results also showed that a high load of filler may 

give negative properties, such as compression and heat build-up. The use of MWCNT as a 

filler showed a positive increase in tensile strength, modulus, hardness and abrasion 

resistance [65]. 

Graphene is a highly researched material, and could be used to improve mechanical 

properties as a filler material. It has high carrier mobility at room temperature meaning that 

it can easily act as an electrical and thermal conductor. Graphene-polymer composites can 

be produced using solution mixing and sonication but high speed shearing combined with 

ice cooling has also been used [57].  

CNTs are one of the most researched materials when acting as reinforcing fillers. However, 

the surfaces need to be treated as they are smooth and devoid of any dangling bonds 

meaning that strong matrix-filler relationships are hard to form. This can lead to poor load 

transfer during deformation. Chemical modification is being used to overcome this issue and 

may cause a compromise in intrinsic properties. There is also an issue with inhomogeneous 

dispersion of nanomaterials due to van der waals forces. This may be overcome using 

surface treatments. [60]. The current issues with these materials are:  

• The performance of materials is based on the intrinsic properties of the filler,  

• Dispersion of a filler and interactions between the filler and epoxy.  

• Manufacturing and moulding processes need to be improved 

•  Environmental issues, such as the release of BPA and other potentially harmful 

emissions [59]. 

Further research is required to limit the effects of agglomerations and to improve the 

interactions between the filler material and the bulk material.  

The applications of these materials can be seen in Li ion batteries, supercapacitors, fuel cells 

and photovoltaic devices [57]. There are also structural applications in terms of materials 
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with requirements of high strength, stiffness, toughness and lightness as well as materials 

that require high conductivity and energy transfer materials [60]. 

1.3.4. Application of carbon nanoparticles  

The current applications of carbon nanomaterials are broad and varied. From energy 

applications, wastewater treatment and concrete reinforcement to biological and medical 

uses. Research has been carried out into medical applications, such as drug delivery and 

imaging. Carbon nanotubes can be functionalised with different surface additions, meaning 

that they can be adapted to the specific needs of the targeted ailment [66]. The shape of 

carbon nanotubes further promotes cellular uptake which makes them excellent for drug 

delivery [67]. Gold nanotube caps were researched to trap the drug within the nanotube, so 

it is released when it is needed. Functionalisation of the nanotubes can also allow tissue 

engineering and repair to be carried out. Biosensing can also be optimised using carbon 

nanotubes, due to their shape, and small size [68]. Graphene can be used for drug delivery 

and bioengineering due to the physiochemical and mechanical properties [69]Fullerenes 

have been utilised against HIV, by attaching anti-viral compounds to a fullerene. The unique 

shape of fullerenes allows an accessible molecule [70]. 

Energy storage is another area that has seen high levels of research due to the excellent 

electric conductivity of the nanomaterials. CNTs have been utilised for Li-ion batteries due 

to their high reversible capacity. This also allows graphene and CNTs to be useful in catalyst 

applications in respect to their high surface areas and thermal conductivity [71]. They are 

also applicable for energy storage because of their “tunability” as depending on the chosen 

configuration of the CNTs, the electronic properties vary [72]. Wastewater treatment 

utilises CNT composites as filtration systems as does desalination treatment. Due to their 

ability to be functionalised, they can act as catchment systems for heavy metals. 

Functionalisation with sulphuric acid can increase heavy metal capture by 94 % [73]. CNTs 

can also withstand high acidity, salinity and temperature environments due to their 

chemical stability [74]. Carbon nanomaterials can also be used to improve corrosion 

resistance, especially within concrete where CNTs interact with calcium silicate hydrate, 

which are the binding particles within concrete. The large surface area of CNTs allows a high 

level of interaction, alongside the shape and flexibility. This means that the CNTs can form 

bridges and circles that can then cross any microcracks which form, preventing them from 



19 
 

spreading [75]. CNTs have also been observed to be effective as corrosion resistant coatings 

on structural steel due to their high tensile strength and conductivity. This has also led to 

their use as sacrificial coatings [76]. 

1.4. Chemical vapour deposition process  

Chemical vapour deposition is the process where a thin film is formed on a heated substrate 

via a chemical reaction of a gaseous precursor. This deposition can be triggered by a few 

approaches such as the presence of a catalyst, photo-initiated chemical vapour deposition 

or the use of vacuum or plasma. The gaseous precursor can be generated in-situ of the 

reactor or as a product of an external reaction that is passed into the reactor for the 

chemical vapour deposition [77]. In the typical thermal chemical vapour deposition, the 

gaseous sample is the precursor gas to be decomposed to the desired coating which leads to 

the formation of the thin film. The vapour is deposited on the substrate and adsorbed 

where chemical reactions occur to bind the coating to the substrate. Once this has occurred, 

the gaseous by-products are separated from the substrate and can exit the reactor, it is 

essential that the by-products can leave the reactor as otherwise they limit the coating 

ability.  

Chemical vapour deposition allows the full coverage of a substrate, and can be manipulated 

to a desired shape, meaning that the film can be adjusted to coat any surface shape, 

although the substrate needs to be thermally stable to ensure reaction will occur. To ensure 

an even deposition of the coating, contaminants must be removed from the substrate as 

these will reduce the effectiveness of the coating and lead to improper reactions which can 

affect the chemical properties of the coating.  

Chemical vapour deposition is also used to produce semiconductors, single crystal metal 

oxides and silicon wafers as well as for the production of coatings [78]. In this section, the 

literature will only be used to consider the use of chemical vapour deposition for the 

formation of carbon nanoparticles since, this is the field relevant to this research.  

1.4.1. Chemical vapour deposition for the formation of carbon nanoparticles 

The use of chemical vapour deposition is reported as an efficient approach for the synthesis 

of carbon, as discussed in section 1.3.2. It is an ideal approach to synthesise the carbon 
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nanoparticles due to the ability to tune the shape of the produced film, as well as altering 

the design of the reactor to maximise the yield. 

1.4.1.1. Graphene 

For the synthesis of graphene, a carbon containing gas is passed over metal surfaces to 

trigger the deposition of carbon. This is especially effective on copper surfaces, as this led to 

a high yield of high-quality graphene, although promising results have also been seen on 

nickel and platinum. The chemical vapour deposition growth of graphene can be separated 

into two reaction pathways. The first pathway includes: 

1. the adsorption and decomposition of the precursor  

2. diffusion and deposition of the carbon species  

3. separation of the diffused carbon species and  

4. nucleation and growth phase of graphene, 

 whilst the second only follows steps (1) and (4) [77]. The two pathways are dependent on 

the selected pre-cursor and the temperature of the reaction.  

Monolayer graphene occurs on nickel foil [78] in a self-limiting process, as confirmed 

through the use of Raman spectroscopy and optical microscopy. The use of a nickel – 

molybdenum alloy can be used as an effective substrate for a uniform graphene monolayer.  

Graphene can also be deposited on copper, in both single and multilayer graphene films. A 

chemical vapour deposition process was selected to allow the formation of thin films, which 

can easily be transferred for semiconductors. Chemical vapour deposition also allows the 

graphene to be doped based on manipulation of the substrate selected for growth, if the 

template has metal nanoparticles on the surface these will become embedded in the 

graphene. The reaction of this follows the basic steps of carbon deposition on the substrate, 

as more carbon is deposited, the carbon nanostructure grows as the deposited carbon 

layers and the sp bonds connect leading to the formation of nanotubes.  

In one study graphene was synthesised using a split-tube furnace and heated to 950 oC with 

a methane feedstock [79] whilst another study used a mixture of methane and hydrogen 

and temperatures of 1000 oC [80]. The graphene produced through these methods was seen 

to be high quality and tuneable, as well as easily transferred to other locations. Due to the 
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process of deposition, there were concerns that the oxidation products of copper would 

influence the nucleation density of the produced graphene. The oxidation states were 

determined to be CuO and Cu2O depending on the temperature, partial pressure and 

oxidation times. Annealing the copper in hydrogen limits the formation of CuO allowing the 

formation of a graphene layer, whilst Cu2O inhibits the carbon deposition as well as 

reducing the nucleation density of graphene [81]. Microwave plasma chemical vapour 

deposition was used as an alternative for the preparation of carbon on a copper substrate 

using methane as a feedstock. Three stages of development were seen: 

1. pre-treatment of the substrate in hydrogen plasma for 30 mins to clean the 

substrate of any surface oxide  

2. introduction of methane for 5 to 10 mins and  

3. microwave plasma post-treatment for 5 mins at a lower microwave power.  

This graphene was affected by microwave plasma etching due to the top-down growth 

mechanism seen, showing that this approach can allow for tuning [82]. The thermodynamics 

of chemical vapour deposition of graphene showed a reaction enthalpy of 91.8 ± 2.4 KJ/mol 

through the novel use of an independent triple loading reactor allowing the variations of 

parameters to be considered [83]. Further investigations into the kinetics of the deposition 

of the graphene layer found that molecular and atomic hydrogen would diffuse in copper 

with an activation energy of 0.20 ± 0.01 eV. Hydrogen dissociation will compete with 

methane dissociative dehydrogenation leading to hydrogen being a limiting factor in the 

kinetics of graphene growth [84]. Sites became blocked on the copper surface from the 

presence of the hydrogen, leading to inhibited growth and quality of the graphene, 

especially as point defects caused by hybridized sp3 C-H bonds. It is recommended that 

alternatives to hydrogen plasma should be investigated for the removal of contaminants on 

the substrate surface to ensure a high-quality graphene production.  

Nickel was also explored as a suitable transition metal substrate using microwave plasma 

chemical vapour deposition [82]. It was found to be a better substrate due to its atomic 

arrangement allowing a greater deposition of the carbon layer, as well as fewer defects 

caused by the microwave plasma etching [82]. The kinetics of graphene deposition on the 

nickel film has also been investigated, and it was found that, compared to the use of a 

copper substrate, hydrogen recombined on the surface, preventing the point defects seen 
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for the copper substrates, reducing the level of defects seen overall [84]. The study 

concluded that the selection of the transition metal substrate is important to achieve higher 

quality graphene with reduced point defects. Methods to control the deposition of methane 

to form carbon were investigated, and promising research was carried out. It was 

determined that the deposition process and, by extension, the film thickness could be 

controlled through alteration of the electrical resistance hence affecting the solubility of the 

nickel surface [85].  

1.4.1.2. Carbon nanotube synthesis through chemical vapour deposition 

Carbon nanotubes can also be produced through chemical vapour deposition, through a 

range of feedstock gases, although particular success has been seen through the use of 

acetylene. Optimisation was carried out so it was fully understood. Again, CVD was selected 

as the ideal process for the synthesis of carbon nanotubes as it can be easily tuned and 

adjusted to ensure the correct orientation is achieved.  

Camphor was used as a carbon feedstock for the production of carbon nanotubes, with a 

binary catalyst of Co/Ni supported with a SiO2 mesh powder with a reaction temperature of 

850 oC. The carbon nanotubes decreased in quality with a lower cobalt to nickel ratio and an 

increased presence of amorphous carbon was seen [86]. The ideal catalyst composition was 

1:1 cobalt to nickel for a camphor feedstock. Stainless steel 304 was used for the synthesis 

of carbon nanotubes, the stainless steel was cleaned using acetone in an ultrasonic bath 

before etching in 35 to 38 % HCl was carried out and the stainless steel was heated to 850 oC 

for 30 mins in nitrogen. Once the substrate was prepared carbon nanotube synthesis was 

carried out at 700 oC with ethane as a feedstock before being held at the same temperature 

in a nitrogen atmosphere. An increase in the HCl etching time saw an increase in the carbon 

nanotube coverage from 7 % at 1 minute to 97 % at 10 minutes [87]. As the substrate is 

fixed, the orientation of the carbon nanotubes can be controlled, and allow an accurate 

investigation in the growth mechanism. A stainless-steel mesh could therefore be used to 

produce carbon nanotubes without any additional catalyst, making the process cheaper 

(although there is no discussion on the removal of the resultant carbon nanotubes from the 

stainless-steel surface).  
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Another catalyst free approach was explored using anodized aluminium oxide templates for 

the production of seamless nanotube pillars through continuous carbon - carbon bonding. 

This was carried out at a lower temperature for the stainless-steel, only 620 oC, with a 

carbon gas source of acetylene. The etching for the anodized aluminium oxide template was 

carried out using NaOH and for 48 hours. These parameters were selected based on 

previous optimisation experiments. The resultant carbon nanotubes were not as high a 

quality as those seen on the stainless-steel substrate [88]. Therefore, it can be seen that 

although non-catalytic approaches can be considered, they are less reliable for the high-

quality synthesis of carbon nanotubes.  

Traditional catalysts have also been used to produce carbon nanotubes from chemical 

vapour deposition. Ni and Fe were used at different conditions to determine the effect of 

the catalyst, temperature and feedstock on the carbon nanotubes produced. Ni and Fe were 

compared when carbon nanotube synthesis was carried out at 750 oC with an ethylene 

feedstock. The catalysts were introduced through ion sputtering so a thin layer is achieved, 

although the thickness of this layer was varied and seen to influence the carbon nanotube 

composition. It was determined that a metallic underlayer, such as Al was required for the 

formation of carbon nanotubes, especially for a Ni catalyst layer [89]. There did not seem to 

be a significant difference in the properties of the carbon nanotubes caused by the metal 

catalyst used.  

Silicon wafers are also used for the preparation of carbon nanotubes, as they allow a cost 

effective, and easily transferrable, approach for synthesis the nanotubes. Silicon wafers are 

also an attractive option as they can be patterned to influence the growth of the carbon 

nanotubes. The silicon wafers were heated to 800 and 900 oC with methane and hydrogen 

used as the feedstock gases. It was seen that there was less sensitivity to the gas 

concentrations at 800 oC, whilst at 900 oC the hydrogen influenced the yield of nanotubes. A 

higher hydrogen concentration led to an increased production [90]. Nickel oxide was seen to 

produce stronger interactions with the graphitic planes of the carbon nanotubes, especially 

compared to copper, making it a better option for the synthesis of the CNTs [91]. A spherical 

NiO/Al2O3 catalyst was used for this with the parameters identified as (a) reaction 

temperature (b) flow rate of the carbon source gas and (c) the process and reaction time. 

Initial findings showed that, at reaction temperatures below 700 oC, there were fewer active 
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sites on the surface area of the catalyst, leading to less deposition, whilst a reaction 

temperature over 1000 oC led to the increased deposition of amorphous carbons. This is due 

to self-diffusion of acetylene, and is similar to the process seen during the synthesis of 

graphene in [77]. The effect of the precursor gas flow rate is associated with the 

morphology. When the flow rate was lower than 100 mL/min there was insufficient 

diffusion of the carbon to the catalyst particles, limiting the tubularity of the carbon 

nanotubes. If the flow rate was set too high then there was an increase in the amorphous 

carbon, although this produced the greatest yield of carbon nanotubes [91-93].  

Based on these studies, it can be seen that the process of synthesising carbon nanotubes is 

reliant on the reaction temperature. There is a directly proportional relationship between 

the reaction temperature and the mean diameter of the carbon nanotubes. The precursor 

flow rate is also proportional to the mean diameter. However, at higher flow rates a greater 

yield of amorphous carbon is also seen [91, 93]. Carbon nanotubes can be synthesised 

without a catalyst present [87, 88] although they are of higher quality, and of a more 

controllable size through the use of catalysts [89, 92, 94]. The temperatures seen for the 

production of carbon nanotubes are seen to be lower than for graphene, showing the effect 

of temperature on the synthesis of the carbon nanoparticles.          

1.4.1.3. Carbon nanofibers 

Carbon nanofibers have also been successfully synthesised using CVD. Carbon nanofiber 

synthesis requires the use of a transition metal catalyst and a carbon source [95]. The 

catalyst particle size determines the size and graphitic structure of the nanofibers with 

similar growth types to carbon nanotubes, as discussed in section 1.3.2, which alters the 

deposition growth seen. Due to the chemical vapour deposition process, the resultant 

nanofiber can be doped with other metals to improve the properties, and applicability of 

the nanofiber [96]. Different parameters will lead to differences within the structure of 

carbon nanofibers, some of these are seen in Table 1.2. 
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Table 1.2. Different synthesis parameters to produce carbon nanofibers 

Feedstock Catalyst Temperature 

(oC) 

Reference 

Acetylene Cobalt on alumina 700 [97] 

Hexane Ni3C 350 [98] 

Acetylene Nickel on alumina 550 - 700 [99] 

Acetylene SnO2/Fe2O3/SnO2  

Fe/Sn ratio of 1:2.6 

700 [100] 

 

It was found that the differences in chemical states, as well as the shape of the catalyst 

particle would influence the morphology and structure of the carbon nanofiber. This shows 

the catalyst nanoparticle influences the carbon nanofiber, and therefore, the conformation 

and orientation of the desired carbon nanofibers can be controlled. The temperature of the 

reaction also influences the structure of the carbon nanofibers, at 550 oC they were seen to 

be spirals, whereas at 700 oC they became thicker yet more uniform.  

An alternative approach of chemical vapour deposition is the use of inductively coupled 

plasma-enhanced chemical vapour deposition, where an argon plasma is used to create an 

inert atmosphere for the deposition process. In this study, two types of catalyst were used; 

a ferrocene dissolved in carbon precursor and a nickel film on the substrate, which varied 

from silicon, glass and Pyrex. Toluene solvent was used as a source of carbon with a reaction 

temperature of 650 oC. The resultant carbon nanofibers were well-aligned, with the growth 

time seen varying depending on the catalyst and substrate [101]. The ferrocene catalyst saw 

a growth time of 15 mins at any substrate whilst the nickel catalyst saw a greater variance, 

showing that the catalyst substrate interactions can affect the synthesis of the carbon 

nanofibers.  

Stainless-steel was used as for a catalyst free approach. A stainless-steel reactor was 

cleaned and then etched with 10 mL concentrated hydrochloric acid for 5 minutes before 

rinsing to remove the acid. A reaction temperature of 700 oC was reached with a heating 

rate of 20 oC/min. To provide the carbon a sample of ethanol was boiled on a hot plate, with 

the vapour introduced into the reactor using a carrier gas of 40 L/h nitrogen for 20 mins. 
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The reactor was allowed to cool to room temperature and the soot generated collected 

[102]. This shows a similar process to the stainless-steel reactor used for the synthesis of 

carbon nanotubes, as seen in [87], which, due to the similarities in chemical and physical 

properties, is expected. Carbon nanofibers form from sheets of angled graphene, which are 

caused through the use of a faceted catalyst, whereas the carbon nanotubes will grow from 

a more uniform surface. The etching carried out for the synthesis of carbon nanotubes was 

done with a stronger concentration of HCl, meaning that a smoother surface would have 

been attained. Therefore, the carbon nanofibers are produced from the faceted surface 

produced from the etching. It also reported that hydrogen in a system leads to changes in 

the formation of nanoparticles, due to the termination of dangling bonds at the edges of 

stacked graphite sheets, leading to a conversion from graphite to carbon nanofibers [103]. 

The nanofibers produced from the stainless-steel substrate have a larger diameter than 

those seen from the traditional transition metal catalysts, due to the source nanoparticle 

size, showing that the preparation of the nanofibers can be tuned to suit the required 

dimensions [101-103]. The size of the catalyst nanoparticle, as well as the orientation of the 

metal of the catalyst, influenced the carbon nanofiber conformation. There did not seem to 

be any influence of temperature on the carbon nanofibers produced, and the flow rate and 

type of the precursor gas appear to have less influence on the overall structure of the 

carbon nanofiber. 

1.4.1.4. Fullerenes 

Fullerenes can also be produced though the use of chemical vapour deposition, although 

where graphene, carbon nanotubes and carbon nanofibers all are all more clearly related to 

each other; fullerenes, as discussed in section 1.3.1, are a unique form of carbon.  

Chemical vapour deposition is the most cost-effective and efficient process for the synthesis 

of fullerenes. The formation of fullerenes through chemical vapour deposition allows the 

fullerene to be doped with other metals, enabling tuning of the chemical and physical 

properties. Fullerene synthesis through the use of chemical vapour deposition requires 

higher temperatures than those seen for the synthesis of graphene, carbon nanotubes and 

nanofibers. Different parameters for the synthesis of fullerenes have been summarised in 

Table 1.3, below.  
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Table 1.3. Different parameters for the synthesis of fullerenes 

Feedstock Catalyst Parameters Type of CVD Reference 

CH4/C2H2 (111) faceted 

platinum 

500 oC Conventional [104] 

H2/CH4 1:0.25 ratio Silicone substrate 50 – 60 A 

2000 – 2200 oC 

Hot filament 

(tungsten) 

[105] 

Ar/C2H2/H2 2:2:1 

ratio 

N/A 100 W 2.45 

GHz 

Microwave 

enhanced 

[105] 

C2H2/Ar 1:5 ratio Ferrocene 800 to 1000 oC Conventional [106] 

 

There is evidence that, to promote the formation of fullerenes from this approach, there 

should be limited carbon containing gas, with higher hydrogen, especially compared to the 

formation of the carbon nanotubes, nanofibers and graphene. This may be to promote the 

formation of the structure of the fullerene over the deposition of amorphous carbon at 

higher carbon concentrations. Higher temperature conventional CVD led to the formation of 

onion like fullerenes with multiple layers [106]. The multiple layers formed were caused by 

the differentials of reactions within iron nanoparticles, and increases in deposition on these 

with time. As the reaction progresses, the increased deposition of graphite layers on the 

iron nanoparticle core leads to the formation of the “onion” like sample which was 

produced. To control for this, a templated nanoparticle substrate can be used [104], which 

will influence the growth and ensure it occurs in the desired way. 

There is evidence that multiple carbon nanoparticles can be synthesised at the same time, 

as both carbon nanofibers and fullerenes were seen to be produced through the use of a 

Fe/Y catalyst with a mass ratio of 2 : 1 for Fe : Y prepared through dip coating on a copper 

plate. Once ready the catalyst was positioned in a furnace, for the synthesis of the 

interspersed fullerene and carbon nanofibers. A temperature of 800 oC was used with a gas 

mixture of C2H2, Ar and H2 and a reaction time of 10 mins [107]. The carbon nanofibers have 

a diameter of 60 nm with a mesoporous structure. The pore sizes were seen to range from 2 

nm to over 100 nm. The fullerenes produced through this approach are interspersed 

through the graphitic layers that are deposited on the catalyst, leading to distortion. This 

distortion continued through to the synthesised fullerenes, as they have an ellipsoidal 
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structure over a spherical one. The presence of argon and hydrogen has a similar effect to 

the microwave enhanced chemical vapour deposition, showing that these lead to the 

deposition of fullerenes on the surface of the catalyst. There was no discussion of the range 

of fullerene sizes seen. However as the reaction parameters are similar to the microwave 

enhanced chemical vapour deposition seen it can be assumed that there would be a similar 

range in the fullerenes seen [105]. It is seen that a different reaction temperature would 

lead to the change in formation seen with an increased deposition of other carbon 

nanoparticles seen. Overall production of other nanoparticles occurs, which is to be 

expected as the mechanism lacks selectivity and fullerenes are usually formed within soot 

deposited on the reactor sides. 

It appears that the formation of fullerenes leads to a reduced purity, and the presence of 

other carbon nanomaterials are common. The highest purity yield for producing fullerenes 

used the template made of platinum nanoparticles. However, the highest yield in total was 

through the hot filament approach.   

1.5. Background and environmental issues caused by textile waste 

With the rise of social media, fashion trends are becoming more global, leading to increased 

reliance on “fast fashion” brands to produce a greater volume of textiles. The short life of 

these trends leads to much of this textile ending up in landfill.  The rate of purchasing is 

predicted to increase by 67 million tonnes over 20 years, which can be used to predict that 

the volume of textile waste produced will also increase [108].  

This rate of increase in production will exacerbate the existing environmental demands of 

the textile industry, leading to greater emissions of CO2 and NOx as well as producing more 

polluted wastewater. A greater rate of purchasing will lead to a greater volume of discarded 

textiles needing to be disposed of. Unless textile recycling capabilities improve, the majority 

of this will be sent to landfill which pollutes the surrounding land. Pyrolysis could be used as 

an approach that will allow the production of useful products that can be used for financial 

gain. Global textile production is set to reach 145 million metric tonnes by 2030 [109], was 

valued at $1 trillion, and expected to expand at a compound rate of 4.4 % between 2021 to 

2028 [110]. These increases can be attributed to changes in trends outpacing the rate of 

natural consumption, leading to a greater amount of waste being generated. Garment sales 
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grew by £17 billion in ten years in the UK alone [111], demonstrating the increased 

consumption and consequent textile waste generation.  

In the UK 206,000 tonnes of textile waste was produced in the UK in 2018 [112], with an 

estimated 92 million tonnes produced globally [113]. This is expected to reach 134 million 

tonnes by 2030 [114]. Only 12 % of the UK waste is currently recycled [115], which means 

the disposal of the remainder is mainly split between landfill and incineration, although 

small proportions are lost during collection, processing and microfibre release into the 

environment. Even with the textile waste that is recycled, only 1 % of the waste is used to 

produce new clothes of a similar quality [115], with the rest being used for lower quality 

items, such as fillers or insulation [115]. 

Only a small proportion of textiles can be recycled to items of comparable quality due to 

wear and tear on the fibres and a lack of infrastructure to cope with the volume of waste 

[116]. Currently most direct quality textile waste recycling plants focus on cotton. However 

synthetic fibres now comprise 80  % of produced garments [115] so this requires further 

optimisation of recycling approaches. Fibre blends of three, or more fibre types, are also not 

suited for direct quality recycling [117]. This limits the amount of fibres that can be used for 

direct fibre-to-fibre recycling, increasing the demand on alternative disposal techniques. 

Textile fibres can be separated into two broad classifications; natural and synthetic fibres 

[118]. As shown in Figure 1.9, natural fibres come from plants or animals, such as cotton or 

wool [119]. Synthetic fibres are produced from polymer materials such as polyester and 

nylon [120].  

 

Figure 1.9. Taxonomy of textile fibres [119] 

Cotton, after scouring and bleaching, is 99  % cellulose, which is a macromolecule of 

repeating glucose molecules linked through glycoside bonds, as shown in [121]. Due to the 
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ring structure within cellulose, they can form a rigid, supportive coating. A primary wall 

forms with the natural dimensions of the fibre. Helical layers of cellulose form the inner 

secondary wall with a hollow core through the fibre, as seen in Figure 1.11 Error! Reference 

source not found.[122, 123]. This shows that the fibres are flexible and easy to dye as they 

are porous.  

 

Figure 1.10. Structure of cellulose 

 

Figure 1.11. Schematic representation of cotton fibre [122] 

Cotton forms within the cotton boll, Figure 1.11. When the plant reaches maturity, the boll 

opens and cotton fibres dry. The cellulose chains within the cotton fibres are held with 

hydrogen bonds leading to closely packed molecules, shown in Figure 1.10 [124]. 

Polyester, on the other hand, is one of the most popular textiles for garment use, found in 

60 %vol of garments for sale globally [108], as well as accounting for 75 % of synthetic fibres 

produced world-wide [125]. Polyester can be combined with cotton to form polycotton, 

with a combination of 65 % cotton 35 % polyester being a common combination. Polyester 

is normally made by reacting dimethyl terephthalate with ethylene glycol in the presence of 

an antimony catalyst at temperatures between 150 – 210 oC to form a monomer [123]. This 
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monomer is combined with terephthalic acid at 280 oC and extruded to form ribbons of 

material. Once dried, the material is chipped and heated to 265 oC and placed in a spinneret 

to form polymer fibres [123].  

 

Figure 1.12. Structure of polyethylene terephthalate (PET) (drawn on chemdraw) 

One of the most common forms of polyester used in clothing is polyethylene terephthalate 

(PET) which can easily be recycled into fibres, as the material can be melted and reformed. 

The presence of a benzene ring, as shown in Figure 1.12, leads to a rigid structure, higher 

melting points, 250 oC, and a greater strength. During synthesis, water is released as a by-

product, similar to all polymerisation reactions. PET can be recovered from plastic water 

bottles or waste polyester [126]. It was found that recycled-PET fibres had similar properties 

to virgin-PET [127].  

Nylon is another common synthetic material, commonly produced through the condensation 

of diamines with diacids. The common form, nylon 6,6, is formed from polycondensation of 

1,6-diaminohexane and hexandioic acid [128]. The structure of the product is shown in Figure 

1.13.  

 

Figure 1.13. Structure of nylon 6,6 (drawn on chemdraw) 

Due to the presence of amines, the reaction releases nitrous oxide [129], which is 264 times 

more potent than carbon dioxide [130] at trapping heat. Although, due to the properties of 
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the nylon, it can be recycled however [131], reducing the environmental load. Nylon is 

typically found in yarn materials alongside acrylics. 

Acrylic materials, often formed from acrylonitrile, are resistant to mould, mildew and 

wrinkling, making them a popular choice for clothing [132]. The fibres are comparable to 

wool, and accounted for 20 % of global fibre production in 2001 [133]. Acrylic fibres are 

formed by continuously spinning fibre-forming substances, based on the monomer 

acrylonitrile, shown in Figure 1.14 against a plate. As acrylonitrile contains a cyano group, 

polymerisation leads to the release of cyanide, which causes health issues and 

environmental impacts. When the fibres contain more than 85 % acrylonitrile they are 

referred to as acrylic [134].  

 

Figure 1.14. Structure of acrylonitrile, the monomer used to produce acrylic material (drawn on 

chemdraw) 

Polyurethane (PU) comes in many classes, such as thermoplastic, flexible, rigid and water-

borne, and is usually used in carpets, and other textiles such as insulating materials. PU is 

formed from isocyanate and a polyol molecule, usually containing two or more isocyanate 

and hydroxyl groups [135].  

The properties of PU depend on the starting molecules, as the amount of cross-linking can 

alter the properties of the final material [136]. Figure 1.15 shows the structure of 

polyurethane formed from Di-isocyanate and polyol. During synthesis, CO2 and urea are 

produced. PU materials contain high levels of cross-linking, ensuring the majority of PU 

products do not soften when heated [137]. As the synthesis of polyurethane is exothermic, 

it can be assumed that more bonds are made during synthesis than are broken. During 

synthesis, different additives can be added, including catalysts, such as amine catalysts, 
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crosslinkers, colourants and fillers. The catalysts can deblock isocyanates, decrease the 

relevant reaction temperature and enhance the efficiency of the reaction [137].  

 

Figure 1.15. Structure of polyurethane (drawn on chemdraw) 

As each discussed fibre has distinct properties and is in use for textile production in alternative 

combinations then different disposal options have to be developed for specific classes of 

textile materials. 

As shown in Figure 1.13 and Figure 1.15, both Nylon and polyurethane will produce nitrogen 

containing gases when heat treated due to the presence of amine groups. This means that 

for these two types of textiles, mechanical recycling is a better option than temperature 

driven approaches.  

Figure 1.12 and Figure 1.15 show that both PET and PU contain benzene rings, which 

increases the energy requirement for bond breaking, meaning pyrolysis at higher 

temperature will be required to fully utilise the material. Cellulose as shown in Figure 1.10, 

is comprised of a hexacyclic ring structure which will require less energy to break compared 

to benzene. This shows that cotton, which is mainly comprised of cellulose as stated earlier, 

will be able to be utilised at lower temperatures whereas polyester will require higher 

energies to overcome the benzene ring bonds. 

Due to the unbranched, and relatively simple structure of Nylon, it can be assumed that, 

alongside cellulose, it would require less energy to break the bonds within the molecule. 

Due to the bond energies seen, simple C-C bonds will break first, before C-O, C=O, C≡N and 

benzene, these are illustrated in Table 1.4 [138] [139]. This shows that, during heating, intra-

chain scissions will occur in the fibres due to the different bond energies. 



34 
 

Table 1.4. Bond enthalpy for different bonds seen in the chemical structures of textile fibres [138 – 

139] 

Molecule Bond enthalpy (kJ mol-1) 

C-C 348 

C-O 358 

N-H 391 

O-H 463 

Benzene 518 

C=O 799 

C≡N 891 

1.5.1.  The environmental impact of textile waste  

1.5.1.1. Solid waste 

The 

1.5.1.2. Liquid waste 

Cotton 

Textiles 

Synthetic dyes can include azo dyes, shown in Figure 1.16, acid dyes, shown in Figure 1.17, 

base dyes and reactive dyes. These are comprised of functional groups such as carboxylic 

acid, amine and azo groups [154]. Natural dyes are less desirable as they have poor colour 

fastness, poor reproducibility and use metal mordants [155].  

 

Figure 1.16. Structure of orange Azo dye, used for colouring textiles (drawn on chemdraw) 
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Figure 1.17. Structure of Acid Black 1, for dying textiles (drawn on chemdraw) 

1.5.1.3. Gas waste 

Due 

The 

Due 

1.5.2.  Current approaches for textile waste disposal 

1.5.2.1. Landfill 

In 

 

 

 

Table 1.5. Tonnes of textile waste sent to landfill per country per year 

Year/Textile USA UK Italy  China  Global  

1980 2104669 
    

1990 3873679 
    

2000 5697120 
    

2005 6867388 180000 
   

2010 8073944 
    

2012 
 

350000 
 

20000000 
 

2015 9561727 
 

266948 
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2016 
 

300000 
   

2017 10115110 
  

26000000 92000000 

2018 10251188 206000 465925 
  

 

1.5.2.2. Recycling natural and synthetic fibres 

Polyethylene 

The 

Recycling 

1.5.2.3. Incineration 

Incineration 

This 

1.6. Pyrolysis process 

Pyrolysis 

Currently, 

Pyrolysis 

1.6.1. Types of pyrolysis  

There 

Slow 

Fast 

Flash 

Both 

1.6.2. Pyrolysis of textiles and biomass 

Textile 

Cotton, 

Table 1.6. Parameters for the pyrolysis of cotton textile waste 

Pyrolysis Heating Products Reference 

700 10 74 wt.% oil 

13.5 wt.% gas 

12.5 wt.% char 

[183] 

600 5 29.49 % oil [196] 
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54.26 % gas 

16.25 % char 

500 300 16 % char [197] 

 

Catalytic 

Polyester, 

Other 

Another 

It 

1.7. Catalysts; synthesis, uses and supports 

All 

Catalysts 

Catalysts can be classified as either heterogeneous or homogeneous depending on the 

phase of the reaction. As illustrated by Figure 1.18, heterogeneous catalysts are typically 

solid and used in a liquid or gas reactions whilst homogeneous catalysts can be liquid or gas 

and are used in either liquid or gas reactions respectively.  

 

 

Figure 1.18. The difference between a heterogeneous (two phase) and homogeneous (one phase) 

catalyst [204] 

According to surface adsorption theory, as shown in Figure 1.19, catalysts follow five main 

stages of reaction: 

Stage 
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Stage 

Stage 

Stage 

Stage 

 

 

Figure 1.19. Schematic representation of the steps of surface adsorption theory [205] 

A 

1.7.1.  Common active metals for catalysis  

The 

Group 

Nickel 

As 

Bimetallic 

Copper 

1.7.2.  Catalyst support structures  

Catalysts 

Zeolites 

Cobalt 

An 
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Carbon has been studied as a catalyst support due to the large specific surface area, ease for 

chemical functionalisation and ability to have metal nanoparticles imparted on the surface. 

Depending on the pore size of carbon they can be microporous, mesoprorous or 

macroporous, which can be utilised to adapt the material to the correct dimensions. Figure 

1.20 shows the difference between microporous, mesoporous and macroporous. Carbons 

have crystalline structures but this is short-range and lacks stacking direction. Carbon 

nanotubes are promising options for templates of metallic nanoparticle deposition to form 

architectures appropriate for supports of heterogeneous catalysts. Carbon aerogels have 

been developed from the nanostructured carbons from carbonising organic aerogels from 

the sol-gel method. These have a tunable pore size, pore volume and surface area, 

depending on the processing and synthesis conditions. Carbon is also cheaper than alumina 

and silica supports, whilst maintaining tunability [219].  Carbon nitride was specifically 

studied as a catalyst support, due to its classification of being a wide band semiconductor. It 

is promising as a photosensitive catalyst material. It is also promising for the manipulation of 

defects which may act as active sites. However, further research proved the extensive 

synthesis steps and high processing costs, may prevent this becoming a widespread catalyst 

until further work can be undertaken [220].  

 

Figure 1.20.  Difference between microporous, mesoporous and macroporous materials [221] 
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Polymer 

1.7.3. Traditional heterogenous catalyst synthesis  

The 

1.7.3.1. Co-precipitation  

Co-

• constant pH and  

• variable pH 

The 

Choice of base is important as there may be reactions between the metal cations. For 

example, Cu2+ forms soluble complexes with aqueous ammonia meaning that Na2CO3 is 

more appropriate. The choice of metal salt provides potential poisonous anions. Nitrates are 

favoured as any nitrate anions are easily decomposed during calcination. Both chlorides and 

sulphates can cause surface retention on the catalyst. As different cations precipitate at 

different pHs it is important to ensure that cations are precipitated by the chosen base, as 

shown in Figure 1.21. This varies on the individual metal and the form of salt used. 

Therefore, for Ni it can be seen that for both hydroxides and carbonates a pH of around 8 

would be appropriate. Aging occurs where the dissolution and re-precipitation of the 

cations happens in the reaction. The precipitate is left in contact with the precipitating 

solution for longer than required. This can affect its crystallinity, performance and particle 

size. More aging will typically lead to a larger particle size.  

The 
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Figure 1.21. Different precipitation points for metal salts for co-precipitation at room temperature 

[224] 

1.7.3.2. Sol-Gel 

A 

• water to alkoxide ratio 

• number and nature of alkyl groups 

• size of the cation 

• the pH and  

• the temperature [224].  
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As shown in Figure 1.22, different drying conditions lead to different gel formations and 

each of these will have different properties. During the drying phase, care must be taken to 

ensure that the pores are not shrunk, which would reduce the surface area. The advantages 

of sol-gel include low thermal conductivity and good structural and textural stability, even at 

high temperatures [225]. However, even dispersion of the active material can become 

difficult. 

 

Figure 1.22. The process for creating sol-gel materials and the conditions required for producing a 

xerogel, aerogel and cryogel formation [226] 

Recent 

1.7.3.3. Deposition precipitation  

Deposition 

Deposition 

Deposition precipitation can be carried out using one of three procedures; 

• A precipitating agent is added to a support suspended in a solution of precursor of 

an active species 

• A solution of precursor is added to a suspension of a support in an alkali solution 

• A solution of a precursor in mixed with the alkaline agent to form colloidal 

compounds which are then brought into contact with the support.  

Deposition 
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Deposition 

When 

1.7.3.4. Impregnation  

Impregnation 

1.7.4.  Deactivation mechanisms of catalysts 

Whilst 

Poisoning 

Fouling 

Sintering 

Leaching 

Surface 

Attrition 

1.7.5.  Catalyst selection 

It 

As 

Co-

Therefore, 

1.8. Thesis aims and objectives  

This thesis aims to: 

• Study the effects of pyrolysis type, temperature, residence time and carrier gas 

presence on the products seen from the pyrolysis of different textile waste 

feedstocks. This will allow an understanding of the effectiveness of the use of 

pyrolysis to produce carbon containing gases for use in chemical vapour deposition.  

• Optimise the chemical vapour deposition process for the carbon containing gases, 

methane, carbon dioxide and carbon monoxide, produced through pyrolysis of 

different textile waste samples. This will consider the impact of reaction 

temperature, flow rate and catalyst type as well as the different textile waste 

feedstocks, on the rate of carbon deposition.  

• Determine the type of carbon deposited on the catalyst through chemical vapour 

deposition. Identification of the carbon type allows a greater understanding of how 
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to tailor the composite material to optimise the improved reinforcement seen in the 

mechanical properties of the carbon-epoxy composite.  

• Produce a composite containing a matrix and the produced carbon to determine the 

impact of increased carbon loading on the mechanical properties of the composite 

material. This will involve the use of bisphenol A and different wt.% of carbon 

loading.  

• Determine the effectiveness of this approach for the reinforcement of offshore wind 

turbine blades. Different mechanical testing will be required to determine this, as 

well as weathering tests so the longevity of the samples can be guaranteed. 

• Produce carbon nanomaterials from textile waste materials in order to augment the 

mechanical and physical properties of a composite material, which could be used to 

improve the performance of offshore wind turbine blades.   

  

Chapter 2 - Experimental methodologies 

  

2.1 Catalyst Preparation 

Depending 

Table 2.1. Mass of nickel metal salt needed for the preparation of catalysts 

Mass wt. Mass wt. Mass 

0.5g 70 % 1.7326g 30 % 2.0830g 

0.5g 80 % 1.9728g 20 % 1.3800g 

0.5g 90 % 2.2277g 10 % 0.6940g 

 

Catalysts 

The 

The 

The 



45 
 

2.2 Pyrolysis 

Pyrolysis 

A 

After 

The 

For 

Different 

2.3 Chemical Vapour Deposition  

Chemical 

A 

Further 

Due 
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Figure 2.1. (a) Reaction set-up for the CVD of carbon from a synthetic gas mix containing carbon 
monoxide, carbon dioxide, methane and hydrogen (b) schematic for the reaction set up 

2.4 Carbon composite 

The 

(A) 

(B) 
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Figure 2.2. 3D printed mould negative showing the dimensions of the composite sample 

For 

Table 2.2. Required masses of carbon for different epoxy composite compositions 

Sample Name Mass of carbon required (g) 

Pure epoxy 0 

3.5 wt.% carbon 0.619 

2 wt.% carbon 0.354 

0.5 wt.% carbon 0.088 

 

Once 

For 

2.5 Characterisation  

Characterisation 

2.5.1  Activity of catalyst 

The 

The 
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2.5.2  Gas Chromatography with thermal conductivity detector 

Gas 

A 

In 

Once 

2.5.3  Gas chromatography-Mass spectroscopy  

GC-

Gas 

Mass 

The 

2.5.4 Scanning Electron Microscopy 

Microscopy 

Scanning 

Samples 

2.5.5 Energy dispersive X-ray spectroscopy 

Energy 

Energy 

2.5.6 Transmission Electron Microscopy 

Transmission 

Transmission 

2.5.7 Thermogravimetric analysis (TGA) 

Thermogravimetric 

TGA 

TGA 

Sections 

2.5.8 Porosity and surface area (BET analysis) 

Porosity 

Before 

Brunauer-



49 
 

The isotherm for the surface area can be determined using the BET equation [266], shown 

as 1𝑥𝜌𝑜𝜌−1 =
1

𝑥𝑚𝑐
+

𝑐−1

𝑥𝑚𝑐
(

𝑃

𝑝0
)       

 Equation 1.  

1

𝑥[(𝜌𝑜 𝜌⁄ )−1]
=

1

𝑥𝑚𝑐
+

𝑐−1

𝑥𝑚𝑐
(

𝑃

𝑝0
)        Equation 1.  

Where: 

• X is the weight of nitrogen adsorbed (mg) 

• (po/p) is the given relative pressure  

• Xm is the monolayer capacity 

Monolayer capacity, and BET constant, are calculated from the isotherm plot, as depicted in 

𝑥𝑚=
1

𝑠+ⅈ
=

𝑐−1

𝑐𝑠
         Equation 2 

[267]. This defines the amount of adsorbate which is needed to occupy all adsorption sites 

as determined by both the chemical nature and structure of the adsorbent.  

𝑥𝑚 =
1

𝑠+ⅈ
=

𝑐−1

𝑐𝑠
         Equation 2.  

Where: 

• S is slope  

• I is intercept 

• C is BET constant 

Total surface area, St, can be calculated, using 𝑆𝑡=
𝑥𝑚𝐿𝑎𝑣𝐴𝑚

𝑀𝑣
    

      Equation 3 [266].  

𝑆𝑡 =
𝑥𝑚𝐿𝑎𝑣𝐴𝑚

𝑀𝑣
          Equation 3.  

Where:  

• Lav is Avogadro’s number 

• Am is the cross-sectional area of the adsorbate (0.162nm2 for nitrogen) 

• Mv is the molar volume (22414 mL) 
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Once the total surface area measurements have been calculated, the specific surface area 

can be calculated. This allows the calculation of the surface area that is related to the mass 

of the sample. Specific surface area, shown in 𝑆𝐵𝐸𝑇=
𝑆𝑡

𝑎
     

     Equation 4, is a comparable measure and allows 

samples to be compared in relation to surface area [268]. 

𝑆𝐵𝐸𝑇 =
𝑆𝑡

𝑎
          Equation 4.  

Where:  

• St is the total surface area (m2) 

• A is the mass of the sample (mg) 

Surface 

2.5.9 Fourier transform infrared spectroscopy (FTIR) 

Infrared 

Infrared 

Each 

Infrared 

The 

Fourier 

2.5.10 Powder X-ray Diffraction 

Powder 

All samples must be in powder form, ideally with a smooth, homogenous surface. Despite 

the sample appearing to be a uniform powder, there will be small variations in the 

orientations. A large quantity of crystallites with the desired orientation will allow for 

constructive interference with incidence rays. Constructive interference will lead to the 

diffraction pattern of the crystalline or amorphous sample. Bragg’s law, nλ=2ⅆsinθ 

         Equation 5nλ=2ⅆsinθ 

         Equation 5 explains how 

refraction angles are only observed when the interplanar distance is equal to an integer 

multiplied by the x-ray wavelength [271].  



51 
 

nλ = 2 ⅆ sin θ          Equation 5.  

where: 

• λ is the wavelength of the x-ray (nm) 

• n is the order of reflection  

• d is the interplanar distance (nm) 

• θ is the diffraction angle for the associated peak (o) 

X-ray diffraction uses an x-ray source, Cu radiation for all samples in this thesis, leading to 

photoemission to produce vacancies in core electron shells, similar to EDS. Each energy 

change brought about through outer shell electrons filling these vacancies produces an x-

ray. This emitted radiation is angled towards a monochromator, and passed over the 

powder sample. As the x-ray beam rotates around the sample, all constructive interference 

is collected. Once the diffractogram has been collected, a miller index can be used to 

determine the lattice planes, giving useful information on the structure of the crystalline 

structure. The miller indices will allow the determination of orientation of the crystalline 

structure, as well as identification of the sample. The crystallinity of a sample can be 

determined through the width of the observed peaks. A broader peak shows a more 

amorphous sample, whereas a sharp peak shows high crystallinity. This allows the 

determination of the structure of the sample, as well as the individual structures for each 

component.  

Once the diffractogram has been created, Miller Indices can be applied to display the atomic 

arrangements of the resultant materials. These are known as the hkl values, each relating to 

a different point on the axis of the cubic outline. For example (111) relates to fractional 

intercepts at 1,1,1 whilst (220) relates to ½, ½, ∞. The unit cell can be calculated through 

the addition of the miller indices and then fitted to certain rules. These can be attributed to 

peaks, allowing the cubic structure of the crystal to be identified. These can be one of seven 

crystal systems; cubic, tetragonal, orthorhombic, rhombohedral, hexagonal, monoclinic and 

triclinic, each having different axial lengths and angles. The lattice parameter of the sample, 

a, can also be calculated, which in turn can be used to calculate the lattice structure of the 

crystalline sample. This allows the size of the unit cell to be calculated as well as confirming 

the unit cell identification.  
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2.5.11 Dry ashing of the sample for trace analysis  

Ashing of the sample was carried out in a carbolite oven set to 600 oC with a heating rate of 

25 oC/min and a hold time of 3 hours. This was carried out in oxygen to ensure the 

combustion of all organic components. These conditions were selected based on standard 

usage, to make sure full combustion of organic components. There were no ashing agents 

added to the sample ensuring that the ash was available for further analysis without any 

contamination. Sample sizes of 1.543 g and 1.5943 g of the 91 % polyester 9 % lycra and 

cotton textile waste were analysed. The sample size selected was based on the size of the 

crucible used for this analysis. Once the samples had cooled and the ashes were weighed, 

they were measured again and the inorganic component contribution could be determined. 

The weight percent contribution can be applied to the elemental analysis to allow the 

determination of the contribution of oxygen to the sample.  

2.5.12 Inductively coupled plasma mass spectrometry (ICP-MS) 

Inductively coupled plasma mass spectrometry (ICP-MS) used Agilent 8800 ICP-MS to 

determine the percentage composition of the catalyst samples. ICP-MS analysis was carried 

out in both air and hydrogen atmospheres to account for the presence of oxides. Compared 

to the EDS analysis ICP-MS will determine the elemental composition of the whole sample, 

and not just the surface level. To digest the metal oxide for testing, a sample was digested in 

6 mL of aqua regia (4.5 mL HCl and 1.5 mL HNO3 (both high purity from Romil)) in CEM XP-

1500 plus vessels before being heated to 170 oC in a CEM Mars 5 microwave digestor 

following an alumina process where the samples underwent a 15 min ramp up to 200 oC 

with a power of 1600 W. Once the peak temperature was reached it was held for 20 min 

before cooling. The temperature and pressure were constantly monitored.  

Once the sample has been digested and is in solution, it is ionised through the plasma 

source, decomposing to the component elements and then into ions. These ions are 

skimmed from the plasma through the use of a skimmer, interference cones and extraction 

lenses. Off-axis ion lens are implemented to remove photons and neutral ions to reduce the 

background noise of the sample. Kinetic energy discrimination causes larger polyatomic ions 

to lose energy faster than analyte ions, removing these larger, less useful particles to be 

removed from the sample beam. The beam of ions travels into the quadrupole of the mass 

spectrometer and the ions are separated on the mass-to-charge ratio. This ensures that only 
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the selected ions will travel to the detector for analysis and reporting. Intensities of the 

detector signals are related to the number of ions formed in the plasma which reach the 

mass spectrometer detector. To ensure accurate quantification, external calibration using 

standards of the desired metals is carried out, in this case a nickel and aluminium standard 

(ROMIL Nickel 1000 ppm PrimAg and ROMIL Aluminium 1000 ppm PrimAg) were used.  

2.5.13 Elemental analysis (CHN) 

Proximate elemental analysis was carried out using a LECO Truspec CHN Combustion 

analyser, with a furnace temperature of 950 oC or the FISONS instruments EA 1108 CHN 

with the same furnace temperature. Sample sizes were between 50.00 and 60.00 mg. A 

weighed sample is dropped into a heated combustion furnace, combusting the sample. This 

converts any carbon, hydrogen or nitrogen in the sample to CO2, H2O and N2 respectively. 

These gases are carried through into the detector systems with an inert carrier gas. 

Independent IR detectors are used for the simultaneous detection of carbon and hydrogen 

whilst nitrogen is measured using a thermal conductivity detection system.  

Following analysis, the weight percentages of each element are given allowing the accurate 

comparison of the composition. Due to other contaminants within the sample, the use of 

filters, scrubbers and other absorbents are required to protect the internal mechanisms 

from damage. 

To determine the oxygen content within the sample, Equation 6 is used.  

Oxygen (%) = C(%) + N(%) + H(%) + Ash(wt))/10     Equation 6.  

Where; 

• C is the wt.% carbon  

• N is the wt.% nitrogen  

• H is the wt.% hydrogen  

• Ash is the weight of the ash produced through the combustion of the sample 
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2.6 Composite testing to determine mechanical properties  

2.6.1 Tensile strength  

A LLOYDS instrument EZ50 with a 50 kN load cell was used to carry out the tensile tests on 

samples. Nexygen plus was used to collect data for postprocessing. A load rate of 250 N/min 

was used. For the samples tested post-accelerated weathering a Testometric M350 10CT 

tensile tester was used with a rate of 2 mm/min.  

The Lloyd instrument EZ50 is a universal material testing machine, shown in Figure 2.3, 

allowing a range of tests to be carried out on it. A dumbbell shaped sample was inserted 

into the serrated grips. The sample was lowered into the lower clamp to ensure a secure fit 

in the machine. Once the sample was set up, a new batch measurement was set up using 

Nexygen plus software, allowing the required load and machine parameters to be set. The 

force seen from the machine was tared to allow the accurate measurement of the sample. 

Once the sample is placed under tensile strain, the machine loads the sample at the set load 

rate. Each material has a maximum load that it can withstand before failure occurs, and 

once this point is reached the test will end. This can be used to determine the Young’s 

Modulus of the sample, as well as to calculate the strength of the sample.  

 

Figure 2.3. (a) LLOYDS instrument EZ50 with a 50 kN load cell set up for tensile testing (b) schematic 
view of the LLOYDS EZ50 

Tensile testing allows the determination of tensile strength, the maximum load a sample can 

withstand whilst being stretched in plane. When the material is subjected to small stresses, 

(B) 
(A) 
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the atomic bonds are stretched; when the stress is removed, the bonds relax. This elastic 

deformation is reversible as the material can return to the original shape. At higher loads, 

the planes of atoms start to slide over each other, leading to permanent deformation, 

known as plastic deformation [272].  

Elastic strain leads to linear portions within the stress strain graph. When the stress 

increases towards plastic strain the plot will stop being linear and the strain will continue to 

affect the sample following the removal of the load. At the point between plastic 

deformation occurring, and the fatigue point being reached, both elastic and plastic strain 

contributes to the total strain experienced by the sample.  

During testing, the guage of the sample undergoes loading. After the initial maximum is 

achieved, all deformation will occur in a small region and continual elongation of the sample 

will be caused by propagation of the deformation region. Different materials will show 

different deformation patterns following the application of load. A brittle material will not 

start to deform, and will just shatter, whilst a more ductile material will form a neck.  

2.6.2 3-point bending 

A LLOYDS instrument EZ50 with a 50 kN load cell was used to carry out the three-point 

bending tests on samples. Nexygen Plus was used to collect data for postprocessing. A load 

rate of 100 N/min was used.  

The sample was carried out using the same universal material testing machine as described 

in 2.6.1, although for three-point bending tests the sample is horizontally supported on two 

points, 6 cm apart, with the load cell applying pressure in the centre of the guage. By 

controlling the load rate, the flexural properties of the sample can be determined. The 

deflection of the sample is measured as the load is applied, which can be used to calculate 

the flexural modulus. Varying parameters are measured, such as applied load, distance from 

the load cell and also time, allowing a full understanding of the effect of loading on the 

sample.  

The initial part of the resultant graphs shows the reversible deformation, occurring due to 

pressure applied, as a linear section. As the load increases, the elastic strain starts to overlap 

with plastic strain leading to irreversible deformation occurring. Once the plastic strain leads 
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to material fatigue, the material will fail. A sudden decrease is seen at the point of failure, 

determining the loading capacity of the sample.  

To ensure all results are comparable, the parameters need to be maintained. Therefore, the 

loading rate, position of the supports, length and width of the sample as well as cross 

sectional area of the sample all need to be maintained. Any defects within the material, 

such as air bubbles or micro-cracks, will lead to a reduced flexural strength.  

For isotropic, homogenous materials, the flexural modulus of elasticity will be equivalent to 

the Young’s Modulus, whilst inhomogeneous, anisotropic materials will not necessarily be 

comparable. Composite materials for example, contain combinations of materials which can 

lead to small variations in the loading strength. 

2.6.3 Accelerated weathering 

Accelerated weathering was carried out to ISO 12944-9:2018 standards using a QUV SE 

Spray with solar eye control with a fluorescent tube manufactured by QLab Corporation to 

determine the ability of a sample to withstand UV and weathering tests, mimicking external 

conditions [273]. The salt spray chamber used was a Liebisch S400 M-TR 400L with a 

domestic freezer that was adapted to run at -20 oC .ISO 12944-9:2018 is typically a test used 

to determine the effectiveness of coatings on a test sample, but can be adapted to test bulk 

materials, such as the epoxy and composite materials produced throughout this research.  

The accelerated weathering test process set was conducted in cycles, each lasting 168 

hours. The testing carried out considered four cycles to give a greater chance of 

degradation, and whilst accelerated weathering cannot be linked to real world applications, 

a better performance, for a longer time, would indicate a better performance. A UVA 340 

lamp used with a spectral wavelength range from 290 to 400 nm was used to apply UV 

radiation. Condensation was added through a heated water-tray, and condensation is 

ensured through the use of air cooling at the back of the samples. Cycles of UV exposure 

and condensation are carried out for three days at 4 hours for each with the UV period 

being carried out at 60 oC and condensation section being carried out at 50 oC. Following 

exposure to the UV and condensation cycle, the samples will undergo exposure to salt 

spray, produced by dissolving sodium chloride in a minimum of grade 3 purity water to 

produce a concentration of 50 g/L, and the pH of the solution adjusted so it falls between 
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6.5 and 7.2. This solution was sprayed onto the test samples at a continual rate for a further 

72 hours at ambient temperatures. The samples were then rinsed with deionised water 

before being exposed to low temperatures of -20 oC for 24 hours. For some samples, 

scratches can be applied to see how the internal structure is affected by the weathering. 

However, this is usually only done when the surface of the material is covered in a coating, 

so in the case of the produced samples, this is not necessary.  

Accelerated weathering can be used in conjunction with other mechanical tests to 

determine the effect of weathering, and corrosion on the mechanical properties of the 

sample selected. This is primarily selected to ensure that the weather resistance of samples 

can be compared through known parameters. Whilst these known, and controllable 

parameters can lead to comparable results, they can also be used to alter the atmosphere 

based on the environment that the sample material will be exposed to. This can involve 

changing the UV wavelength, increasing the temperature or increasing the low temperature 

region.  
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Chapter 3 - Pyrolysis, and 

characterisation, of textile waste 

  



59 
 

3.1 Background to the textile waste and characterisation approaches  

Alternatives to landfill for the disposal of textile waste have increased in popularity in order 

to limit the quantity sent to landfill, as well as to recover useful resources. Pyrolysis is an 

option that is increasing in popularity, with different types of textile giving differing product 

profiles. Pyrolysis occurs due to the thermal degradation of a feedstock causing bonds to 

degrade, producing gas, oils and leaving a char behind [186, 193, 194, 197].  By analysing 

both the unreacted, and reacted chars, the changes caused by pyrolysis can be mapped and 

the process can be adapted depending on the desired products. The pyrolysis of textile 

waste will also lead to the production of pyrolysis gas and oils, which can also be captured 

for further interest [198, 201]. Some lab-scale studies have considered catalytic pyrolysis 

[158, 201], but in the interest of this experiment only thermal pyrolysis is of interest, as it is 

a cheaper alternative, and catalytic pyrolysis did not improve the product yields 

significantly. Thermal pyrolysis is a more financially attractive process as it does not require 

the use of catalysts. 

Analysis was carried out on both the unreacted textile samples, as well as the resultant 

products. Initially thermogravimetric analysis (TGA) was used to determine the effects of 

thermal treatment on the textile waste, as well as providing the base temperature to start 

pyrolysis at. The TGA used a thermal gradient to fully decompose the material. During 

pyrolysis three main products were seen; chars, oils and gases. Gas chromatography (GC) 

was used to identify and quantify the gases produced. Whilst gas chromatography-mass 

spectrometry (GC-MS) was used for determining what liquid constituents were present at 

differing temperatures. The pyrolysis chars were analysed using scanning electron 

microscopy (SEM) alongside energy dispersive x-ray spectroscopy (EDS) to show the 

structures and elemental composition, which was supported by elemental analysis, whilst 

Fourier-transform infrared spectroscopy (FTIR) was used to identify bonding patterns, and 

how these change with the changes in pyrolysis temperature. Finally, nitrogen physisorption 

was used to determine the surface area and pore size and volume of both the chars and the 

unreacted textile waste.  

During pyrolysis, there were three proposed sampling methods; injection, peristaltic pump 

and carrier gas. Following experimentation, it was seen that both injection and peristaltic 

pump sampling led to increased nitrogen content in the gas output. It was decided that the 
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use of argon as a carrier gas, whilst potentially leading to some dilution, would be a more 

accurate representation of the gas composition, as all components should be reduced by 

the same amount.  

The textile waste samples were determined, based on the attached labels, to be 91 % 

polyester and 9 % lycra (Sainsburys TU clothing brand, leggings with a purple and grey dye) 

and 100 % pure cotton (The White Company, white bedsheets). The sampling method 

consisted of utilising waste clothing from the researchers. Pyrolysis of these textile samples 

will allow an understanding of the process by which the feedstock will influence both the 

gaseous products and the components seen within the liquid phase. The choice of feedstock 

will also influence the char porosity and physical properties, which will be determined 

through characterisation of each of the products formed through the pyrolysis of these 

waste textile samples. Two pyrolysis approaches were considered; slow and fast. Slow 

pyrolysis is also referred to as stepped pyrolysis in this study, where the sample was held at 

a set temperature for 20 minutes before the temperature was increased by 50 oC, as this 

gives a heating rate below 20 oC/min it can be referred to as slow pyrolysis [191, 192]. The 

fast pyrolysis, or as referred to in this research fixed temperature pyrolysis, was carried out 

at higher initial temperatures, with an increased heating rate of 49.5 oC/min, fast pyrolysis is 

seen to favour gas and oil formation over char development [182, 185, 187].  

3.2 Thermogravimetric analysis, and resultant kinetics, for different textile waste 

samples 

3.2.1 TGA analysis of 100 % Cotton textile waste 

The TGA data collected from cotton textile waste showed that the onset temperature was 

300 oC, as seen in Figure 3.1, before a steep weight loss section starting at 350 oC cumulating 

at 400 oC. This shows that there are no volatile materials, and minimal moisture in the 

sample, as can be seen through the one-step weight loss.  
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Figure 3.1. Thermogravimetric analysis curve for 100 % cotton sample 

The obtained TGA data allowed the calculation of different temperature points, which are 

calculated from changes in mass, these are presented in Table 3.1. Tonset is the point at 

which weight loss begins, and whereby pyrolysis will start to occur. Thl is the half-life where 

50 % of the mass is seen to have been lost, showing the midpoint of the reaction, as seen in 

Table 3.1, this is at 368.78 oC. The end point temperature, Tend, is calculated from the 

changes in mass, where the mass changes cease. From the mass remaining at Tend it can be 

assumed that the material is predominantly comprised of organic materials.   

Table 3.1. Thermogravimetric Analysis results of 100 % cotton 

Level Temperature (oC) Weight (%) 

Tonset 300 94.2 

Thl 368.9 50.0 
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Tend 693.5 4.8 

 

This data shows that a preliminary investigation into the effects of pyrolysis should begin at 

300 oC, as this is where primary weight loss step begins, although there is an initial weight 

loos at 100 oC which can be attributed to moisture loss. It would be expected that most 

activity would be seen in the region of 300 - 400 oC because this is where there is a clear 

weight loss step.  

Experimental data allowed the determination of the activation energy through the Kissinger 

method, which was found to be 19.18 kJ/mol. A limitation of the Kissinger method is that is 

assumes that the reaction is zero order, which can apply to this reaction as the rate is 

independent of the concentration. A greater initial mass of the cotton textile waste will not 

increase, or decrease, the rate of reaction. The DTG curves of the textile waste samples at 

different heating rates can be seen in Figure 3.2, there is one weight change step, with the 

greatest change in mass occurring for the 5 oC/min heating rate, whilst the 10, 15 and 20 

oC/min heating rates did not cause significant differences in the weight loss step. This is 

consistent with Figure 3.1, where there is a single degradation step seen. There is a slight 

secondary weight loss peak seen at around 440 oC, which as the first peak at 5 oC/min is at a 

lower temperature than the other three heating rates may show that there are in fact two 

weight change steps, which become one at the higher heating rates. As the peaks show 

negative % weight loss with time it can be seen that mass loss occurs with the increasing 

temperature. The weight loss step seen in Figure 3.2 lines up with the main loss in Figure 3.1 

which is expected, although it appears, that for the higher heating rates the mass loss DTG 

peak appears towards the end of the TGA weight loss step.  
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Figure 3.2. DTG curves for the different heating rates of 100 % cotton textile waste material.  

 

 

Figure 3.3. Kissinger plot for the determination of activation energy for 100 % cotton textile 
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The activation energy of the cotton textile waste was calculated using the slope of the 

Kissinger plot in Figure 3.3. The calculation of these points used the peak temperatures seen 

in the DTG plots, this further shows that the peak temperature of the 5 oC/min sample was 

lower than that seen for the other heating rates.  

3.2.2 TGA analysis of 91 % Polyester 9 % lycra textile waste 

TGA analysis was carried out on the polyester/lycra sample. Weight loss starts to occur at 

390 oC and a steep weight loss is seen from this point before termination at 475 oC, as 

displayed in Figure 3.4, similar to Figure 3.1, there is no evidence of volatiles within the 

sample.  

 

Figure 3.4. Thermogravimetric Analysis curve for 91 % polyester and 9 % lycra 

The specific temperature points are seen in Table 3.2. The final weight percentage seen at 

Tend shows a higher mass of ash compared to that seen in Table 2.2. This is attributed to a 

higher presence of inorganic matter within the sample. The polyester sample was dyed 
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whilst the cotton sample was not, this may have influenced the inorganic matter remaining 

after the thermal degradation of the samples. As dyes are predominantly synthesised with 

inorganic compounds, Section 1.5, they will lead to a greater presence of inorganic 

materials.  

Table 3.2. Thermogravimetric Analysis temperature results for 91 wt.% polyester and 9 wt.% lycra 

Level Temperature (oC) Weight (%) 

Tonset 390 94.5 

Thl 436.6 50.0 

Tend 761.5 14.3 

 

Based on the data seen, the initial pyrolysis temperature for pyrolysis exploration should be 

selected to be 390 oC, with most activity being seen between 390-490 oC. It is expected that 

the initiation temperatures will be higher for the polyester/lycra mix due to the higher bond 

enthalpies seen. This means the samples require a higher energy input to overcome these 

bonds, leading to the release of gases and oils.  

The activation energy of the polyester and lycra textile waste sample, 28.68 kJ/mol, was 

calculated through the same process as for cotton with the Kissinger plot shown in Figure 

3.6. DTG curves were plotted for the polyester material and were found to occur in one 

main weight loss step, although compared to Figure 3.2, there are other features within 

these, showing a more complex weight loss. These cannot be separated into peaks, even at 

5 oC/min and so it must be considered as a singular peak. The weight loss peaks seen in 

Figure 3.5 match the weight loss step seen in Figure 3.4. The peak temperature of the 5 

oC/min heating rate was seen to be 420 oC whilst the other three heating rates show peak 

temperatures around 440 oC, which similarly to that of cotton occurs nearer the end of the 

TGA weight loss step.  
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Figure 3.5. DTG plots for 91 % polyester 9 % lycra at different heating rates 

 

Figure 3.6. Kissinger plot for the 91 % polyester 9 % lycra textile waste sample 
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Following the identification of the kinetics for the pyrolysis of the polyester/lycra textile 

waste, the rates of the reaction can be seen, alongside the activation energy, these can be 

used to present an understanding of how well the reaction progresses with an increase in 

parameters. In this case, a higher heating rate affects the activation energy. The cotton 

sample has a lower activation energy than the polyester textile waste, this matches with the 

TGA data which shows that there is a weight loss curve earlier than that seen for the 

polyester textile waste sample.  

3.3 Gas chromatography to determine the concentration of gas products following 

pyrolysis of textile waste samples 

Gas chromatography was used to identify the gases produced following pyrolysis. Although 

they cannot be quantified in terms of volumes, they can be quantified in terms of 

percentage contribution. Therefore, it can be used to determine the relative concentrations 

of gases, allowing a comparison between different data sets. There were peaks seen for 

water, and some unknown materials, it is understood that these may be heavier chain 

hydrocarbons, such as ethane, or acetylene however, as these could not be accurately 

identified they were assumed to be negligible.  

3.3.1 Different sampling approaches for determining the gas 

concentration in a pyrolysis sample 

Initially no additional sampling approaches were implemented, and the evolved gases were 

allowed to flow from the reactor to the gas chromatographer, however this was seen to be 

inefficient and the sample could not be accurately ensured to represent the gas phase as 

accurately evolved. As it was important to determine how the gas phase varied with the 

reaction time, a different approach was required. The evolution of gases was important as it 

allowed the monitoring of the reaction progression, as well as allowing the determination of 

the length of time required to fully pyrolyse the sample.  

As stated in section 2.2 the three considered sampling approaches were direct injection, 

peristaltic pump and the use of a carrier gas; either nitrogen or argon. Due to a greater 

quantity of feedstock, these reactions were carried out on cotton textile waste at 400 oC 

with testing being carried out every 15 minutes. The key requirements for the ideal 

sampling approach are; 1) to allow regular testing to be carried out, 2) to prevent 
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contamination of the sample, and 3) to ensure a constant flow of pyrolysis gas to be 

sampled. To monitor these objectives, gas chromatography was used to identify the 

pyrolysis gases and to determine their relative concentrations.  

 

Figure 3.7. The effect on the gas sampling approach on the relative concentration of gases produced 

where (A) is the evolved gas (B) is the use of a peristaltic pump (C) is using a syringe and (D) is the 

use of a carrier gas, in this case Ar was used. The gas balance is made of the carrier gas. 

A gas syringe was used to take regular samples from the pyrolysis reaction. The needle was 

inserted into the outlet port of the reactor and a 10 mL sample was drawn, and injected 

directly to the injection loop, whilst the needle was left in situ. Following injection into the 

gas chromatographer, the presence of oxygen could be seen, indicating that this method led 

to the intrusion of air into the pyrolysis reaction, shifting the reaction from pyrolysis to 

combustion. This was therefore deemed to not be an effective approach for gas sampling. 

As seen in Figure 3.7, the nitrogen concentration following the use of a syringe is the highest 

for any approach. As nitrogen is not present in high proportions within the structures of the 

textile waste, it can be seen that this is an inefficient method for accurately sampling the 
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gaseous output of pyrolysis. The pierced tubing was replaced and the pyrolysis output was 

connected to the gas chromatographer, a peristaltic pump (Pharmacia Fine Chemicals 

Peristaltic Pump P-3) was connected to the outlet of the sampling loop to ensure that the 

gas was drawn into it. The pump was set to rotate clockwise with a speed of 500 rpm. The 

sample was injected as usual to the gas chromatographer, and it was seen that there was a 

large amount of nitrogen and oxygen. Therefore, it was concluded that these settings were 

too strong and were causing atmospheric air to enter the sample loop through the injector 

site. By reducing the rpm of the peristaltic pump, the peaks for nitrogen and oxygen 

decreased but were still present, Figure 3.7 shows the best results for all the samples.  

From this it was determined that a carrier gas may be suitable for transporting the evolved 

pyrolysis gases from the reactor to the gas chromatographer. Due to the nature of pyrolysis 

an inert gas was required so nitrogen and argon were suggested. These were selected as 

they were both high purity gases, which do not contain oxygen.A variety of different flow 

rates were explored, from 5 mL/min to 25 mL/min, with both carrier gases. At all the uses of 

nitrogen there was an increased nitrogen peak, which increased with the increasing flow 

rate of the carrier gas. Therefore, as the use of nitrogen as a carrier gas may mask the 

presence of nitrogen in the actual gas sample, it was discounted. Argon, the reference gas 

for the gas chromatographer, was used and saw no change in peak sizes, even with higher 

flow rates. As argon is the reference gas for the thermal conductivity detector, it is 

acknowledged that some sample dilution may occur. However, it was determined that as 

long as the flow rate remained constant, this dilution factor could be deemed to be 

negligible. At the higher flow rates of both argon and nitrogen the peak sizes were seen to 

be suppressed.  

Therefore, for accurate gas readings to determine how pyrolysis gases evolve with 

increasing time, a flow rate of 10 mL/min was determined to be the most efficient. This was 

decided as the 5 mL/min led to an unreliable loading showing that it was not strong enough 

to act as an efficient carrier gas. 10 mL/min was the lowest flow rate that would allow 

efficient transport of the evolved gases to the sampling loop. The lowest possible efficient 

flow rate was decided on to ensure that peak dilution was minimized. However, once the 

gas content was calculated, the percentage contributions were seen to be 100 ± 5 % 

showing that there was not a significant affect caused by peak dilution. For all pyrolysis 
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reactions a flow rate of 10 mL/min argon was used to ensure that all results were 

comparable. The use of a carrier gas can be seen to lead to a higher concentration of CO2 

being collected, which can be assumed to be an accurate representation of the gas 

produced through the pyrolysis of the textile waste, as this would be expected based on the 

structure of the cotton sample. The use of a carrier gas allowed for the production of 

accurate representations of the gases produced through the pyrolysis of textile waste. 

Interestingly hydrogen concentration is the lowest for the carrier gas approach, however 

this is to be expected based on the structure of the cotton textile waste, and the 

preferential formation of methane from these products.  

3.3.2 Gas products of pyrolysis of 100 % Cotton textile waste at 

different temperatures  

Pyrolysis of cotton at different temperatures produced different gas compositions. As 

expected from the TGA data, at lower temperatures there is minimal activity seen. With 

small amounts of hydrogen, carbon dioxide and carbon monoxide being seen at 300 oC, the 

proportions of gas produced increases with the higher temperatures, confirming the TGA 

that pyrolysis occurs at over 350 oC. Higher temperatures will lead to more gases produced 

as there is more energy to overcome the bond energies.  

 

Figure 3.8. Hydrogen production from the fast pyrolysis of 100 % cotton at different temperatures 
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As shown in Figure 3.8, there is a peak in hydrogen production, reaching 20 % at 25 mins at 

800 oC, before it decreases, whereas at other temperatures, the peak hydrogen formation 

occurs after 10 mins, in the initial pyrolysis zone. This might be due to the higher 

temperature requiring a longer heating time for the reaction to begin. The higher 

temperatures produced a higher yield of hydrogen, which is expected due to bond cleavage 

reactions.  

 

Figure 3.9. Nitrogen production from the fast pyrolysis of 100 % cotton at different temperatures 

Nitrogen production was seen to be lower than hydrogen, as seen in Figure 3.9, with a peak 

at 13.6 % produced at 650 oC after 25 mins. Whilst the maximum produced was seen at 650 

oC, the net highest yield was seen at 500 oC with a consistent concentration seen. The lower 

temperatures, 300 and 350 oC, were seen to not produce any nitrogen. These changes may 

be due to small quantities of atmospheric nitrogen trapped within the sample, or due to an 

incorrectly tightened gasket allowing atmospheric nitrogen into the sample. However, this is 

unlikely as all reactions were carried out in triplicate and nitrogen was seen to occur for all 

500 and 650 oC samples.  
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Figure 3.10. Carbon monoxide production from the fast pyrolysis of 100 % cotton at different 

temperatures 

Carbon monoxide was the second highest gas concentration seen, with a peak of 36.5 % 

after 10 mins at 800 oC. A high quantity of carbon monoxide was produced at 25 mins by all 

temperatures, showing that it is an easily produced gas. It would be expected that carbon 

monoxide would have a higher yield than carbon dioxide, due to the reduced atmospheric 

oxygen present in pyrolysis, however considering Figure 3.10, this is not the case. This 

increased prevalence of carbon dioxide is due to the lower enthalpy of carbon dioxide, 

meaning it is more stable and requires less energy to form. The higher yield seen at 800 oC is 

expected to follow the same pattern as the other high temperature process, where the 

feedstock is consumed by the higher temperature, meaning that the pyrolysis has a shorter 

run time.  

A consistent production of carbon monoxide is seen at 500 oC, despite seeing no conversion 

after 10 mins, considering Figure 3.10, it can be noted that carbon dioxide was seen to be 
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produced after 10 mins, although again at a lower concentration than may be expected. It 

can therefore be assumed that for these carbon oxygen gases, especially carbon monoxide, 

a greater energy is required to initiate bond cleavage for the formation of the expected 

gases.  

 

Figure 3.11. Methane production from the fast pyrolysis of 100 % cotton at different temperatures 

In literature, methane is the most effective feedstock gas for the formation of carbons. It is 

seen from Figure 3.11, that only temperatures of over 650 oC produced any significant 

methane. This was attributed to the higher bond enthalpy of C-H and O-H, meaning that 

more energy is required to release hydrogen. As higher temperatures provide more energy 

into the system, a higher pyrolysis temperature should allow a higher energy system, 

breaking the higher enthalpy bonds.  
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Figure 3.12. Carbon dioxide production from the fast pyrolysis of 100 % cotton at different 

temperatures 

A maximum of 50 % carbon dioxide was seen at 500 oC after 25 mins, Figure 3.12. Similar 

patterns are seen for 350 oC and 500 oC with a peak after 25 mins before decreasing as time 

increases. A very small amount of carbon dioxide is seen to be produced at 300 oC, this is 

attributed to the lack of thermal energy in the system. Carbon dioxide is produced 

preferentially to carbon monoxide, as it is seen to be more stable, and more desirable, 

whereas carbon monoxide is formed due to a lack of oxygen in the system.  

By changing the temperature of the system, the products produced can be altered to fit the 

desired outcome. Pyrolysis can be used to affect the changes desired from the products 

formed, just by altering the temperature the reaction is carried out at. The predominant 

species seen from cotton pyrolysis were carbon dioxide, carbon monoxide and methane. As 

these all contain carbon, they can all be reasonably assumed to be efficient feedstock gases 

for the formation of carbon.  
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Figure 3.13. The gas concentrations produced through the stepped pyrolysis of 100 % cotton textile 

waste 

The stepped pyrolysis of cotton textile waste, Figure 3.13, shows three main regions of 

gases produced; a carbon dioxide rich section between 350 and 350 oC, a carbon monoxide 

rich region between 500 and 600 oC and a hydrogen rich region over 600 oC. These regions 

are due to the higher availability of oxygen at initiation, whereas as the process progresses 

there is less oxygen available driving the change to carbon monoxide and then methane.  

There is variation seen from the fast pyrolysis compared to the slow pyrolysis, at 350 and 

400 oC the fixed temperatures showed a higher yield of carbon monoxide, and minimal 

carbon dioxide production. This variation could be due to the atmospheric presence of 

carbon dioxide within the sample, although this would be expected to come off at earlier 

temperatures. Therefore, it is likely to have evolved from the sample. As the temperature, 
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and time, increases so does the proportion of carbon monoxide in the sample. This is 

attributed to a reduction in oxygen seen from this point, favouring other forms of carbon 

containing gases, similar to incomplete combustion. Finally, at the higher temperatures, 

there is a greater yield of hydrogen seen, this is assumed to occur as the majority of 

accessible carbon has been reacted. There is also some evidence that cracking of the heavier 

pyrolysis oil can occur, as these would be a source of hydrogen, and further carbon, leading 

to the continued production of methane.  

3.3.3 Gas products of pyrolysis of 91 % polyester 9 % lycra textile 

waste at different temperatures 

Based off the TGA data collected, the initial pyrolysis temperature was selected to be 400 oC, 

with steps of 150 oC for fixed data and continuous stepped with steps of 50 oC. As evidenced 

throughout Figures 3.14 – 19, it is clear that pyrolysis of the textile waste is not efficient 

until 450 oC, with most gas production seen at temperatures of 500 oC and above.  
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Figure 3.14. Hydrogen generation from the fast pyrolysis of 91 % polyester 9 % lycra mix at differing 

temperatures 

Hydrogen is seen to only be produced at high temperature pyrolysis of the polyester mix. As 

shown in Figure 3.14, the highest yield of hydrogen is seen after 10 minutes at 800 oC, with a 

similar pattern seen at 600 oC, although at 600 oC there is a more consistent yield seen. Due 

to the structure of polyester and lycra, it is expected that due to the bond enthalpies, and 

potential cracking fragments, that a large amount of energy is required to release the 

hydrogen.  
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Figure 3.15. Nitrogen generation from the fast pyrolysis of 91 % polyester 9 % lycra mix at different 

temperatures 

Nitrogen levels were seen to be low throughout all polyester/lycra pyrolysis, which despite 

the presence of nitrogen in lycra, is to be expected. This is due to location of the nitrogen 

within the compound, a high energy level would be required to separate these, and they 

preferentially may remain in the oil phase. Any nitrogen produced can be attributed to dyes 

present within the sample, or trapped atmospheric nitrogen within the sample fibres. 

Comparing Figure 3.9 to Figure 3.15, it is clear that either cotton has a higher porosity which 

has led to nitrogen becoming trapped within the fibres, or that cotton has a higher initial 

nitrogen content.  
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Figure 3.16. Carbon monoxide generation from the fast pyrolysis of 91 % polyester 9 % lycra mix at 

different temperatures 

Carbon monoxide was seen to be produced more efficiently at higher temperatures, 

specifically 650 oC and 800 oC, although all temperatures produce carbon monoxide. As seen 

in Figure 3.16, the carbon monoxide is predominately produced at 25 minutes. Considering 

the structure of the polyester molecule alongside lycra, it can be seen that through 

fragmentation from thermal decomposition, the molecules can form carbon monoxide, 

especially at the higher temperatures.  
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Figure 3.17. Methane generation from the fast pyrolysis of 91 % polyester 9 % lycra mix at different 

temperatures 

Methane, was seen to have the highest yield at 800 oC with a consistent gas generation seen 

until 100 minutes. As shown in Figure 3.17, the formation of methane is steady before 

declining towards the end of the reaction. This shows that methane production is a stable 

process, and able to constantly be formed whilst feedstock remains. Due to the structure of 

polyester molecules, it is predominately made of carbon and hydrogen, meaning that 

methane should be preferentially produced. At 400 oC it is seen that there is minimal 

methane generated, this is in line with the TGA data, there is insufficient energy in the 

system to produce methane from polyester or lycra.  
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Figure 3.18. Carbon dioxide generation from the fast pyrolysis of 91 % polyester 9 % lycra at 

different pyrolysis temperatures 

Carbon dioxide, similarly to carbon monoxide, sees a higher yield at lower temperatures, 

compared to other gas types, as shown in Figure 3.18, there is significant production for 

most temperatures. This may be due to the lower bond enthalpy for C-O bonds, allowing 

these to be broken at lower temperatures, there may also be atmospheric carbon dioxide 

trapped within the fibres, although this does not account for the consistent production of 

carbon dioxide seen at 400 oC. The higher gas production of carbon dioxide over methane is 

due to the lower bond enthalpy of formation for carbon dioxide.  

At 800 oC there is less carbon dioxide formed than carbon monoxide, this may be attributed 

to the differences in stability and preferential formation. The predominant temperatures 
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that carbon dioxide was formed at were 450 to 650 oC, this shows that a mid-range 

temperature can be used for the production of carbon dioxide.  

 

Figure 3.19. The gas production from the stepped pyrolysis of 91 % polyester 9 % lycra textile waste 

materials 

Compared to cotton, the stepped pyrolysis of polyester/lycra mix produces a much higher 

yield of gases. There are two main regions in the stepped pyrolysis of polyester/lycra mix; 

one dominated through the production of carbon dioxide and carbon monoxide, and the 

other characterised through the increased production of hydrogen. As seen in Figure 3.19, 

the production of methane is constant through all temperatures, this is attributed to the 

constant formation of carbons, which preferentially form the carbon oxide gases. As the 

hydrogen levels increase, the carbon oxide levels decrease, this can be attributed to the loss 

of accessible carbon, leading to a reduction in the formation of methane, and promoting the 

production of hydrogen.  
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Atmospheric nitrogen is attributed to the higher yields seen at the lower temperatures, this 

is evidenced by the sudden decrease seen after 450 oC. Atmospheric nitrogen can become 

trapped in the fibres of the textile waste, even after flushing the sample with argon.  

 The stepped pyrolysis of polyester/lycra mix differs from fixed temperature, as methane 

concentrations are higher at increased temperatures. This implies that as time, as well as 

temperature, increases that the methane formed is consumed to produce other products. 

The highest yield of hydrogen is seen at 800 oC at fixed temperatures, and is only seen to be 

significant over 650 oC, this is in line with the data seen from the fixed temperature pyrolysis 

seen.  

Fixed temperature pyrolysis shows that carbon monoxide is produced earlier than carbon 

dioxide at higher temperatures, this is seen due to the earlier decrease in carbon monoxide. 

The reduction in carbon oxides can also be attributed to the consumption of accessible 

carbon from the feedstock. It should be noted that the fixed temperature pyrolysis only 

considers how a singular temperature influences the formation of gases rather than 

considering how increasing the temperature alongside time will influence them. Therefore, 

considering the variations seen in Figure 3.19, compared to those seen in Figures 3.14 – 

3.19, both temperature and time will allow for the control of desired products. There may 

also be variations seen due to the presence of pyrolysis oils remaining in the reactor, these 

can be further pyrolysed. This further pyrolysis can alter the gas concentrations seen from 

the stepped pyrolysis compared to that of the fixed temperatures. As heavier hydrocarbons 

would be seen in the oil samples, these could be pyrolysed in the reactor to release a 

greater yield of hydrogen. Temperature has a clear impact on the gases produced from the 

polyester/lycra feedstock. At higher temperatures, hydrogen production is favoured 

whereas for lower temperatures carbon dioxide formation is preferred.  

The pyrolysis of polyester/lycra mix produced a greater amount of gases, especially for 

carbon oxygen gases and methane, compared to the cotton feedstock. This means that for 

the production of carbon, it is assumed that the process will be more efficient using a 

synthetic textile compared to the natural cotton.  
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3.4 GC-MS of textile waste samples  

The collected oil samples were analysed through gas chromatography-mass spectroscopy. 

This was the only testing carried out on the oil samples. It was noticed that more oil was 

produced from the cotton pyrolysis samples, compared to that of polyester, which 

considering more gas is produced through the pyrolysis of polyester, the primary product 

of cotton pyrolysis could be attributed to the oils. The spectra produced through GC-MS 

analysis allowed the identification of compounds within the oil samples, these were 

categorised due to the most chemically active feature, allowing a comparison between 

different temperatures, as well as feedstocks.   

3.4.1 Pyrolysis oils produced from the pyrolysis of 100 % cotton 

The pyrolysis of cotton led to the generation of oils, typically mid to heavy weight 

hydrocarbons with any other materials that are not volatile enough for the gas phase.  

Table 3.3. Gas Chromatography-Mass Spectrometry data for pyrolysis oils produced through the 

pyrolysis of cotton textile waste at different temperatures 

Classification 

of compound 

Contribution (wt.%) of each classification at different 

temperatures 

350 oC 500 oC 650 oC 800 oC Stepped 

pyrolysis  

Aldehyde 3.4  3.4  3.2  2.0  3.6  

Ketone 17.2  13.8  17.9  19.8  19.9  

Hydrocarbon 16.1  11.5  11.6  8.9  6.0  

Cyclic  12.6  24.1  16.8  19.8  26.5  

Carboxylic Acid 18.4  8.0  17.9  11.9  15.7  

Nitrogen  11.5  11.5  10.5  10.9  13.3  

Alcohol  9.2  10.3  8.4  8.9  9.0  

Ester 2.3  0.0  3.2  5.0  3.6  

Other  9.2  17.2  10.5  12.9  2.4  
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The GC-MS data shows the primary class of molecule seen in the pyrolysis oils to be cyclic 

molecules, followed by ketones. These are to be expected based from the structure of 

cellulose, as with the addition of energy to the cellulose will allow the breakdown of the 

cyclic molecule. The resultant molecule can be further degraded into the gas phase 

components, or reform into the oils seen. Light phase oils will condense in the oil traps, 

whereas heavier oils may have remained in the pyrolysis reactor. These heavier oils may be 

further pyrolysed, or not been efficiently removed, this may shift the classifications and 

types of molecules seen within the oil.  

As less gas was seen to be produced, and there was a greater yield of oil seen, this indicates 

that a greater conversion to oil is seen rather than into the gas phase. This exemplifies that 

heavier molecules are seen from the pyrolysis of cotton, and that under thermal conditions 

cellulose will preferentially form these volatile, lighter compounds, and agrees with studies 

on pyrolysis of textile waste [195-197].  

There does not seem to be an influence of temperature on the compounds seen, although a 

general increase in oil formation is noticed in Table 3.3. It is worth noticing that the number 

of cyclic molecules is reduced at 350 oC compared to the other, higher, temperatures, 

meaning that the overall energy within the system for the production of these molecules is 

needed to be higher.  

Nitrogen containing compounds, primarily amines, can be associated with the reaction of 

cracked molecules within the reactor, with atmospheric nitrogen. It may also be an indicator 

that there were existing nitrogen containing compounds embedded in the textile waste, 

although as there is a consistent presence of nitrogen seen within the sample it may be 

possible that ammonia was used in the manufacturing process to treat the cotton fibres.  

Ketone formation can be expected due to the presence of glycosidic bond oxygen 

molecules, which will preferentially form ketones, aldehydes or esters. However, ketones 

will form preferentially as esters require acids to form, and due to the location of the 

oxygen atoms, ketones are more likely.  

Alcohol formation is probable due to the presence of OH- groups, following cracking of 

cellulose alcohols can form. These alcohols can be complex, or simple, and often were seen 
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to involve a cyclic molecule, where this occurred they were classified as alcohols as this is 

the active component.  

Aldehydes are a reportedly common product in the pyrolysis of cellulose based materials. 

Literature states that at temperatures over 300 oC the depolymerisation of the materials 

occurs, with simultaneous reactions running [274]. This contributes to the formation of 

unstable carbonyl and carboxylic groups. All products undergo further fragmentation and 

dehydration as well as breaks within the C-C linking beginning to occur, leading to the 

formation of aldehydes, acids and alkyl phenols. Any char material remaining over 380 oC 

undergoes demethylation and aromatisation forming methane, carbon monoxide and 

hydrogen. This can be used to understand the formation of the compounds seen in the 

pyrolysis oils.  

There are two main compounds seen throughout all samples; levoglucosan and benzoic 

acid. 5-methyl-2-furancaboxyaldehyde was seen in five of the six temperatures. 

Levoglucosan is a product of the pyrolysis of cellulose, and glucose, and is classed as a 1,6-

anhydro-derivative of beta-D-glucopyranose. Benzoic acid, typically seen as a pyrolysis 

product, is used in to produce antifungal preservatives, as well as an intermediate for the 

synthesis of benzoates. 5-methyl-2-furancaboxyaldehyde is used in fragrances, as well as a 

flavouring agent.  

Oil production can be seen to produce a range of materials which can be collected, 

separated and recycled. Common products can be expected independent of temperature, 

levoglucosan, benzoic acid and 5-methyl-2-furancarboxyaldehyde can all be seen 

throughout the oil samples. There does not appear to be substantial changes on the 

products seen with increases in temperatures, although the yield of oil does increase. 

Therefore, it can be assumed that the production of oil following pyrolysis is independent of 

temperature.   

3.4.2 Oil analysis of pyrolysis oils produced from pyrolysis of 91 % 

polyester 9 % lycra mix  

The GC-MS analysis of oils produced through the pyrolysis of polyester/lycra mix at different 

temperatures identified a range of different compounds that made up the oil. These were 

separated into categories based on the chemically active feature. The predominant class of 
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molecule seen was cyclic, followed by carboxylic acid and hydrocarbons, as seen in Table 

3.4.  

Table 3.4. Classification of classes of compounds seen following gas chromatography-mass 

spectrometry analysis of pyrolysis oils produced from polyester/lycra mix 

Classification 

of compound 

Contribution (wt.%) of each classification at different 

temperatures 

450 oC 500 oC 650 oC 800 oC Stepped 

pyrolysis 

Aldehyde 4  4  6.5  5.5  6  

Ketone 9.5  10  6  7  6  

Hydrocarbon 17  17.5  16  12  10 

Cyclic  22  22  24.5  26.5  26  

Carboxylic Acid 16  20  22  24.5  27  

Nitrogen  8  6  6.5  5  4  

Alcohol  9.5  10  5.5  6.5  6 

Ester 6.5  7  8  7  6  

Other  7.5  3.5  5  6  9  

 

The formation of cyclic compounds can occur through either the cracking of the larger 

polyester or spandex compounds to free the existing cyclic regions, or the reformation of 

aliphatic hydrocarbons into cyclic forms. As both lycra and polyester contain cyclic regions, it 

is expected that cyclic molecules will compose a large proportion of the compounds 

identified. There is a general trend that as the temperature increases, there is a greater 

proportion of cyclic compounds seen, this can be due to the increased temperatures leading 

to a raised incidence of the formation of cyclic molecules. A decrease for stepped pyrolysis 

can be attributed to a general reduction in the oil formation seen from stepped pyrolysis. 

This furthers the hypothesis that the pyrolysis oils produced, especially heavier ones, are 

further pyrolysed in the reactor, leading to less oil being collected for this run. The ‘other’ 

category was used for samples that did not neatly fit in the other classifications, this was 
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due to the presence of multiple functional groups which meant the compound has 

unpredictable behaviours.  

Carboxylic acids are formed from the cracking of polyester and lycra molecules leading to 

the formation of carboxylic acids. These can be simple compounds, or longer chain 

depending on where the molecule became cracked. Due to the repeated presence of O-C=O 

groups there is a high probability of the formation of carboxylic acids being synthesised 

during pyrolysis [274]. The production of carboxylic acids was seen to be constant over all 

temperatures, although there is a reduction in synthesis seen at 450 oC. This is unexpected 

due to the high levels within the other temperatures, although could be due to an increased 

formation of other compounds.  

Hydrocarbons are produced from the cracking of the hydrocarbon section of the polyester 

and lycra molecules. Polyester molecules contain an ethylene chain whilst lycra consists of a 

long aliphatic hydrocarbon chain. These can both be cracked at any point along the chain, 

leading to the formation of a variety of different length hydrocarbons. The hydrocarbons 

can also be formed through the cracking of benzene, although this only becomes likely at 

high temperatures. As the pyrolysis temperature increases, the long chain hydrocarbons can 

be further cracked into shorter chain, which is seen through the identification of the 

compounds within the oils.   

Nitrogen compounds, such as amines, are seen to be produced at a low rate. This is 

attributed to the presence of N-H groups that can be seen within the lycra. The higher yield 

of nitrogen containing compounds seen at 450 oC may be evidence that the nitrogen 

containing compounds are preferentially produced at lower temperatures [160]. The 

presence of dyes in the textile waste can further lead to the production of nitrogen 

containing compounds.  

As discussed in section 3.4.1, the temperature of a reaction can be used to control the 

products seen in the pyrolysis oils due to decomposition, dehydration and fragmentation. 

Compared to the cotton pyrolysis oils, there was a greater proportion of cyclic and 

carboxylic acid compounds seen, whereas cotton saw a higher overall yield for nitrogen 

containing structures, which is related to the structures of the textiles seen in Figures 1.10 

and 1.12. Similarly to cotton, all types of pyrolysis saw the formation of levoglucosan and 
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benzoic acid. There is also the presence of variants of benzoic acid seen. 4-methyl benzoic 

acid and 4-ethyl benzoic acid can both be employed in polymer synthesis, contributing to 

polymer stabilisation. The oils seen can be separated into the individual components for 

further use.   

3.5 SEM to determine the structure of textile waste and the influence of 

temperature on the structures and defects seen 

Scanning electron microscopy images were collected for each pyrolysis temperature, as 

well as for the original feedstock and stepped pyrolysis, giving information into the effects 

of temperature on the structure of the internal fibres of the textile waste sample.  

3.5.1 Pyrolysis char produced from of 100 % Cotton textile waste at 

various temperatures 

Scanning electron microscopy images for chars produced from the pyrolysis of cotton can be 

seen in Figure 3.20. The fibre sizes were measured using ImageJ software to determine the 

impact of the pyrolysis of the structure of the cotton waste. As the temperature increases, 

the fibres are seen to become more damaged, with a less ordered appearance. In 

comparison to this, the stepped pyrolysis material retains the structure of the fibres. This 

can be attributed to the slow pyrolysis, caused by the implemented heating rate from the 

stepped pyrolysis, leading to a greater preservation of char structure. This is due to the 

slower formation of gases, causing less strain on the fibres, therefore, causing less damage 

to the structure of the textile waste. As the temperature increases, the fibres are seen to 

become more damaged, with a less ordered appearance, in comparison to this, the stepped 

pyrolysis material retains the structure of the fibres. This can be attributed to the slow 

heating rate, leading to a greater preservation of char structure. This is due to the slower 

formation of gases, causing less strain on the fibres, therefore, causing less damage to the 

structure of the textile waste. The TGA and GC data shows that there is higher activity after 

350 oC, which corresponds to the increase in damage seen in the textile fibres. As discussed, 

the low heating rate of the stepped pyrolysis prevents damage occurring in the char 

produced, as seen in image f in Figure 3.20. The fixed temperature pyrolysis causes a fast 

temperature change within the fibres, this will lead to a fast production of gases, which will 

in turn lead to an increased strain on the fibres, causing the increased damage. As the fixed 

temperature increases the quality of the char decreases, this can be seen through the 
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increased damage to the fibres seen, which led to an increase in the brittleness of the char. 

This can be directly linked to the fast pyrolysis, and heating, of the textile waste, as the 

stepped pyrolysis, which had a top temperature of 750 oC, does not see the same damage. 

Therefore, the heating rate can be seen to have an influence on the quality of char 

formation, this means that the overall quality of the char can be changed through the 

alteration of heating rate. 

 

Figure 3.20. Scanning Electron Microscopy images on the chars produced from pyrolysis of cotton at 

different temperatures (a) raw cotton (b) 350 oC (c) 500 oC (d) 650 oC (e) 800 oC and (f) stepped 

pyrolysis char 

The diameters of the cotton fibres were seen to decrease from 17.50 µm for unreacted 

cotton, through to 9.03 µm for 800 oC, these were taken as an average from multiple 

measurements around the image. The diameter of fibre for stepped pyrolysis was 13.21 µm 

which was comparable to the 13.50 µm seen for pyrolysis char formed at 350 oC. These 

changes in diameter are associated with the increased damage to the fibres seen in Figure 

3.20. The greater damage leads to the fibres to fragment, creating thinner threads from the 

material bulk. There are small features that can be seen within the SEM images, these may 
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be remnants of paint, washing powder or other general wear and tear caused through the 

use of the textile. The features seen in the pyrolysed char were identified as flakes of oil that 

have embedded within the textile char following pyrolysis.  

It can be seen that the overall structure of the fibres is maintained and can be seen to be 

preserved, even when the fibres are damaged. This can be attributed to the manufacturing 

process, causing the individual cotton fibres into thicker cotton yarn. Once this is woven, the 

cotton yarn is tightly held in place. As cotton does not melt at high temperatures, the fibres 

can be seen to retain the structure from the unreacted cotton, image a in Figure 3.20 shows 

the original textile structure, and whilst the structuring gets looser, the fibres are still 

weaved together showing that the overall structure of the chars remains intact.     

3.5.2 Pyrolysis char of 91 % Polyester 9 % lycra mix textile waste at 

various temperatures 

The chars produced through the pyrolysis of the polyester/lycra mix can be seen in Figure 

3.21. ImageJ could only be used to measure the unreacted polyester/lycra mix, as after this 

there are no defined fibres.  

 

Figure 3.21. Scanning Electron Microscopy images of polyester/lycra mix chars produced through 

pyrolysis at different temperatures (a) raw polyester/lycra mix (b) 400 oC (c) 500 oC (d) 650 oC (e) 800 

oC (f) stepped pyrolysis of polyester/lycra mix 
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Once the feedstock is heated, the fibre structure is lost and the sample resembles melted 

plastic. At 400 oC, shown in image B in Figure 3.21, it can be seen that where the sample 

became liquid and then cooled following the reaction that there are holes. These holes are 

due to the release of gases from within the sample, and can be seen through temperatures 

between 400 oC and 650 oC. The features seen, such as those embedded within the char 

produced at 500 oC and 800 oC are due to oil becoming trapped within the char whilst both 

are still liquid. As the liquid char is cooling, the oil becomes trapped within leading to these 

features. At 400 oC and 500 oC there is evidence of gas leaving the char during the cooling 

phase, displayed through the holes and bubbles on the surface. These holes and bubbles 

show that the material is in a liquid form whilst the gas evolves. As there are none of these 

features visible for 800 oC and the stepped pyrolysis it can be seen to have a relationship 

with temperature, and lower temperatures will be more susceptible. At 800 oC there are no 

features seen, due to the high pyrolysis temperature, the polyester/lycra mix remains in a 

liquid state for longer, allowing any defects caused by the release of gas to be engulfed with 

the liquid feedstock.   

Stepped pyrolysis is seen to not have a smooth surface, although this may be a superficial 

coating. This may be caused by oil condensing within the reactor after the char has cooled 

and coating the char. The identified feature on image f in Figure 3.21, can be seen to reveal 

the expected smoother surface as seen in the fixed temperature pyrolysis, furthering that 

this is a superficial coating.  

 

Figure 3.22. Lower magnification image of unreacted polyester/lycra textile waste feedstock 

200µm 
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ImageJ analysis on the unreacted PE showed fibres of an average of 8.91 µm. The fibres 

appear more uniform that those seen in Figure 3.20 with the natural cotton fibres, which is 

to be expected from a synthetic material. A lower magnification image in Figure 3.22 shows 

that the polyester/lycra fibres are plaited, as opposed to the weaving seen in the cotton 

sample. This is due to the differences in manufacturing processes, and the requirements of 

the final product. In Figure 3.22 there are loose fibres that are not involved within the bulk 

material, these are caused through wear and tear during the life cycle of the textile.  

As both polyester and lycra melt at higher temperatures, it is expected that the intrinsic 

structure will be lost at heating, especially compared to that of the cotton sample. The chars 

produced by the pyrolysis of cotton will have fewer future applications that those produced 

by the pyrolysis of cotton, especially the stepped pyrolysis. However, this shows how the 

choice of textile material will allow the tuning of the products and for this research the gas 

phase is the product of interest.  

3.6 Energy dispersive X-ray spectroscopy for inorganic elemental analysis of char 

produced from textile waste pyrolysis  

Energy dispersive x-ray spectroscopy (EDS) was carried out in tandem with the scanning 

electron microscopy image collection. As the sample is placed on a carbon tape, there may 

be a higher reported value for carbon, which will affect the other samples as the 

proportions are given as wt. % of the total mass.  

3.6.1 Elemental analysis on chars produced from the pyrolysis of 100 % 

Cotton textile waste using EDS 

The EDS shows that as the temperature increases, the proportion of carbon in the sample 

increases. In Figure 3.23 there is a clear increase in carbon content from 48.8 wt. % at 350 oC 

to 73.7 wt. % at 500 oC. This may be due to the aforementioned carbon tape leading to a 

disproportionate carbon content, although it is expected due to the consumption of oxygen 

within the sample during pyrolysis.  
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Figure 3.23. Energy Dispersive Spectroscopy data analysis on cotton chars produced at different 

temperatures during pyrolysis of 49.5 oC/min 

Both the cotton char and feedstock are seen to be predominately carbon and oxygen rich. 

During the pyrolysis of the material, the carbon content increases in the sample. The 

stepped pyrolysis char contains the highest wt. % of carbon at 89.61 wt. %. This may be due 

to the higher final temperature causing a greater loss of other elements during the pyrolysis. 

The presence of silicone and sulphur seen in the char materials can be attributed to 

contaminants within the plates due to incorrect cleaning. They may also be due to the 

presence of oil flakes within the char, which were seen in some SEM images, as shown in 

Figure 3.20, as there is no significant, consistent, presence seen, they can be assumed to be 

negligible to the overall sample. As pyrolysis is carried out in the absence of oxygen, any 

available oxygen will be consumed preferentially. As the EDS data shows that the 
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proportions seen for 350 oC pyrolysis is similar to that of the unreacted cotton, it is further 

evidence, alongside the TGA and GC data that pyrolysis is inefficient at this temperature. 

This decrease in oxygen with increasing temperature is expected as the oxygen is consumed 

through the heating rate. A higher temperature leads to a greater consumption of oxygen 

from the textile and will affect the composition of the char.  

3.6.2 Inorganic elemental analysis on chars produced from the 

pyrolysis of 91 % Polyester 9 % lycra textile waste using EDS 

Similar to the trend shown in Figure 3.24, as the temperature of pyrolysis increases, so does 

the carbon content of the char. The pure feedstock is shown to have a higher starting 

carbon content, which due to the structure of polyester and lycra compared to cotton is to 

be expected.  

 

Figure 3.24. Energy Dispersive Spectroscopy analysis on chars produced from fast pyrolysis of 

polyester/lycra at different temperatures 
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As seen in Figure 3.24, there is a slow increase in the carbon content from 59.47 wt. % for 

the unreacted polyester/lycra mix through to 69.79 wt. % at 500 oC before a large jump to 

83.77 wt. % and 92.93 wt. % for 650 oC and 800 oC respectively. This change, whilst partially 

due to the presence of the carbon tape used to secure the sample, can also be attributed to 

the increased carbon content of the sample. As the pyrolysis temperature increases, oxygen 

will be consumed faster within the system, and there will be less remaining oxygen within 

the sample. Stepped pyrolysis had the highest carbon content at 93.05 wt. % meaning that 

proportionally there was less oxygen, although this is similar to that seen for char produced 

through pyrolysis at a fixed temperature of 800 oC. This shows that the higher final 

temperature has allowed a greater rate of consumption of the oxygen in the sample.  

The presence of aluminium that can be seen at the higher temperatures could be 

contaminants within the plate, or from the tools used to remove the sample from the 

reactor. It is unlikely to be from the produced oils or dyes, although aluminium can be used 

to ensure colour-fastness within textiles. As Figure 3.21 shows, the polyester/lycra 

feedstock loses the original structure and forms flakes of char, this shows the change in 

morphology which can be associated with the changes in the elemental composition. 

Through these structural changes, any atmospheric oxygen present within the fibres of the 

feedstock will be seen to be released, whilst the oxygen within the structure will remain as 

part of the char, albeit in small quantities.  

3.7 Fourier-transform infrared spectroscopy (FT-IR) for the determination of 

structural bonds comprising the structure of chars produced from the pyrolysis 

of textile waste feedstocks  

Fourier-transform infrared spectroscopy (FT-IR) analysis was used to determine the 

properties of the bonds seen within the chars, and original feedstocks. This allows a 

greater understanding of how the internal bonding of the chars is affected by the changes 

in heating rate and final temperatures.  

3.7.1 Structural properties of chars produced through the pyrolysis of 

100 % cotton textile waste 

FT-IR was carried out on the cotton chars to give information on the structure and bonding 

features seen. The plots can be seen in Figure 3.25, and show a reduction in the 
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transmittance range which shows that there are less features visible, and that the whole 

frequency passes through the sample without impediment.  

Based on the reported structure of cellulose, the expected peaks were identified in Table 

3.5. The bending and stretching vibrations mean that the same feature will lead to more 

than one peak. Bending vibrations occur due to a change in angle, whilst the stretching 

vibrations occur due to a change in bond length.  

Table 3.5. Table showing the expected peaks from cotton char Fourier-transform infrared 

spectroscopy [269]. 

Feature Wavelength (cm-1) Bending or stretching 

O-H 3550-3200 Stretching 

C-H 3000 - 2840 Stretching 

C-H 1450 Bending 

O-H 1390 - 1310 Bending 

C-O 1085 - 1050 Stretching 

 

 The pure cotton shows the greatest level of interaction with the infrared radiation, and 

allows the identification of peaks, and the relevant features. The first peak can be seen as a 

broad peak around 3320 cm-1 which is associated with O-H bonds which can are seen in the 

structure of cellulose, a second peak is identified at 2903 cm-1 which relates to C-H bonding, 

again these are present within cellulose. A peak at 1450 cm-1 is related to C-H bonds, around 

1250 cm-1 to 1100 cm-1 there are multiple peaks seen which relate to the C-O bonds seen in 

cellulose.  

At the fixed temperature 350 oC pyrolysis char, there is a decrease in transmittance seen, 

meaning there is less occurring within this sample. There is a shallow, broad peak seen at 

3350 cm-1 and 2490 cm-1 which reference O-H and C-H stretching vibrations. There is a 

strong peak around 1620 cm-1 which is related to C=C stretching bond, typically in an 

unsaturated ketone, followed by a broad peak at 1050 cm-1 which is associated with C-O 

primary alcohols. This shows that the bonding seen within the char changes with the 

increased pyrolysis temperature.
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Figure 3.25. Fourier-Transform Infrared Spectroscopy data carried out on cotton chars produced at different pyrolysis temperatures where the labelled 

bands relate to O-H bonding (A), C-H bonding (B), C=C bonding (C) and C-O bonds (D).  
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The transmittance remains low for all the fixed temperature pyrolysis chars, the 500 oC char 

showed shallow peaks at 3310 cm-1 and 2930 cm-1 which are associated with the O-H and C-

H stretching respectively. There is a distinct peak at 1700 cm-1 which is reported as the C-H 

bending in an aromatic compound followed by a peak at 1600 cm-1 which is related to the 

C=C stretching within the char. The 650 oC fixed temperature cotton pyrolysis char sample 

retains a broad, shallow peak at 3350 cm-1 relating to O-H stretching, with the next peak 

seen at 1600 cm-1 which is identified as C=C stretching. The final significant peak is seen at 

1170 cm-1 which is identified as C-O stretching for aliphatic ethers. At the highest fixed 

temperature pyrolysis, 800 oC, there is a broad peak seen at 3300 cm-1 relating to O-H 

stretching and a single peak at 1610 cm-1 related to the C=C stretching.  

Whilst consistent peaks are seen; in particular the O-H stretching and C-O stretching, there 

is a change within the internal structure as the fixed pyrolysis temperature changes. Initially 

the major change is the C=C peak around 1620 cm-1 showing a change in the bonding within 

the formed char, this peak remains visible throughout all the fixed temperature chars. It can 

therefore be assumed that during heating the cyclic structure is broken and bonds are 

reformed leading to the formation of C=C bonds.  

 Analysis of the stepped pyrolysis cotton char has peaks at 1048 cm-1, 1601 cm-1 and 3234 

cm-1 which are associated with CO-O-CO stretching, C=C stretching and O-H stretching 

respectively. This shows similarities with the chars produced at higher temperature 

pyrolysis. Although the presence of CO-O-CO stretching shows a difference in bond changes 

through heating, this variance can be attributed to the applied heating rate.  

3.7.2 Structural properties of chars produced through the pyrolysis of 

91 % polyester 9 % lycra textile waste 

The expected peaks for polyester/lycra can be seen in Table 3.6. These are identified from 

the bonding seen within the structures of the feedstock materials. The plots can be seen in 

Figure 3.26, showing a decrease in the transmittance of the char, due to a reduction in the 

bonding seen for the polyester/lycra pyrolysis char.  
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Table 3.6. Expected peaks for the Fourier-transform infrared spectroscopy of polyester/lycra chars 

produced at different temperatures [269].  

Feature Wavenumber (cm-1) Bonding or stretching 

C=O 1818 - 1650 Stretching 

C-O 1310 - 1050 Stretching 

C-H 3333 – 2695 Stretching 

C-H 1465 – 1380 Bending 

N-H 1650 - 1580 Bending 

C-N 1250 - 1020 Stretching 

 

These identified peaks can be used to determine the bonding seen within the char 

materials. For the pure polyester/lycra mix there is a sharp peak seen at 1710 cm-1 which is 

related to C=O bonding, with other peaks seen at 1240 cm-1, 1090 cm-1, 1020 cm-1 and 722 

cm-1 with a small, shallow peak seen at 2950 cm-1. These relate to C-O, C-N, an additional C-

N, C-H bond and a shallow O-H peak. It is worth noting that due to the sharp peaks seen for 

the pure polyester/lycra mix compared to the pure cotton, there is less hydrogen bonding 

present for polyester/lycra textile waste. This is expected due to the structures of these 

molecules, as well as the intramolecular bonding seen. At 400 oC fixed temperature 

pyrolysis, the transmittance of the char decreases and there are no significant peaks seen, 

this may be due to the nature of the char, which as seen in Figure 3.21 shows no structure, 

and has a visual appearance of being smooth with a shiny surface. This can interfere with 

the infrared, leading to an incorrect spectrum. Some peaks are seen for the char produced 

at 500 oC, although the transmittance is lower than that seen for the pure feedstock. Peaks 

are seen at 1680 cm-1, 1430 cm-1, 1280 cm-1 and 729 cm-1, relating to C=O, C-H, C-O and 

another C-H bond respectively. These show that the structure of the char still retains a 

similar structure as the unreacted feedstock. Visibly, the char produced at 500 oC was seen 

to be more matte than the chars produced at other temperatures, which explains why a 

spectrum could be seen. All other temperatures showed no significant peaks, and had a very 

low transmittance, which can be attributed to both the visual properties of the char, as well 

as the change in structure that is caused by the pyrolysis of the feedstock. This shows that 
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there are no significant bonds seen, or that it may be predominantly C-C bonds, which are 

notoriously difficult to accurately, and reliably, identify. 
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Figure 3.26. Fourier-transform infrared spectroscopy data for the chars produced at varied temperatures of pyrolysis of polyester/lycra textile waste where 

the labelled bands relate to O-H bonds (A), C=O bonds (B), C-O bonds (C) and C-H bonds (D)
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3.8 Elemental analysis to determine the CHN and oxygen content of chars 

produced through the pyrolysis of textile waste at different temperatures.  

The elemental analysis was carried out to identify the relative quantities of carbon, 

nitrogen and oxygen within a sample. This will allow an understanding of how the pyrolysis 

temperature will alter the structure, and composition of the char. This approach will only 

consider the organic elements through combustion, whilst the inorganics were determined 

through energy dispersive spectroscopy.  

3.8.1 Elemental analysis of chars produced through the pyrolysis of 

100 % cotton textile waste 

As seen in Table 3.7, the elemental analysis allowed the composition of the cotton chars to 

be determined. As the pyrolysis temperature increased, the carbon content also increased, 

from 43 wt. % for the unreacted feedstock, through to a peak carbon content seen at 500 oC 

with 81.6 wt. %, before a decrease is seen through to 71.9 wt. % at 800 oC. Considering the 

changes in bonding seen with increased temperatures in Figure 3.25, it is expected that 

there would be a greater carbon content as the temperature increased, as shown in Figure 

3.23. However, the elemental analysis that is shown in Table 3.7, is more accurate, and less 

likely to be affected by contaminants. There is an agreement that the carbon content will 

initially increase with higher temperatures, however, it may be that after a certain point 

there is an increased consumption of the carbon within the structure, to the point where 

the elemental composition changes, and starts to decrease. For the cotton pyrolysis chars 

produced at 800 oC and through stepped pyrolysis, the hydrogen content increases from a 

low of 2.15 wt. % at 650 oC to 4.52 and 4.58 wt. % at 800 oC and stepped pyrolysis 

respectively. This increase may be due to oils becoming embedded in the cotton char, 

leading to an increase in hydrogen seen. Nitrogen content is stable from the unreacted 

sample at 0.15 wt. % through to 0.13 wt. % for the 800 oC char before falling to 0.07 wt. % 

for the stepped pyrolysis char. This decrease shows that the nitrogen is intrinsically linked 

within the structure of the polyester chars and only decreases with slow heating rates.  
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Table 3.7. CHN analysis of 100 % cotton chars produced at different pyrolysis temperatures 

Sample Carbon 

content (wt.%) 

Hydrogen 

content (wt.%) 

Nitrogen 

content (wt.%) 

Oxygen content 

(wt.%) 

Raw cotton 43 6.52 0.15 49.21 

300 oC 100 % cotton 66.1 4.57 0.13 28.76 

350 oC 100 % cotton 72.5 4.86 0.12 21.40 

500 oC 100 % cotton  81.6 3.41 0.12 18.35 

650 oC 100 % cotton 78.5 2.15 0.12 17.44 

800 oC 100 % cotton 71.9 4.52 0.13 22.34 

Stepped pyrolysis  71.4 4.58 0.07 22.84 

 

As the stepped pyrolysis has a similar elemental composition to the char produced at 800 oC, 

this shows that despite a different in structure seen in Figure 3.20, the elemental 

composition is similar. As both these samples were heated to high temperatures, this 

implies that the higher temperatures lead to similar char composition.  

The oxygen content, calculated by difference, of the cotton char is seen to decrease initially 

with an increase in pyrolysis temperature, from 49.21 wt. % for the unreacted feedstock to 

17.44 wt% at 650 oC which is also seen in Figure 3.25, with a decrease in C-O and O-H bonds 

seen, supporting a similar decrease in the weight percent of hydrogen seen with the same 

temperature increase. At 800 oC the oxygen content increases to 22.34 wt. % with the 

stepped pyrolysis having 22.84 wt. % oxygen, this is again supported by Figure 3.25, with a 

peak for the O-H bonding being seen. This increase in oxygen is due to the reforming of 

alcohol groups from the deposition of oils and secondary pyrolysis leading to further 

reactions that were not expected. There is no increased bonding seen for C-O bonds 

showing that only the alcohol groups are reformed at the higher temperatures.  

There will be incombustible inorganics remaining within the sample following combustion 

using the LECO Truspec. This ash content produced can be used to determine the oxygen 

content using Equation 6. The ash content was found to be 1.11 wt. % following the ashing 

of a sample of 100 % cotton in oxygen, this represents the inorganic portion of the textile 

sample.  
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3.8.2 Elemental analysis of chars produced through the pyrolysis of 91 

% polyester 9 % lycra textile waste 

The elemental analysis of the polyester/lycra mix can be seen in Table 3.8. This gives 

information on how the pyrolysis process affects the char composition at different 

temperatures.  

Table 3.8. Elemental analysis of polyester/lycra mix chars produced at different pyrolysis 

temperatures 

Sample Carbon 

content 

(wt.%) 

Hydrogen 

content 

(wt.%) 

Nitrogen 

content (wt.%) 

Oxygen 

content 

(wt.%) 

Raw 91 % polyester 9 % 

lycra  

61.6 4.84 0.19 32.93 

400 oC 91 % polyester 9 % 

lycra 

85.7 4.02 0.90 8.94 

500 oC 91 % polyester 9 % 

lycra 

87.5 3.67 0.87 7.52 

650 oC 91 % polyester 9 % 

lycra 

88.5 3.25 0.9 6.91 

800 oC 91 % polyester 9 % 

lycra 

89.8 2.98 0.89 5.89 

Stepped pyrolysis 90 2.8 1.04 5.72 

 

As seen in Figure 3.24 and Table 3.8 and compared to Figure 3.23 and Table 3.7 the carbon 

content of the unreacted polyester/lycra textile waste is higher than that of cotton. This is 

expected due to the structures of both polyester and lycra. The hydrogen content is lower 

for unreacted polyester/lycra compared to that of cotton, which is expected due to the 

structure of cellulose compared to the PET and lycra. The ash content was found to be 0.44 

wt.% representing the inorganic content of the 91 % polyester 9 % lycra textile waste 

sample. Table 3.8 shows that with the increasing pyrolysis temperature there was an 
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increasing carbon content in the char material, with a significantly lower oxygen content 

when compared to the cotton char.  

3.9 Nitrogen physisorption, porosity and surface area of chars produced through 

the pyrolysis of textile waste at different temperatures  

The surface area and porosity of the chars were determined through the use of nitrogen 

physisorption. This allows an understanding of how the porosity and surface area of the 

char material is affected by different pyrolysis temperatures. The adsorption plots can be 

used to give information on the pore size of the material. Type I is seen for microporous 

solids, and is characterised by a concave shape for the relative pressure. Type II is seen for 

non-porous, or macroporous, materials, it is identified through a shallow ‘s’ shape. Type III 

indicates unrestricted multilayer formation and is seen where the isotherm is convex to 

the relative pressure, and is also associated with non-porous or macroporous materials. 

Both type IV and V are related to mesoporous solids, and are characterised with a 

hysteresis loop being visible when both the adsorption and desorption are plotted, 

although the adsorption is seen to a more defined ‘s’ shape. The final type is the VI which 

is defined by a series of steps, which correlate to the monolayer capacity for each 

adsorbed layer. Type VI are associated with uniform non-porous surfaces [275]. 

3.9.1 Porosity and surface area of chars produced from pyrolysis of 

100 % cotton textile waste 

The isotherms produced through the analysis of cotton chars at different pyrolysis 

temperatures are shown in Figure 3.27. It can be seen that the chars produced at fixed 

temperatures 650 and 800 oC as well as pure cotton, have similar adsorption patterns, 

showing that they will have similar porosity.  
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Figure 3.27. Absorption for the chars produced from pyrolysis of cotton textile waste at different 

temperatures of fast pyrolysis, from unreacted feedstock to 800 oC as well as the slow pyrolysis 

sample 

Figure 3.27 shows that the pure cotton, 650 and 800 oC pyrolysis chars can be assigned as 

type VI mesoporous, having pores larger than 2 nm but smaller than 50 nm, which is 

supported from the data seen in Table 3.9. Pure cotton and chars produced at 650 and 800 

oC do not fit the type VI mesoporous isotherm, Figure 3.28 shows these in more detail. They 

appear to resemble closest the type III isotherm, meaning a macroporous, or non-porous 

material, this means that there is a low surface area for these three samples. This is 

supported by the surface area seen in Table 3.9, but the pore size suggests a mesoporous 

material. Therefore, the isotherms can be assumed to show a visual indication of these 

properties, but need to be considered with the plotted data to be truly useful.  
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Figure 3.28. Offset adsorption isotherms for cotton chars produced through high temperature fast 

pyrolysis, as well as the unreacted feedstock 

Once the full adsorption and desorption have been plotted, BJH and BET equations can be 

applied to calculate the surface area, pore volume and pore size of the char. As seen in 

Table 3.9, there is an initial increase in surface area with the rise in temperature, from 5.89 

m2/g to 48 m2/g at 350 oC, although at 500 oC the surface area is still 38.94 m2/g. At 650 and 

800 oC the surface area decreases down to 3.89 m2/g and 3.50 m2/g respectively.  

The initial increase in surface area can be attributed to the reduction of weaker-bonded 

groups that are consumed, increasing the surface area [276]. The pore size is expected to 

decrease with increasing surface area, as a larger pore size implies a smaller number of 

pores on the material, whilst a smaller pore size will lead to an increase in the pore number, 

increasing the surface area. This is seen to be true, with a change from 19.12 nm for the 

unreacted cotton, before decreasing to 14.88 nm at 350 oC. The decrease of pore size with 

increased surface area can be associated with the loss of volatiles and moisture from the 
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surface of the fibres, this then produces a greater number of pores, which will be small in 

size. As the temperature increases further, the structure of the fibres becomes more 

damaged, as seen in Figure 3.20, causing the pores to collapse and connect, leading to the 

increased pore size.  

The stepped pyrolysis char, despite having a top pyrolysis temperature of 750 oC, has the 

highest surface area of 136.07 m2/g. As slow pyrolysis is seen to preserve the structure of 

the char, the surface area is expected to be high, as the loss of volatiles within the sample 

causes the increase of the surface area, however, at the higher temperatures, this structure 

is maintained. Therefore, the pore sizes are conserved. Comparing Figure 3.20 images e and 

f, the integrity of the stepped pyrolysis structure can be seen. The pore sizes given in Table 

3.9 are an average of the BJH plots, therefore it can be expected that there should be the 

presence of macropores due to the structure of the cotton char that can be seen in Figure 

3.20, there may be adsorption of nitrogen within the spaces between the fibres.  

Table 3.9. Surface area, pore size and pore volume calculated from the physisorption of nitrogen at 

different temperatures on chars produced through the pyrolysis of cotton at different temperatures 

Temperature 

condition 

Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

Pure cotton 5.89 ± 0.10 0.025 19.147 

300 oC 36.42 ± 0.22 0.130 12.337 

350 oC 48.21 ± 0.22 0.179 14.883 

500 oC 38.94 ± 2.08 0.050 18.465 

650 oC 3.89 ± 0.25 0.024 29.367 

800 oC 3.50 ± 0.09 0.032 27.732 

Stepped pyrolysis 136.07 ± 4.82 0.078 11.452 

 

The pore volume will typically increase with an increased surface area, and with an inverse 

relationship to the pore size. At the higher temperatures of 500 to 800 oC the decrease in 

pore volume can be due to collapse of pores due to the damaged fibres, this will couple with 

the pore size increase as the pores will become shallower yet have a larger opening, 

explaining the lower surface area.  



110 
 

3.9.2 Porosity and surface area of chars produced from pyrolysis of 91 

% polyester 9 % lycra textile waste 

The porosity of the polyester chars did not seem to change with temperature, with a low 

porosity seen for the unreacted material as well as the chars formed (Figure 3.29). For the 

chars produced at pyrolysis temperatures over 450 oC there was no adsorption seen, which 

is to be expected due to the structure of the textile. As the sample is heated up, the highly 

synthetic content starts to melt, producing a pore-less material. Figure 3.21 shows the 

surface of the char sample, and from 500 to 800 oC there are no significant features so there 

was no measured physisorption of nitrogen leading to no measured surface area. The 

stepped pyrolysis char shows some surface texture which could allow the adsorption of 

nitrogen on the surface of the char. Therefore, it can be seen that the initial structure of the 

textile waste can influence the surface area of the resultant char. As the polyester material 

is synthetic, and polymer based, the resultant char acts like a melted plastic, which in turn 

limits the porosity of the sample.  
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Figure 3.29. Adsorption isotherm for polyester textile char samples following pyrolysis at different 

temperatures 

The chars produced through the pyrolysis of polyester/lycra textile waste showed limited 

porosity, based off the adsorption of nitrogen on the surface. This may be due to the nature 

of the polyester/lycra fibres, which were seen to be very smooth which will limit the 

physisorption of nitrogen. This translates to a reduced surface area as the pyrolysis 

temperature increases, Table 3.10, which is due to the decreasing pore size as the polymer 

fibres begin to melt. As the polyester/lycra starts is heated, the fibres are seen to melt and 

the surface area decreases from 9.21 m2/g for the unreacted polyester/lycra sample, to 5.93 

m2/g for the 400 oC pyrolysis temperature, whilst the pore size does increase by 1 nm in this 

temperature range. This may indicate that as the temperature of the pyrolysis increases, 

extra pores may become visible as the surface coating is melted off. This change may be 

related to a sampling issue, whereby the sample has broken revealing internal air bubbles 

formed during the pyrolysis of the char. These air bubbles may lead to the increased surface 

area of 7.46 m2/g for the char produced at 450 oC. All the char samples for the 



112 
 

polyester/lycra textile waste samples can be seen to had a much lower surface area at the 

same pyrolysis temperature. The unreacted polyester/lycra sample does have a higher 

surface area compared to that of the cotton, which may be due to defects seen within the 

surface of the polyester/lycra fibres.  

Table 3.10. Surface area, pore volume and size for the physisorption of nitrogen at different 

temperatures on chars produced through the pyrolysis of polyester at different temperatures 

Temperature 

condition 

Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

Pure PE/lycra sample 9.21 ± 3.56 0.012 15.035 

400 oC 5.93 ± 0.88 0.012 16.306 

450 oC 7.46 ± 2.02 0.013 12.218 

Stepped pyrolysis Bulk Bulk Bulk 

 

The physisorption of nitrogen on the stepped pyrolysis char sample produced an isotherm, 

but the calculations could not be applied due to the bulk nature of the material. There was 

no accurate approach to calculate these methods which means that it is assigned as a bulk 

material. As the samples between 500 and 800 oC showed no adsorption isotherm they can 

also be assumed to have bulk properties for surface area, pore volume and pore size.  

3.10  Conclusions 

The pyrolysis of textile waste gives three products; gas, oil and char. Following analysis, it is 

clear that the temperature of pyrolysis will affect the quality of the products, as well as the 

original feedstock. Depending on the desired products, these parameters can be altered. As 

the fixed temperature of the pyrolysis increased, the char yield was seen to decrease with 

an increased production of oil.  

For cotton, the main gas that was produced through any pyrolysis temperature were the 

carbon dioxide and monoxide gases, which based on the ultimate elemental analysis is to be 

expected. Although the higher temperature pyrolysis does favour a greater production of 

hydrogen and methane compared to the lower temperatures, with the highest hydrogen 

yield of 20 % seen at 800 oC and 18 % methane at 650 oC. The stepped pyrolysis showed 

three clear regions; carbon dioxide rich between 350 and 350 oC, carbon monoxide rich 
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between 500 and 600 oC and hydrogen rich over 600 oC. Although, it is expected that at the 

higher temperatures there is a secondary pyrolysis of the produced oils occurring, as the 

heavier pyrolysis oils will remain within the reactor. For cotton pyrolysis oils, there is no 

significant change in the proportions of the classification of molecule seen, with cyclic 

molecules having the highest contribution independent of reaction temperature, and all the 

oils contained levoglucosan and benzoic acid. Therefore, it can be assumed that an 

alteration of the temperature will not significantly affect the oil production at lab scale.  

The chars formed from the pyrolysis of cotton textile waste showed that temperature will 

have a significant impact on the structure, and composition of the char. At higher 

temperature fixed pyrolysis, there is visible damage to the fibres, and the importance of 

applying a heating rate on the conservation on structure, and surface area is clear. The 

cotton chars also show the relationship of temperature with the surface area of the fibre. As 

volatile components decrease and the carbon content initially increases so does the surface 

area and pore volume whilst the pore size decreases. Although stepped pyrolysis, as an 

example of slow pyrolysis, maintains the structure of the char, as well as increasing the 

surface area from the unreacted material. The surface area for the unreacted cotton was 

5.89 ± 0.10 m2/g which increased to 136.07 ± 4.82 m2/g for the stepped pyrolysis char. 

Considering the Fourier-transform infrared spectroscopy on the cotton chars, the bonding 

changes with an increase in temperature. From the 350 oC pyrolysis and upwards there is 

the presence of C=C bonds, which was not seen in the presence of the unreacted material, 

or the structure of cellulose. Therefore, it can be assumed that the cyclic cellulose regions 

are broken with the application of heat, to reform into C=C bonds. It is unknown the extent 

of this change within the overall structure of the material.  

The TGA data showed that pyrolysis would start from 350 oC for cotton textile waste which 

was confirmed following experimental investigation. There was no significant gas formation 

below 350 oC, as exemplified by the stepped pyrolysis, although the char will be affected by 

the temperature, pyrolysis of the sample will not occur. The polyester/lycra mix was seen to 

require a higher temperature for the pyrolysis to occur, at around 400 oC, this is due to the 

stronger bonds within the sample, requiring a greater energy to overcome. This was 

confirmed by both the TGA and gas chromatography readings, as well as the higher 
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activation energy seen for the polyester/lycra sample compared to that of the cotton 

sample.  

Due to the nature of polyester and lycra, it was expected that both would melt once heated 

rather than form a porous material, and this was shown in Figure 3.21. The initial structure 

is lost as soon as the sample is heated to 400 oC and above, this is seen in stepped pyrolysis 

as well. The Fourier-transform infrared spectroscopy showed that the polyester/lycra chars 

retained minimal bonds, although this may be due to the surface of the polyester/lycra char 

reflecting the infrared beam rather than internal bond changes. There appears to be C-N 

bonds seen within the unreacted feedstock, which are then lost during pyrolysis, showing 

that the C-N bonds are the first to be lost during pyrolysis.  

The carbon content of the unreacted polyester/lycra material was higher than that of 

cotton, 61.6 wt. % compared to 43 wt. %, which is expected due to the structures seen. This 

can be seen in the dominance of carbon containing gases; methane, carbon dioxide and 

carbon monoxide. The polyester/lycra textile waste sees a similar pattern to that of cotton, 

where there is an increase in carbon content within the chars as the temperature increases. 

Whereas the cotton carbon content decreases past 500 oC, the carbon content of 

polyester/lycra mix is seen to plateau after a certain point, without decreasing. This may be 

due to the higher initial carbon content forming the skeleton of the polyester structure 

which cannot be removed even with increasing temperatures.  

The oil formation from the pyrolysis of polyester/lycra mix is seen to be predominately 

cyclic and carboxylic acid molecules, with a similar content of each classification for each 

temperature, meaning that similarly to cotton, there is no significant impact on oil 

production through the changing of temperature. It can be seen that based on the individual 

structures of both polyester and lycra alongside cotton, that certain products can be 

controlled with changing temperatures. For example, if a high yield of carbon dioxide or 

monoxide gas is required, then a higher fixed pyrolysis temperature of cotton is required, 

which is turn will lower the surface area of the char produced. If a high surface area char is 

required then a slow pyrolysis approach should be used.  
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Chapter 4 - Production, and optimisation, 

of carbon using catalytic chemical vapour 

deposition   
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4.1 Introduction  

The formation of carbon was carried out using chemical vapour deposition over a nickel 

catalyst to produce a carbon deposition layer. Different parameters were selected, and 

explored to promote the synthesis of carbon. The pyrolysis temperatures of the cotton and 

polyester/lycra feedstocks were varied, alongside the chemical vapour deposition 

temperature and carrier gas flow. The nickel catalyst was selected due to literature showing 

an increased yield for the production of carbon nanomaterials [82, 85, 91, 99] although 

selectivity was low with nanofibers, nanotubes and graphene seen to be produced. The 

catalyst was synthesised as set out in section 2.1 before being tested using x-ray diffraction 

to determine the crystallinity of the sample, as well as the lattice structure, which was 

supported from transmission electron microscopy.  

Scanning electron microscopy allowed the topography of the catalyst to be explored whilst 

the energy dispersive x-ray spectroscopy showed the inorganic composition of the catalyst, 

allowing the surface loading to be determined whilst inductively coupled plasma 

spectroscopy was used to determine the total metal content. The porosity and surface area 

were determined through nitrogen physisorption. The SEM images were used to measure 

the catalyst particle sizes, to determine the uniformity of the synthesised catalysts and to 

visualise how the catalyst clusters formed. Once the catalyst was characterised chemical 

vapour deposition was used to produce carbon nanomaterials. The process was optimised 

to ensure that the maximal carbon yield can be seen from the carbon containing gases 

produced from the pyrolysis of the textile waste. 

Literature shows that small carbon chains are the most effective for the production of 

carbon through chemical vapour deposition [86, 92, 93, 104] with the presence of hydrogen 

increasing the yield of carbon nanomaterials. Therefore, the gases produced through the 

pyrolysis of textile waste can be used to produce carbon. As a control sample, pure methane 

was used to synthesise carbon over the nickel catalyst, the structure of the resultant carbon 

nanomaterials was compared to the structures produced from the CVD of the textile waste 

pyrolysis gases. Following carbon synthesis, the produced carbon nanomaterials were 

characterised. The samples underwent X-ray diffraction to determine if the carbon was 

amorphous or crystalline, and to see if the catalyst material was altered during CVD. The 

surface area and porosity of the carbon was investigated using nitrogen physisorption, this 
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will give information into the future applications, and how well the carbon will impregnate 

an epoxy matrix. Scanning electron microscopy showed the structure of the produced 

carbon, with higher resolution images being produced through transmission electron 

microscopy (TEM), allowing the identification of the type, or types, of carbon nanomaterial 

produced. TEM can also be used to determine the growth type of the carbon on the metal 

catalyst. Where possible the carbon nanostructures were measured using ImageJ software 

to give detailed information on the structure.  

It is worth noting that a methane control sample was produced, this has been referred to in 

the text as ‘methane sample’. As stated in literature [53, 62, 69] methane gives the highest 

quality carbon nanomaterials and so was used as a reference for the textile waste carbon 

nanomaterial samples.  

4.2 Nickel alumina catalysts used for catalytic chemical vapour deposition  

It was decided that a nickel alumina catalyst would be the most efficient for the formation 

of carbon from the carbon containing gases. It was determined that a metal loading of over 

70 % would be the most efficient for this conversion and so theoretical loadings of 70 % Ni, 

80 % Ni and 90 % Ni with the remainder being alumina. A higher metal loading should allow 

a greater activity to be seen, in this case this would allow a better yield of carbon. Ni and Al 

nitrate salts were selected to limit the contamination that can be caused by chloride salts 

due to the preferential binding. The solubility of nitrate salts is high enough to prevent 

residual nitrates within the sample.  

4.2.1 X-ray diffraction of nickel catalysts 

Once passivated, and fully dried, the catalysts were analysed using x-ray diffraction. This 

allowed the degree of crystallinity to be identified, as well as to determine if the nickel 

metal had oxidised during the synthesis. Figure 4.1 shows that the catalyst has a majority 

crystalline nature, exemplified by sharp peaks, if the sample were amorphous then the 

peaks would be broad. The individual peaks seen were identified as nickel and alumina [277, 

278].  

Despite x-ray diffraction not being a quantitative method, the intensity can be used to 

determine if the proportions change. As can be seen in Figure 4.1 the 70 % nickel sample 

has clearer alumina peaks when compared to the 90 % nickel sample. This is caused by the 
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relative intensity of the nickel peaks increasing, and those for alumina decreasing. Electron 

diffraction was used to confirm the crystal structure of the catalyst. The planes of the crystal 

showed the (111) (200) and (220), confirming the presence of the Ni metal and the (312) 

plane for the alumina was also seen. The (525) plane for the alumina cannot be seen, this 

may be as the predicted distance from the centre of the electron beam to the (525) point 

would be greater than that imaged.  

Scherrer equation is used to determine the crystallite size as seen in Equation 7. 

τ =
Kλ

βcosθ
            Equation 7.  

 

Where: 

• τ is the mean crystallite size 

• K is a dimensionless shape factor (0.89) 

• λ is the wavelength used in the XRD, in this case Cu is 0.1542 nm  

• β is the full width at half maximum, calculated through manual integration (radians) 

• θ is the diffraction angle for the associated peak (o) 
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Figure 4.1. X-ray diffraction and an example of electron diffraction for different metal loaded catalyst 

powders, metal loadings were seen to be 70 % Ni, 80 % Ni and 90 % Ni. The hkl peaks were assigned 

based off the ICDD’s PDF-2 2023 database. 
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Scherrer’s equation, equation 7, was used to determine the crystallite size for the catalysts 

showing that the average crystallite size for the 90 % nickel sample was 24.9 nm with 80 % 

nickel having an average crystallite size of 28.64 nm and the 70 % nickel sample having an 

average size of 30.35 nm. This shows that with the higher support content, there is a higher 

crystallite size, this is because the alumina is causing a greater level of agglomeration by 

surrounding the nickel nanoparticles. At the higher metal content, the catalyst crystallite 

size decreases, due to the higher metal loading and a reduced support structure content. 

Measurements taken from the TEM images confirmed these measurements, showing that 

the 90 % nickel had the smallest crystallite size, this is confirmed in Figure 4.4. 

4.2.2 Microscopy and elemental analysis of nickel catalysts 

Scanning electron microscopy was used to determine the microstructure of the catalysts, 

followed by energy dispersive x-ray spectroscopy to determine the inorganic elements 

present within the catalyst. This testing was carried out following grinding of the catalyst, to 

achieve a greater level of homogeneity of sizes, to ensure a greater level of consistency 

during experimental work. As can be seen in Figure 4.2, the particle sizes are not uniform, 

the 70 % and 80 % catalyst show some homogeneity within the sample whilst the 90 % 

nickel sample shows a mix of large and small particles. These were measured using ImageJ 

to determine the variance of size within the sample. The distribution of the length of the 

particles can be seen in Figure 4.3, where it is clear that there is a greater spread of particle 

sizes for the 90 % and 70 % nickel catalyst, with a standard deviation of 32.71 and 34.92 

respectively whilst 80 % nickel catalyst only had a standard deviation of 18.54. There were 

more particles seen through the analysis of 80 % and 90 % nickel catalysts, than that for the 

70 % nickel, this might be due to the human error in the grinding process, as well as the 

higher proportion of alumina in the catalyst. The most populous size of particle for the 70 % 

nickel catalyst is between 100 and 120 µm whereas the 80 % nickel catalyst has a mode size 

of 40 to 60 µm and for the 90 % nickel catalyst the most common size is between 20 and 40 

µm. Meaning that a large portion of the sample has similar particle sizes. The 70 % Ni 

catalyst has no overlap with the other catalysts, with the majority of the particles being 

between 70 and 150 nm. This larger particle size is likely directly related to the grinding of 

the post-reduction catalyst, however, it may also be due to the greater amount of support 

structure leading to agglomeration. 
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Figure 4.2. Scanning electron images of the catalyst at different metal loadings (a) 70 % nickel 30 % 

alumina (b) 80 % nickel 20 % alumina and (c) 90 % nickel 10 % alumina 

As can be seen in the higher magnification insert images shown in Figure 4.2, none of the 

catalyst particles are uniformly smooth. There are deposits of smaller particles on the 

surface of the larger ones, which could be caused by the grinding of the catalyst. The 

microscopy also shows that there is some uniformity between all catalyst samples in terms 

of particle shape, with similar profiles seen with each metal loading.  
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Figure 4.3. Catalyst cluster size distributions, for different metal loading for catalysts (a) 70 % nickel 

30 % alumina (b) 80 % nickel 20 % alumina and (c) 90 % nickel 10 % alumina 

Using the transmission electron microscopy, the metal nanoparticles that comprise the 

catalyst can be seen, as shown in Figure 4.4, with the particle size distribution shown in 

Figure 4.5. Visually there are no significant changes to the particle sizes with increased 

metal loading. Although the cluster of the alumina support structure surrounding the metal 

nickel particles can be seen to decrease, leading to smaller catalyst particles. This is 

supported by the changing average particle length seen in Figure 4.3. This suggests that the 

greater metal loading, which naturally leads to a reduced support loading, will affect the 

catalyst cluster size. Figure 4.4 shows that there is inherent inhomogeneity within the size of 

the metal nanoparticles, especially that of nickel. There were occasions where alumina 

sheets were seen to be formed for the 70 % Ni sample, these were destroyed by the 

electron beam during imaging so it can be assumed that these are not stable. The Ni 
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nanoparticles are seen to be faceted, which as discussed in Section 1.4.1.3 can lead to the 

formation of carbon nanofibers, as opposed to carbon nanotubes.  

 

Figure 4.4. Transmission electron microscopy image of the (A) 70 % Ni 30 % alumina sample (B) 80 % 
Ni 20 % alumina and (C) 90 % Ni 10 % alumina sample 

Considering the nanoparticle size distribution, Figure 4.5, it can be seen that the size of the 

alumina nanoparticles decreases with an increase in the alumina loading from a frequency 

of 25 % in the 2 – 2.5 nm at 30 % alumina to 30 % 4 – 6 nm at 10 % alumina. For both the 70 

and 80 % nickel samples, the most frequent measurement of the Ni nanoparticle was 30 to 

40 nm which increased to 60 to 70 nm for the 90 % Ni sample. The Ni nanoparticles 

measured within the 90 % catalyst, Figure 4.5, shows that there is a greater variance of 

particles with a similar frequency, between 30 and 60 nm and 70 to 80 nm all have a 
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frequency of 15 %. This means that there is a greater lack of homogeneity for the 90 % Ni 

sample.  

 

Figure 4.5. Particle size distribution for nickel and alumina nanoparticles within (A) 70 % nickel 30 % 
alumina catalyst (B) 80 % nickel 20 % alumina catalyst (C) 90 % nickel 10 % alumina catalyst 
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Elemental analysis was carried out during the scanning electron microscopy process. The 

theoretical loadings of 70, 80 and 90 % nickel can be compared to the measured values, 

these are displayed in Figure 4.6. It is worth noting that the EDS will only determine the 

surface layer of the catalyst, without penetrating deeper within the particles. This gives 

information on the initial proportions of the metal active sites available, as during catalyst 

use cracks may form, leading to the internal structure to be exposed for further reactions. 

There is an increase in the measured loading with the theoretical loading, although all are 

measured as lower than the expected loading. As the lower metal loadings there is an 

increase in the oxygen content on the surface of the catalyst, which is in line with the higher 

aluminium content seen, as the aluminium support is in the form alumina oxide. The 

differences between the theoretical and measured values are likely caused due to 

agglomeration and variations within the formation of the catalyst. As only a small portion of 

the catalyst was tested, this may not be a full representation of the metal loading.  

There is a greater variance seen in the recorded weight percentages of nickel, especially 

compared to alumina. This greater increase in variance in the oxygen content can be due to 

the surface oxidation that can occur due to improper storage, as well as different 

proportions of full conversion to Al2O3 of the catalyst support structure. The standard 

deviation of the weight % of nickel in the catalyst is 5.25 for 70 % nickel, increasing to 9.52 

for 80 % nickel and decreasing to 6.49 for 90 % nickel. This shows that the 80 % nickel 

catalyst has the least homogeneity within the sample, this may be due to the grinding 

process revealing more of the surface area, whereas the sample containing larger samples 

will contain more nickel internally, which will not be measured through EDS. Different sites 

on the same sample were measured, ensuring a spread of data was collected. However, this 

also shows that the catalyst loading is not homogenous and will vary across the surface of 

the catalyst material, especially for the 80 % nickel catalyst. 
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Figure 4.6. Energy dispersive x-ray spectroscopy elemental analysis on the different metal loadings 

of the catalysts produced with theoretical yields of 90, 80 and 70 % Nickel. Multiple measurements 

were taken and presented to show the range of data collected.  

There may be a limit in the available metal loading on the support structure, causing excess 

to be washed off. Figure 4.6 shows that the maximal loading of nickel on the alumina oxide 

support at the surface of the catalyst should be considered to be around 60 %. It appears 

that the oxygen content varies, which as the catalyst support has been identified as Al2O3, 

Figure 4.1, is expected, although not to this extent. The molecular mass of alumina is 101.96 

g/mol with oxygen contributing 44.13 wt.% towards this. Even with the 30 % alumina 

support for the 70 % catalyst there should only be a maximum of 15 wt.% contribution from 

oxygen. This means that because the higher oxygen content within the sample it can be 

assumed that some oxidation of the sample has occurred, this may mean that the 

passivation of the sample has been incomplete, or that during storage oxidation has begun 

to occur. This indicates that following the storage of the catalyst the activity may be 

decreased due to the increased oxygen content.  The process by which the nickel and 

alumina interacted was determined to be a nickel doped with aluminium to prevent 
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agglomeration. Figure 4.7, alongside Figure 4.4, shows that the nickel present in the catalyst 

is in nanoparticle form as there are clear boundaries between each nanoscale particle.  

HAADAF imaging was coupled with EDS to map the elemental surface of a 90 % Ni catalyst 

sample. Due to time limitations this could not be repeated for all samples. Figure 4.7 shows 

that there are clear nickel metal particles supported by a sea of aluminium and oxygen. 

There is almost 100 % overlap between the oxygen and aluminium so it can safely be 

assumed that an aluminium oxide has been formed. It can be assumed that this is the same 

for all the catalyst samples, whereby the active component is supported and is accessible for 

the formation of carbon during the CVD process.  
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Figure 4.7. Elemental map of the 90 % Ni 10 % alumina sample 

To confirm the internal content of the catalyst, the sample was digested and analysed using 

inductively coupled plasma mass spectrometry. The results of this are shown in Table 4.1. As 

can be seen there are other elements present that were not expected, these can be due to 

trace metal salts on the glass ware which will not affect the overall metal concentration, or 

due to contaminants on the cones in the detector of the mass spectrometer. The total nickel 

content shown in Table 4.1 is higher than that seen in Figure 4.6, meaning that the internal 

nickel may be masked by the alumina support. The aluminium content appeared to be 

similar to that seen in Figure 4.6, however the oxygen content could not accurately be 
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measured, although the aluminium was measured in oxygen to quantify any aluminium 

oxide. Therefore, it can be seen that the coprecipitation method will allow the production of 

catalysts with high metal loadings. Whilst the theoretical measurements do not match the 

experimental, there is a definite increase in the nickel content of the catalyst. As the total 

contributions of the metals is not 100 % this can be attributed to the presence of oxygen 

that was not measured, which is supported through the EDS analysis in Figures 4.6 and 4.7.  

Table 4.1. Table showing the elemental composition of different catalyst materials 

Sample  Wt. % Ni Wt. % Al Other elements 
present 

90 % Ni 75.5 ± 18.9 15.5 ± 8.5 Cu, Zr, Ba 

80 % Ni 66.5 ± 25.7 16.3 ± 6.8 Cu, Zr, Ba 

70 % Ni 57.8 ± 17.5 25.2 ± 6.5 Cu, Zr, Ba 

 

4.2.3 Porosity and surface area of produced catalysts 

A key factor in the length of time a catalyst will remain active is the surface area and 

porosity of the material. As these influence the active sites that are available for reactions to 

occur. However, in the case of CCVD this does not have as much of an influence as the 

growth mechanism during deposition will drive the reaction and is more dependent on the 

feedstock composition. The isotherms produced through the adsorption and desorption of 

nitrogen on the catalyst surface show that all the catalysts have a type V isotherm, Figure 

4.8, indicated through the hysteresis loop, this mesoporosity is supported through the pore 

size in Table 4.2. A type V isotherm indicates that the sample is mesoporous but with a weak 

interaction. This weak interaction means that the nitrogen will not strongly bind to the 

surface of the sample and can easily be removed.  
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Figure 4.8. Adsorption and desorption of nitrogen on the surface of the produced catalyst 

The surface area of the catalyst, Table 4.2, is highest for the 70 % nickel catalyst, at 197.82 

m2/g, whereas the other two samples are more comparable at 143.32 and 148.55 m2/g for 

80 and 90 % nickel respectively. The 80 and 90 % nickel catalysts are comparative in terms 

of surface area, pore volume and size with minimal variation, this matches the size 

distributions and visual images, as they are similar with only around 10 nm between the 

average particle size, compared to the 80 nm difference with the 70 % nickel sample.  

   

 

 

0.0 0.5 1.0

0

100

200

300

400

500

600

Q
u

a
n

ti
ty

 A
d

s
o

rb
e
d

 (
c
m

3
/g

)

Relative Pressure (P/Po)

 70 % Ni

 80 % Ni

 90 % Ni



131 
 

Table 4.2. Surface area, pore volume and pore size for the produced catalysts 

Catalyst sample Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

70 % Ni 197.82 ± 0.55 0.897 15.43 

80 % Ni 143.32 ± 0.39 0.483 11.77 

90 % Ni 148.55 ± 0.44 0.521 11.62 

4.2.4 Activity of the nickel alumina catalysts  

The activity of the catalysts was tested to determine the which composition would be the 

most effective for the synthesis of carbon from the pyrolysis gases. The 70 % Ni catalyst 

lasted 7.5 hours, Figure 4.9, with a maximum conversion seen of 25 %, the 80 % Ni catalyst 

showed an activity of 12 hours and a maximum conversion of 30 % whilst the 90 % Ni 

showed activity for 20 hours with a maximum conversion of 32 %. Therefore, it is clear that 

the 90 % Ni catalyst was the most efficient for the conversion of methane. The 90 % Ni 

catalyst also produced the highest yield of carbon following the end of activity, this was 

seen to be 1.98 g with 1.08 g and 0.97 g for 80 and 70 % respectively. This is expected, as a 

higher activity should lead to an increased yield due to a longer time for the reaction to 

occur. 



132 
 

 

Figure 4.9. Plots showing the conversion of methane to hydrogen at different catalyst metal loadings 

as a way to determine the activity of the catalyst 

As seen in Figure 4.9, the 90 % Ni catalyst showed a greater initial stability of conversion, for 

the first 12 hours, before exhibiting a steep decline in activity, whilst the 80 % nickel catalyst 

showed no stability, and showed a steady deactivation from the peak conversion. Although 

the peak conversion of methane into hydrogen is similar for both the 80 and 90 % nickel, the 

activity profiles are different, showing that the 90 % nickel catalyst will provide a longer 

lasting conversion, and therefore will show a greater resistance from deactivation following 

the deposition of carbon through the conversion of methane. The 70 % nickel shows a lower 

conversion of the 100 % methane to hydrogen, as well as deactivating earlier, and exhibiting 

a steeper reduction in the activity. These changes in activity may be due to the particle size, 

as seen in Figure 4.3, the 70 % nickel catalyst has larger particles, which in turn may reduce 

the surface area, limiting the activity as there will be fewer locations on the surface that are 
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able to catalyse the reaction. The 90 % nickel sample however, showed a variety of particle 

sizes and distributions, seen in Figure 4.3, although the average particle size was measured 

to be 40 nm. This means there should be a greater surface area, and therefore the activity is 

greater due to this. This range of particle sizes may be the reason that the 90 % nickel 

sample can resist deactivation longer than the other catalysts, as there is a greater spread of 

sizes, meaning that as deposition increases, the particles deactivate at different rates, giving 

a stable conversion for the initial 12 hours. Once deposition of the carbon starts to increase, 

deactivation will occur rapidly, similarly to the other metal loaded catalysts. From this, it can 

be seen that to ensure a high carbon yield, which is linked to the conversion of methane to 

hydrogen, the 90 % nickel sample is more effective. It is undetermined whether this is due 

to the particle size distribution or the higher metal loading, or a combination of both. A 

higher yield, alongside a higher length of activity can be seen to show a higher rate of 

activity compared to the other catalyst samples. It is worth noting that despite being 

labelled as 70 to 90 % Ni catalysts these are the theoretical loadings, and in reality, the 

metal loading is lower, suggesting that the variation within catalyst performance is likely 

due to the difference in particle sizes.  

4.3 Optimisation of the deposition of carbon from a variety of feedstocks over a 

catalyst 

To determine the optimal parameters for the deposition of carbon on the catalyst, design of 

experiments was implements. Identified variables were the pyrolysis temperature, catalyst 

type, chemical vapour deposition temperature and carrier gas flow rate as well as feedstock 

type. Before CVD was carried out, the pyrolysis process was optimised. The optimal pyrolysis 

temperature for the two feedstocks was determined through the analysis of the gas 

chromatography data, the selected temperature was that with the highest carbon 

containing gas content. This was identified as 600 oC for both the cotton and polyester/lycra 

textile waste feedstocks. Therefore, these temperatures were set as the pyrolysis 

temperatures for the textile feedstock. 600 oC was chosen over the 800 oC as it will also be 

less energy intensive and therefore cheaper. 

To monitor the extent of the reaction, gas chromatography monitored the gas output, 

allowing the status of the catalyst to be seen. To determine the overall efficiency of the 

reaction, the mass of carbon produced was considered, as this is the desired product of the 
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reaction. The 90 % Ni catalyst showed the greatest deposition of carbon before deactivation 

and was therefore selected for all reactions. A high, middle and low point was identified for 

the temperature and flow rate and a binary set for the feedstock. These parameters were 

selected as they will have the greatest impact on the process, and therefore, the results 

seen. The recommended temperature for nickel catalysts is between 700 and 900 oC [243] 

with chemical vapour deposition carried out at a variety of temperatures from 600 oC [279] 

to 1000 oC [280] so it was decided to test these temperature extremes with a mid-point for a 

reference. As the temperature will affect the deposition rate, as well as the longevity of the 

catalyst, this is an important consideration. The flow rate was selected to investigate if it 

would lead to significant decreases in concentration within the gas phase, as well as to 

determine if it was required to ensure a constant flow of the evolved gases. The feedstock 

should influence the carbon containing gas due to the different structures seen within the 

textile samples, therefore it is important to determine which is optimal for the production of 

carbon.  
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Table 4.3. The optimisation parameters and results for the production of carbon from the pyrolysis 

to chemical vapour deposition of textile waste feedstocks 

 

It is clear from Table 4.3 that the optimal conditions for the production of carbon is a 

temperature of 600 oC with a flow rate of 10 mL/min and a feedstock of polyester. It was 

expected that polyester would produce a higher carbon yield due to the higher content of 

carbon containing gases. Although polyester is seen to produce the highest yield of carbon, 

this is only 6.25 % yield from the textile waste feedstock. Where samples are seen to 

produce 0.000 g of carbon, this was due to recovery only consisting of the mass of catalyst, 

with no evidence of carbon deposition. These were attributed to the higher reaction 

temperature causing the catalyst to be less efficient and preventing the deposition of 

Temperature  

( oC) 

Flow rate 

(mL/min) 

Feedstock Mass of carbon  

(g) 

600 0 Polyester 0.027 ± 0.512 

Cotton 0.016 ± 0.021 

600 10 Polyester 0.253 ± 0.120 

Cotton 0.045 ± 0.960 

600 20 Polyester 0.063 ± 0.098 

Cotton 0.004 ± 0.021 

800 0 Polyester 0.000 ± 0.003 

Cotton 0.018 ± 0.023 

800 10 Polyester 0.009 ± 0.006 

Cotton 0.000 ± 0.003 

800 20 Polyester 0.049 ± 0.023 

Cotton 0.005 ± 0.009 

1000 0 Polyester 0.034 ± 0.067 

Cotton 0.015 ± 0.076 

1000 10 Polyester 0.014 ± 0.053 

Cotton 0.000 ± 0.003 

1000 20 Polyester 0.002 ± 0.008 

Cotton 0.000 ± 0.002 
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carbon. A carrier gas flow rate of 0 mL/min was determined to not ensure that there was a 

constant movement of the pyrolysis gases over the catalyst leading to a reduced carbon 

production. The 20 mL/min carrier gas flow rate also does not allow enough time for the 

reaction of the carbon containing gas and the catalyst, but due to the faster travel of these 

samples. There is a higher carbon yield at most parameters for the polyester samples when 

compared to that seen for cotton. This means that to produce the maximal amount of 

carbon, polyester should be used as the feedstock. This is to be expected due to the higher 

carbon containing gases produced through the pyrolysis of polyester as seen in Figures 3.4 

to 3.8.  

Therefore, for the optimal production of carbon through the use of chemical vapour 

deposition of the carbon containing pyrolysis gases from the pyrolysis of textile waste 

samples should be carried out using polyester feedstock pyrolysed at 600 oC with a carrier 

gas flow rate of 10 mL/min and a chemical vapour deposition temperature of 600 oC.      

4.4 X-ray diffraction of synthesised carbons from pyrolysis-CVD 

Powder x-ray diffraction was carried out on the carbon samples produced from chemical 

vapour deposition, as seen in Figure 4.10. It can be seen that there is a presence of nickel 

carbide in the cotton textile waste sample, as well as that produced from methane, this may 

be due to the operating conditions or contaminants within the reactor. The intensities of the 

91 % polyester 9 % lycra carbon and 100 % cotton samples were seen to be reduced, this 

was due to the small sample size available for testing, as such there was a greater amount of 

noise seen in the baseline, which could cause some peaks to be obscured. Due to the strong 

peaks seen for crystalline nickel, any smaller less intense peaks can become lost within the 

baseline, or even be covered by peaks at the same point. This is exemplified through the 

double peaks seen for nickel carbide and nickel at 43 to 45 degrees, the poor peak 

separation is caused by overlapping peaks. This is to be expected due to the similarities in 

the nickel and nickel carbide crystallinity. As pyrolysis oils are produced during the pyrolysis 

of textile waste samples there is the chance that these oils may impact the crystallinity of 

the sample as the oil filters were not seen to be impenetrable.  
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Figure 4.10. Powder x-ray diffraction plot showing the components, and relative crystallinity, of the 

carbons produced through the pyrolysis to chemical vapour deposition of 91 % polyester 9% lycra 

cotton and methane. The peaks have been assigned hkl values based on the ICDD’s PDF-2 2023 

database.  

The peaks seen in Figure 4.10 were compared to those seen in literature to confirm the 

ICDD’s database. The presence of nickel carbide within the produced carbon indicates that a 

secondary reaction occurred on the nickel catalyst. There is evidence that nickel carbide can 

form due to carburization of nickel films in the presence of carbon monoxide at 350 oC [281] 

which due to the conditions of the chemical vapour process could occur as a secondary 

reaction. As the pyrolysis of cotton was carried out at 600 oC, where the predominant gas 

produced is carbon monoxide it is feasible that an increased rate of carburization occurred 

on the nickel catalyst. The polyester sample did not see this same carburization reaction 

which could be due to the increased hydrogen content dampening the reaction on the 
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nickel metal substrate. There is some evidence of nickel carbide seen for the carbon 

produced from the pure methane sample, as evidenced by the (006) peak seen at 42.67 

degrees. The presence of methane can cause an increase in carburization following the 

reduction of an oolitic hematite to iron [282], therefore, if the catalyst was further reduced 

to metallic nickel the decomposition of methane could lead to carburization, although the 

study found 750 oC to be optimal for this decomposition, the behaviour was seen to occur 

from 600 oC. Electron diffraction was used to further explore the crystal structure of each of 

the carbon samples, for the cotton and polyester the presence of Ni was confirmed, 

however this was not seen for the methane carbon sample, confirming the TEM images that 

there were no metal nanoparticles in this sample. The electron diffraction confirmed that 

the carbon produced had the same crystal structure for each feedstock. There were no (110) 

or (006) Ni3C particles seen, meaning that the presence of nickel carbide may be due to 

contamination, or was removed during the sample preparation.  

The Scherrer equation, Equation 7, was used to determine the crystallite size of the carbon 

nanomaterials. The crystallite size for cotton, polyester and methane samples were 

determined to be 12.66 nm, 27.56 nm and 5.62 nm respectively. Showing that the carbon 

size is influenced by the feedstock gas, this may be due to the presence of lighter pyrolysis 

oils in the sample, which may coat the catalyst sample and the resultant carbon material. As 

the Scherrer equation is based on the largest peak, this may also indicate that as the 

predominant peak for the cotton and polyester carbon samples is the metal nickel, this 

influences the calculated full width half maximum and in turn the average crystallite size.  

4.5 Surface area and physisorption of synthesised carbons 

The adsorption of nitrogen on the surface of the synthesised carbons is shown in Figure 

4.11, the samples show a type III isotherm, indicating that there is no identifiable monolayer 

formation, with weak adsorbent-adsorbate interactions and clusters of adsorbed molecules 

on favoured sites. The carbons can therefore be assumed to have limited porosity.  
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Figure 4.11. Nitrogen physisorption for carbon samples produced through chemical vapour 

deposition of pyrolysis gases 

The two carbon samples produced from the textile waste pyrolysis were seen to adsorb a 

greater quantity of nitrogen compared to that produced through synthesis with methane. 

The methane and cotton textile samples were seen to have similar surface area 

measurements, 82.31 and 82.41 m2/g respectively, as seen in Table 4.4, whilst the 

polyester/lycra and cotton samples both had pore volumes of 0.37 cm3/g. Overall, there is 

no significant variation within the measured properties for the carbon samples indicating 

that the feedstock type does not greatly influence the surface area of the sample.    
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Table 4.4. Surface area, pore volume and size measurements for the produced carbon from CVD 

Carbon sample Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore size 

(nm) 

Methane control 

sample  

82.31 ± 0.25 0.198 10.32 

91 % polyester 9 % 

lycra 

91.56 ± 0.41 0.37 12.02 

100 % cotton 82.41 ± 0.44 0.37 17.62 

4.6 Scanning Electron Microscopy of carbon nanofibers  

Scanning electron microscopy was used to examine the carbon produced through the 

chemical vapour deposition process. As can be seen in Figure 4.12, there are differences 

between the different carbon source gases, showing that the gas composition will influence 

the carbon nanostructure. The polyester/lycra carbon and the cotton carbon materials show 

a carpet of the small, protruding carbon nanomaterials coating the surface of the catalyst, 

whilst the carbons seen from methane are in thicker clumps. The lower magnification 

images are coated in gold to ensure a clearer image of the nanostructure, whilst those at 

the higher magnification are uncoated to allow an accurate measurement of the fibres, as 

the gold will increase the diameter of the fibres. These fibres were measured using ImageJ 

to determine the width of the fibres, unfortunately due to the fibre entanglements present 

in the sample it was impossible to accurately measure the nanofiber lengths.  
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Figure 4.12. Scanning electron microscopy images of carbon produced through chemical vapour 

deposition of carbon containing gases, or a reference gas, over a 90 % nickel 10 % alumina catalyst 

with (a) polyester/lycra textile waste (b) cotton textile waste and (c) methane gas 

It can be seen in the higher magnification, uncoated methane sample that there is a high 

density of carbon seen to grow off the catalyst. This agrees with the higher yield of carbon 

seen for the methane sample, as a higher density will lead to less individual fibres seen. For 

the polyester/lycra and cotton carbon samples, the growth of the carbon can be seen to 

follow the shape of the catalyst, whilst for the methane grown carbon there is no such 

distinction. This may indicate a different growth mechanism, which can be identified using 

transmission electron microscopy, or it may show that the density of the carbon deposition 

is higher. The runs of the polyester/lycra and cotton pyrolysis to chemical vapour deposition 

lasted on average 95 and 85 mins respectively, whilst the methane carbon deposition lasted 

for 12 hours on average. There was more variation in the time for the reactions containing 

the pyrolysis gases, which is to be expected as the gas output is dependent on the quantity 

of the feedstock, which will vary due to human error. Therefore, the limiting factor for the 

synthesis of carbon nanomaterials from the pyrolysis of textile waste can be attributed to 

the feedstock quantity whilst methane was limited by the catalyst. In the lab scale process 

there was no option to be able to add more textile sample to the reactor without 

introducing oxygen into the system. 

The feedstock gas can be seen to have a great impact on the carbon nanomaterial 

produced, Figure 4.13 shows that there is a distinct difference between the three feedstock 
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materials. As shown in Figures 3.8 to 3.12 and Figures 3.14 to 3.18 the cotton textile sample 

has a greater proportion of oxygen containing gases, this appears to change the structure of 

the resultant carbon nanomaterials. The cotton nanostructured carbon can be seen to have 

a greater concentration of metal nanoparticles remaining compared to the carbon produced 

from the polyester/lycra and methane feedstocks. However, the textile waste produced 

carbon nanofibers can be seen to have a significant interaction with the metal catalyst 

nanoparticles whereby the nanomaterial grows around it, this is likely due to a relationship 

with the oxygen containing gases and the metal nanoparticle. As shown in Figure 4.13 and 

4.14 the diameter of the carbon nanofiber is greater for the cotton feedstock compared to 

that produced from the waste polyester feedstock. The cotton feedstock also led to a 

greater level of disorganisation compared to the other carbon nanomaterials produced, 

which explains the larger diameter. Figure 4.13 confirms that the CVD process used in this 

situation leads to the formation of the carbon nanofibers, identified by the angle of the 

carbon deposition on the metal nanoparticle. Nanofibers are produced due to the faceted 

nanometals, and these can be seen in Figure 4.13 where the metal nanoparticle remaining 

at the end of the nanofiber can be seen to have had an impact on the diameter of the 

nanofiber. The carbon nanofibers also appear to have a hollow interior, this is especially 

clear for the carbon nanofibers produced from the polyester and carbon feedstocks. This 

may allow gas to be trapped within the centre of these. The nanofibers produced from the 

methane were seen to have slightly thicker ends where the metal nanoparticle has been 

lost. It can be seen from the angle of the growth of the carbon layers that the growth 

mechanism of the polyester and cotton feedstock carbon is tip growth, as the carbon sheets 

grow out from the nickel catalyst nanoparticle. There are kinks within the length of the 

nanofiber for the two textile feedstock materials, this occurs during the growth phase of the 

nanofibers and is due to the shedding of the carbon stored within the catalyst particle. This 

means that the length of the nanofibers produced will have a relationship with the capacity 

of the catalyst to store carbon, as well as the carbon content of the feedstock gas. 

Considering Figure 4.13, the carbon nanoparticles produced from the methane are longer 

fibres that appear to not be clustered together. This may be due to the more complete 

reaction as the methane CVD had the longest run time, whereas for the textile waste 

samples there may be incomplete conversion leading to the shorter carbon nanofibers as 
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well as the presence of the nickel nanoparticles remaining in the carbon samples. As the 

polyester/lycra sample had the second longest reaction time, this may explain why the 

cluster of carbon nanomaterial seen in image A of Figure 4.13 has a lower density than that 

seen in image C. The reaction time therefore can be assumed to have an effect on the 

carbon nanomaterial seen.  
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Figure 4.13. Transmission electron microscopy images of carbon nanofibers produced from (A) 
polyester feedstock (B) methane feedstock and (C) cotton feedstock. All were deposited on a 90 % Ni 
catalyst.  



145 
 

 

Figure 4.14. Distributions of the width of different carbon fibres produced through the chemical 

vapour deposition of (a) methane (b) cotton pyrolysis gases (c) polyester/lycra pyrolysis gases over a 

90 % nickel 10 % alumina catalyst 

The distributions for the carbon fibres can be seen in Figure 4.14. These show that the 

carbon produced from polyester/lycra textile waste has a smaller variation in the carbon 

nanoparticle width, showing a more uniform sample, whilst the carbon produced from pure 

methane and the cotton pyrolysis gas mix has a greater spread of widths seen. This is 

partially due to the entanglement, meaning that the individual fibres cannot be measured 

accurately, however it is clear that the fibres have a denser footprint when produced from 

methane compared to pyrolysis of cotton or polyester/lycra, this is shown in both Figure 

4.12 and 4.14, as the mean nanoparticle width is measured to be 0.072 µm whilst cotton 

and the polyester/lycra pyrolysis to chemical vapour deposition were measured to be 0.047 

and 0.064 µm respectively. This can be seen to be due to the increase in deposition seen for 

polyester compared to cotton, as the yield was higher, as seen in Table 4.3.  



146 
 

4.7 Infrared spectroscopy of the different carbons produced from different 

feedstocks  

As shown in Figure 4.15, the spectra for the cotton, methane carbon and polyester carbon 

all show very similar peaks. The C≡C bonds seen at peak A can be attributed to the carbon 

nanofiber internal bonds. Whilst it would be expected that the internal bonds of the sample 

would be single C-C bonds it may be that the overlapping of multiple fibres has caused a 

peak to occur at this point. The transmittance seen for the carbon sample is much lower 

than that seen for any other, meaning that the intensity of any peaks is much lower. The 

features that are seen for the methane carbon sample show a lower transmission rate than 

that seen for the other carbon samples. This means that this sample will have less bonds 

that adsorb at this wavelength. 

 

Figure 4.15. Fourier-Transform infrared spectroscopy of carbons produced from different feedstocks 
showing (A) C≡C stretching 
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4.8 Comparison between polyester/lycra carbon and the synthetic gas mix carbon 

Due to limitations of the feedstock material, a synthetic gas mix was designed to mimic the 

gas concentration seen at the peak production from polyester/lycra mixed textile waste. 

This allowed a constant production of carbon, without a reliance on the quantity of 

feedstock. It was determined that only the polyester/lycra textile waste should be used for 

the production of carbon due to the higher yield, giving a higher economic feasibility and 

making a more viable option for industrial applications. The chemical vapour deposition of 

the synthetic gas mix had a longer duration compared to the pyrolysis to chemical vapour 

deposition of polyester/lycra, lasting 7 hours, confirming that the limiting factor is not the 

activity of the catalyst, but the feedstock availability. The yield of carbon reflected this 

increased duration with the average yield being 0.453 g compared to the 0.063 g shown in 

Table 4.3.  

 

Figure 4.16. Scanning electron microscopy images of carbon produced through chemical vapour 

deposition over 90 % nickel 10 % alumina catalyst of (a) a synthetic gas mix to mimic that of the 

polyester/lycra textile waste gas phase and (b) pyrolysis of polyester/lycra textile waste 

This increase in yield does not seem to lead to an increase in nanoparticle width, as the 

mean width was seen to be 0.054 µm, identified in Figure 4.17, which is less than that seen 

for the carbon produced from polyester. The scanning electron microscopy images, shown 

in Figure 4.16, show that carbon nanofibers are produced, although it is clear that there is a 

greater yield of the carbon produced through the synthetic gas mix, due to the density of 

fibres seen. The relative length of the fibres cannot be compared due to the locations that 
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the microscopy images were taken. The synthetic gas mix carbon images were taken from a 

central point on the catalyst whilst the polyester/lycra pyrolysis carbon sample was taken 

from the edge of the catalyst. Therefore, despite the nanoparticles appearing longer in 

image a of Figure 4.16 compared to image b this cannot be measured.  

 

Figure 4.17.  Distribution of the widths of nanoparticles seen in the carbon produced through the 

chemical vapour deposition of a synthetic gas mix to mimic that of the polyester/lycra textile waste 

gas phase over a 90 % nickel 10 % alumina catalyst at 600 oC 
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Figure 4.18. Transmission electron microscopy of carbon nanofibers produced from a synthetic gas 
mix 

As can be seen in Figure 4.18, the carbon nanofibers produced are comparable to those 

seen in image A in Figure 4.13, showing that the synthetic gas mix successfully mimics that 

of the polyester/lycra textile waste. As the structure of the textile waste and synthetic gas 

mix nanofibers are similar, it can be assumed that the presence of the nickel nanoparticle is 

due to the oxygen containing gases, rather than being due to the incomplete reaction. 

However, this phenomenon is not fully understood, and would require more investigation to 

explain. The average diameter of the carbon nanofibers produced from the polyester were 

3.69 nm whilst those produced from the synthetic gas mix were 3.72 nm showing that these 

have similar physical attributes. Due to the tangled nature of the nanofibers it is difficult to 

determine the length of these samples. However, it can be seen that the clusters of 

nanofibers are comparable between the synthetic gas mix and the polyester/lycra 

feedstock.  



150 
 

 

Figure 4.19. Powder x-ray diffraction of the carbon produced from the synthetic gas mix designed to 

mimic the gases produced through the pyrolysis of 91 % polyester and 9 % lycra textile waste with 

hkl values assigned based on the ICDD’s PDF-2 2023 database.  

Figure 4.19 shows the presence of nickel carbide, which was not seen in the powder x-ray 

diffraction of the carbon produced from the direct pyrolysis of the polyester/lycra textile 

waste sample. The electron diffraction taken on the carbon sample confirms the presence of 

(002) (111) and (220) planes, as shown in Figure 4.20. There was no evidence of the nickel 

carbide in the electron diffraction, showing that this may have been contamination, or to 

not occur homogenously over the whole sample. The (002) peak is related to the presence 

of carbon within the sample, and is seen to be the most significant peak for both the 

synthetic gas mix and the methane gas mix, showing that there may be a slight reduction in 

the quantity of nickel metal remaining in the sample.  
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Figure 4.20. Electron diffraction pattern for the synthetic carbon with labels showing the identified 
hkl values 

The crystallite size of the synthetic carbon mix was found to be 8.35 nm, which is smaller 

than the carbon produced from the polyester textile waste pyrolysis. This difference may be 

related to the lack of oils, but also that the largest peak for the synthetic carbon was a 

carbon peak, rather than the nickel peak which was seen to be the largest for the polyester 

carbon sample.  

Nitrogen physisorption of the synthetic gas carbon found that the surface area was 90.188 ± 

0.36 m2/g with a pore volume of 0.25 cm3/g and a pore size of 9.55 nm. This shows that it is 

smaller than that of the carbon produced from the polyester textile waste, but has a larger 

surface area than the other two samples.  

4.9 Conclusion 

The production of different weight loaded nickel catalysts showed that, despite a 

discrepancy between the theoretical and experimental loadings, that the co-precipitation 

method would accurately produce high nickel content catalysts. Unfortunately, 

experimental loadings will be lower than the theoretical loadings as human error, 

instrumentation error and inefficient processes can lead to differences in the metal 

loadings. The 90 % Ni catalyst showed a larger average particle length of 60 to 70 µm 
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compared to that of 70 and 80 % Ni samples, 30 to 40 µm for both, meaning that the 

diameter of carbon nanofibers produced using the 90 % nickel sample will be larger. The 

surface area measurements were seen to be comparable for both 80 and 90 % Ni, 143.32 

and 148.55 m2/g respectively, whilst the 70 % Ni sample had a higher surface area of 197.82 

m2/g. This may be due to the increased aluminium support network, and was not seen to 

improve the performance as the 70 % Ni catalyst deactivated after 7.5 hours. The synthesis 

of carbon nanoparticles using catalytic chemical vapour deposition is dependent on the 

catalyst used, the feedstock gas as well as the parameters of the reaction. Whilst the 

optimised parameters showed the greatest improvement in carbon production, it does 

remain a low yield, a maximum yield of 0.253 g. This was attributed to the feedstock being 

fully consumed. Therefore, due to limitations in the quantity of textile available a synthetic 

gas mix was utilised to ensure that there was a constant gas stream over the catalyst. A 90 

% nickel 10 % alumina catalyst was determined to be the most effective catalyst for the 

synthesis of the carbon nanomaterial due to the increased activity when compared to the 

other metal loaded catalyst. The different feedstock material led to changes in the visible 

forms of the carbon to be altered. A higher oxygen content can be seen to cause a greater 

level of metal nanoparticle remaining in the resultant carbon nanofibers, whilst the 

methane feedstock led to carbon nanomaterials without any metal.  

The cotton feedstock had the highest content of non-methane gases, which appears to have 

led to the formation of some amorphous carbon as well as carbon onions with layers of 

carbon surrounding the metal nanoparticle. This implies that the presence of oxygen in the 

feedstock gas will lead to the disorganisation of the produced carbon, this may be due to 

the competing oxidation of the catalyst. Therefore, a pyrolysis temperature of 600 oC should 

be used to produce the carbon-containing gas, with a chemical vapour deposition 

temperature of 600 oC and a 90 % Ni catalyst to produce the carbon. It was deemed that a 

synthetic gas mix was required to ensure a greater production of the carbon nanomaterial 

as using the polyester/lycra feedstock led to a limited gas production preventing full 

decomposition of carbon on the catalyst. The carbon produced from the polyester/lycra 

textile waste has significant similarities to that produced using the synthetic gas mix. 

Therefore, to produce the quantity required for the production of the composite material, 

the synthetic mix was used preferentially to ensure that enough carbon was produced.    
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Chapter 5 - The mechanical properties of 

the composite materials 
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5.1 Introduction  

To produce the composite materials a bisphenol A diglycidyl ether was combined with the 

(C12-14)alkylglycidyl ether to produce the resulting epoxy matrix material. The bisphenol A 

was selected due to its presence in offshore wind turbine components, especially blades 

[283]. This was combined with the produced carbon nanomaterials to yield the epoxy 

composite materials with varying carbon loading. To determine whether the addition of the 

carbon material affected the mechanical properties and strength of the sample, mechanical 

testing was carried out. The testing will allow the different properties of the composite 

material to be explored, and compared to determine the differences seen through the 

addition of the carbon additive material. Three processes were selected for testing of this 

composite material; tensile testing, three-point bending and accelerated weathering. 

Tensile testing will show the composite material’s resistance to load being applied to each 

end of a sample, allowing the ductility of the sample to be considered [272]. A greater 

resistance to the applied load shows a stronger internal network, leading to a better 

material. Three-point bending determines how resilient a material is to a load applied 

perpendicular to the sample, focusing the load on one length of the test sample [284]. 

Three-point bending can allow the calculation of the flexural modulus, which theoretically 

should be similar to that of the Young’s Modulus, however in practice this will not be the 

case. Polymers, under which the epoxy matrix is classed, behave differently to metals which 

the theory is based on. Metals will generally have a greater range of elastic deformation 

before the permanent damage occurs, whereas polymers will have more time-dependent 

viscoelasticity properties, meaning that polymer samples can appear more brittle than 

metal samples depending on the load rate of the test [285]. To uncover how the composite 

material will be influenced and affected by weathering, for example if it were to be used in 

offshore wind turbine blades, accelerated weathering is used. There are a few different 

approaches to consider; xenon arc, UV exposure or carbon arc with the addition of salt 

sprays or sands to cause corrosion [286]. As the composite materials are aimed to improve 

the performance of offshore wind turbine blades, it was determined that the use of ISO 

12944-9:2018 would be the most applicable ensuring that both UV, condensation and salt 

sprays would be used to mimic the external offshore conditions as accurately as possible 

[273, 287]. Accelerated weathering tests cannot accurately replicate the conditions that a 

material will be exposed to, but can be used to determine the suitability for an 
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environment. Following the weathering tests other mechanical properties can be re-tested 

to see the impact of the weathering, and therefore the suitability of the material in this 

environment. In this case tensile testing was identified as the desired test following the 

accelerated weathering as it will consider the bulk properties of the whole material, and 

allow the calculation of Young’s Modulus and the resultant comparison to see the impact of 

the weathering process. Scanning electron microscopy was carried out on the remnants of 

the composite material to identify the fracture point, and to investigate how the face of the 

breaking point was affected. TGA was also used on the post-test fragments, to limit the 

production of excess epoxy, to determine if the presence of the carbon material will 

influence the thermal degradation of the epoxy sample. Where possible all the mechanical 

tests were carried out in triplicate to allow for the exploration of the variance within the 

samples, however, for the materials produced from the synthetic gas mixture only one 

sample could be produced for each test due to cost and time limitations.  

5.2 Determination of the tensile strength of the composite material  

The tensile strength of the composite samples found that there was a general decrease with 

an increase of the control carbon, synthesised from methane, which is exemplified in Figure 

5.1. Due to the nature of tensile testing, there is an inherent lack of reproducibility [37], this 

is especially noticeable in the graph for the 2 wt.% methane carbon (MC) in epoxy 

composite, as there is a greater variance within the data with a standard deviation of 259.7 

whereas the 3.5 wt.% MC sample has a standard deviation of 121.7 showing that the 

samples for the 3.5 wt.% MC samples has less variance in the load required to reach the 

tensile load of the composite material. Unfortunately, due to the time limitations and the 

low yield, only one sample for each synthetic carbon loading was produced. This means that 

there is a higher risk of error, as there is no comparison between samples. The variance 

within the loading of the sample can be assigned to human error, the presence of 

microfractures already existing within the sample as well as an incompletely mixed sample. 

Human error will lead to the samples having some variance within the thickness of the 

gauge, which in turn will lead to variances with the tensile strength, these may be minimal 

but have a great impact on the repeatability of the tensile load. There may also be 

differences with the mixing of the carbon sample with the epoxy resin, and variations within 

the ratio of curing agent with the bisphenol A, both of these will alter the mechanical 
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properties of the produced composite material. Increasing the proportion of hardener will 

make the sample more brittle whilst a lower proportion of hardener will lead to a more 

flexible sample. During the manufacture of the composite materials, air is introduced into 

the epoxy resin during the mixing of the carbon to ensure a homogenous sample, however 

despite the sample being degassed, pockets of air can form which will lead to points of 

weakness within the sample. As these spots of weakness cannot be accurately mapped 

within the composite, it cannot be accurately used to transcribe the cause of failures 

occurring earlier. Microfractures can occur within the sample during the curing phase, 

caused through the release of any encapsulated air, or due to any temperature changes 

during curing. For the pure epoxy sample, the early failure is likely due to a difference in the 

gauge thickness of the sample, or poor curing, as there will be less chance of the air being 

entrapped and surrounding carbon particles and leading to weaknesses. It can be seen that 

for one sample of 0.5 wt.% methane carbon impregnated in the epoxy composite, a 

different loading rate was used, this was caused by human error, and will not affect the load 

at which the sample was overcome by the tensile load. At the pre-breaking loads for some 

samples, there are some fluctuations on the plot, this is caused by the sample slipping 

within the clamp, causing the load measurement to be changed, this slippage will not 

impact the overall tensile strength of the composite material.  
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Figure 5.1. Plots to show the maximum tensile loading (stress) before failure for composite materials 

at different carbon loadings (a) pure epoxy sample (b) 0.5 wt.% carbon in the epoxy sample (c) 2 

wt.% carbon in the epoxy sample and (d) 3.5 wt.% carbon in the epoxy sample (e) 0.5 wt.% synthetic 

carbon (f) 2 wt.% synthetic carbon (g) 3.5 wt.% synthetic carbon 
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The loading for the samples was used to determine the stress, strain and Youngs modulus, 

seen in Table 5.1, which allows for a greater understanding of the physical and mechanical 

properties of the epoxy composite materials. It was reported that the cured bisphenol A 

would have a tensile strength equivalent to 56 N/mm2 which as the sample gauge will have 

an area of 36 mm2 gives 2016 N [288]. The samples tested through the LLOYDS EZ50 were 

between 1026.2 and 1792.1 N, which indicates that during the process of producing the 

epoxy sample, the sample was not correctly degassed, leading to defects within the 

composite. It can be seen from Figure 5.1 that the maximum tensile load for the 0.5 wt.% 

MC sample is measured as 1332.4 N with a minimum load seen to be 614.5 N showing a 

decrease across the spread of data with the addition of carbon to the epoxy matrix. The 

spread of data for the 2 wt.% MC containing composite material was seen to be greater 

than that for any other sample, with the lowest tensile load being 201.4 N and the greatest 

being 839.7 N, which is less that than that seen for the 0.5 wt.% MC composite samples. The 

3.5 wt.% MC loaded composite had a peak tensile load of 1074.9 N with the lowest load 

being 780.1 N. 

For the synthetic carbon the maximum load for 0.5 wt.% synthetic carbon (SC) composite 

was 837 N, with 1056 N as the maximum load for the 2 wt.% SC composite and 1175 N for 

the 3.5 wt.% SC sample. The carbon produced from the synthetic gas mix can be seen to 

have the maximum load for the 3.5 wt.% SC loaded sample, which was seen to be similar to 

the average load to the 3.5 wt.% methane carbon sample. The greatest difference in 

maximal loads is between the 2 wt.% samples, where the methane carbon had a maximal 

load of 839.7 N which is significantly lower than the 1056 N from the synthetic carbon mix, 

this may be due to the lack of repeats causing a false higher result. It can be seen that the all 

the tensile loading abilities of the carbon containing composites is lower than that seen for 

the pure epoxy sample, however there is overlap with the 0.5 and 3.5 wt.% MC loaded 

samples, meaning that the addition of the carbon will not significantly reduce the 

performance of the epoxy material. The 2 wt.% methane carbon composite sample saw no 

overlap in tensile load with the pure epoxy, showing that it has reduced the tensile 

performance of the composite material.  

Comparatively to the methane control samples, with a greater carbon loading there is an 

increase in the maximal load of the composite material. This may be due to the different 
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properties of the carbon nanofibers, or the presence of the metal nanoparticles that remain 

within the composite material. The loading profiles of these samples show that they are a 

brittle material, as there is no necking seen, on the sample or on the graphs shown in Figure 

5.1, once the maximum loading of the sample is reached, it fractures. This property is not 

seen to change with an increased loading of the carbon sample within the epoxy matrix. This 

continued brittleness shows that the carbon does not lead to any increased elasticity within 

the sample, which is expected as carbon nanofibers are not known for their elasticity, and as 

the presence of reinforcement agents is designed to impart the mechanical properties of 

the additive material, it is clear that the carbon nanomaterial has no higher elasticity that 

that of the epoxy.  

σ = F/A          Equation 8.  

 

The tensile stress was calculated using Equation 8 where; 

σ is stress (MPa) 

F is the force applied (N) 

A is the cross-sectional area of the test sample (mm2) 

ε =  
∆L

L
          Equation 9.  

 

Tensile strain is determined through Equation 9 where; 

Ε is strain 

ΔL is the change in length of the sample at a given moment (mm) 

L is the original length of the test sample (mm) 

E =
σ

ε
          Equation 10.  
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Young’s Modulus is calculated using Equation 10 where; 

E is the young’s Modulus (MPa) 

σ is stress (MPa) 

ε is strain 

Table 5.1. Stress, strain and Young’s Modulus for composite samples that contain either no carbon, 

0.5 wt.% carbon, 2 wt.% carbon or 3.5 wt.% carbon from different feedstocks 

Sample Maximum stress 

(MPa) 

Strain Young’s 

Modulus 

(MPa) 

Pure epoxy 1 49.78 1.666 298.67 

Pure epoxy 2 28.78 0.13 2213.68 

Pure epoxy 3 46.64 1.61 288.49 

0.5 wt.% MC 1 38.78 0.078 495.03 

0.5 wt.% MC 2 37.00 0.07 531.10 

0.5 wt.% MC 3 17.06 0.058 295.76 

2 wt.% MC 1 23.31 0.036 641.44 

2 wt.% MC 2 13.50 0.067 202.50 

2 wt.% MC 3 5.67 0.046 1231.88 

3.5 wt.% MC 1 21.67 0.317 684.21 

3.5 wt.% MC 2 29.83 0.057 520.35 

3.5 wt.% MC 3 24.61 0.049 498.87 

0.5 wt.% SC 23.28 0.042 559.60 

2 wt.% SC 24.19 0.054 431.43 

3.5 wt.% SC 28.17 0.048 586.85 

 

The maximum stress and strain of each sample can be seen in Table 5.1, alongside the 

calculated Young’s Modulus. It can be seen that there is a general decrease in the maximal 

stress the sample can withstand with an increase in the carbon loading. As there is a 

consistent decrease for the 2 wt.% MC loading sample, it is not due to human error in one 
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sample, which can be seen to cause the pure epoxy 2 sample to show significant differences 

in the stress and strain compared to the other two pure epoxy samples. The 0.5 wt.% MC 

loaded carbon sample 3 also shows the presence of incorrect manufacturing leading to 

variations with the stress and strain compared to the other samples. There may be air 

bubbles surrounding the impregnated carbons or other microdefects caused during curing 

which will cause weaknesses in the sample. At 0.5 wt.% MC the additional carbon may not 

significantly influence the mechanical properties of the sample, as the loading of the carbon 

may not have led to the disruption of the matrix enough to influence the mechanical 

properties, whilst at 2 wt.% MC the carbon loading can disrupt the epoxy structure enough 

to reduce the mechanical properties, but the loading is insufficient to impart improved 

mechanical properties on the composite material. By 3.5 wt.% methane carbon loading the 

mechanical properties are seen to increase, this shows that the reinforcement filler material 

is beginning to improve the reduction in mechanical properties seen. For the synthetic 

carbon composites, there is a smaller spread of values, with a standard deviation of 2.4 

whilst for the methane carbon composites there is a standard deviation of 8.5 across the 

averages. This shows that the synthetic carbon samples have a reduced impact on the 

tensile strength of the sample. All three of the synthetic carbon composite samples have 

comparable tensile strength to the 3.5 wt.% MC sample. The stress is reduced from the 

average of 30.93 MPa for the 0.5 wt.% MC loaded samples to 25.36 MPa for the 3.5 wt.% 

methane carbon samples, which is an increase of the 2 wt.% MC loaded sample average 

stress measurement of 13.56 MPa. The strain seen for the different samples appears more 

constant, although there is a decrease from the maximum strain seen for the pure epoxy 

compared to that seen for the composite material. Strain will show how much the sample 

extends as the load in applied, and so can be used to support the determination of the 

ductility of the composite.  

As the strain is seen to be highest for the pure epoxy samples, they can be assumed to have 

the greatest ductility of the samples seen, at 1.66, 0.13, and 1.61 with one of these being 

significantly lower, in line with the stress seen, which shows that presence of defects within 

the sample will affect both the stress and strain measurements. For the majority of the 

other samples, the strain measurements are seen to be between 0.036 and 0.078, with a 

further high of 0.317 for sample 1 of the 3.5 wt.% MC loaded, showing that this sample 
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shows a greater ductility compared to the others. The strain calculated for the SC composite 

materials are comparable to those generated from the other samples, at 0.042 to 0.048, 

showing that the changes within the microstructure of the nanomaterials does not have an 

influence on the strain. As the other values of maximum strain are relatively consistent it 

shows that the ductility of the samples at every carbon loading is comparable, and that 

increasing the carbon loading in the composite does not affect this. 

A higher Young’s Modulus will show a stiffer material that will show less changes to the 

shape and size when under an elastic load. It can be seen that as a whole the Young’s 

Modulus is lowest for the pure epoxy samples, at 29.87 and 28.85 MPa, the defective 

sample had a Young’s Modulus of 221.37 MPa, showing a higher relative flexibility within 

this sample but that the defective sample would show a lower level of deformation under 

load. In general, the Young’s Modulus results for the 0.5 wt.% and 3.5 wt.% MC composite 

materials were similar, from 49.5 to 68.42 MPa, showing similar reactions to being under 

load. The 0.5 wt.% MC sample 3 showed a Young’s Modulus of 29.58 MPa which was lower 

than the other samples, due to a lower stress measurement compared to the other samples 

in this group, whilst retaining a similar strain, this leads to the sample showing a greater 

ability to be deformed following the same loading. It can be assumed that if the carbon 

were poorly dispersed within the sample then this would influence this variance in Young’s 

Modulus seen, however, there was no evidence of this happening for this sample. The 

sample may have had a different sample thickness at the breakage point, which would may 

not be accounted for in the calculations of stress and strain, this accumulated error would 

carry into the calculation of Young’s Modulus. The synthetic carbon samples showed a 

reasonably high level of stiffness, especially compared to the pure epoxy samples. The 

Young’s Modulus for the 0.5 wt.% SC epoxy samples was calculated to be 559.60 MPa 

compared to the MC composite has an average Young’s Modulus of 440.66 MPa showing 

the synthetic carbon imparts a greater stiffness. Again, there is a great variance seen for the 

2 wt.% MC loaded samples, with a range from 20.25 MPa to 123.12 MPa, showing defects 

within these samples. These defects could be due to differences within the gauge width 

which would alter the cross-sectional area due to lips forming during degassing and 

subsequent curing, or the vacuum desiccator being shifted, preventing the sample from 

curing flat. To prevent this affecting the calculations, the individual samples were measured 
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using callipers to ensure an accurate calculation of stress and strain could be made, this 

limited the impact of changes in width of the sample affecting the overall calculation. The 

variation in the Young’s Modulus seen for the 2 wt.% MC sample is likely related to the 

presence of air bubbles caused by air being trapped within the sample by the carbon 

nanoparticles. The degassing of the sample may not have fully remove air pockets 

surrounding the carbon, which will lead to points of weakness, affecting the stress and 

strain, and therefore the Young’s Modulus.  

Therefore, it can be seen that the increased load of the carbon in the epoxy sample will 

influence the mechanical properties of the composite, although not necessarily for the 

better, an increased loading appears to cause the material to become more brittle, this was 

especially seen for the 2 wt.% MC carbon sample. These variances may be due to particle 

agglomeration within the composite material, preventing the influence of the imparted 

mechanical properties from improving the bulk properties. There were some differences in 

the behaviour seen from the addition of the synthetic carbon compared to the methane 

carbon. These differences could be associated with the presence of the metal nanoparticles 

remaining within the carbon samples, and distorting the internal matrix structure, leading to 

a greater level of defects.  

5.3 Determination of the flexural strength of the composite material 

Compression testing, similarly to tensile strength, shows low level of repeatability [289] due 

to the presence of human error, machine error and microdefects within the produced 

sample. Similarly to the tensile testing, the maximum loading for the samples was seen to 

be for the pure epoxy, shown in Figure 5.2, with a decrease in the load being seen once the 

carbon has been mixed into the sample. The rate of load addition is kept constant to ensure 

the results generated are comparable, meaning that the plots can be used to determine that 

the maximal loading for the pure epoxy is between 98 and 147 N whilst for a 0.5 wt.% 

carbon composite this range is from 104.4 to 125 N, with the 2 wt.% MC composite and the 

3.5 wt.% MC composite having ranges of 45.3 to 70.7 N and 93.6 to 125.3 N respectively. To 

determine the spread of data the standard deviations were calculated showing the pure 

epoxy exhibited the greatest spread of variance with 62.23 whilst the 0.5 wt.% MC 

composite only had a standard deviation of 7.87, with 3.5 wt.% MC and 2 wt.% MC having 

15.08 and 28.73 correspondingly. Similarly, to the synthetic composites tested for tensile 
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strength, due to the limitations regarding the use of carbon monoxide, there was only one 

of each weight loading produced. The differences in these measurements could be due to all 

the same defects considered in Section 5.1, as these will affect the flexural strength of the 

sample as well as the tensile strength.  
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Figure 5.2. Results of 3-point bending tests to determine the flexural strength of a composite 

material made of (a) pure epoxy and composite materials of pure epoxy and (b) 0.5 wt.% methane 

carbon (c) 2 wt.% methane carbon (d) 3.5 wt.% methane carbon (e) 0.5 wt.% synthetic carbon (f) 2 

wt.% synthetic carbon and (g) 3.5 wt.% synthetic carbon  
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The reported flexural strength of the pure epoxy sample was determined to be 1368 N for these 

samples [288], this was seen to be significantly higher than the measured values. However, it can be 

seen that the loading ability of the pure epoxy is higher than that seen for the composite materials 

formed, indicating that the carbon loading of the sample will reduce the flexibility of the samples. 

There was some sample slippage seen at the early points of the testing, however, as the rate of 

loading remains constant, these will not affect the overall flexural properties, such as maximal 

loading, flexural stress, flexural strain and flexural modulus. Sample slippage can be caused by 

movements within the load cell and attachments, especially at the start. Considering the results for 

the pure epoxy and 0.5 wt.% MC loaded composite, a change in the loading rate can be seen close to 

the failure point, this occurs due to the material flexing with the increased load, which in turn can 

cause some inaccuracies within the measurements of the loading rate. It can also be seen to occur as 

the sample starts to reach the end of the elastic potential, preventing it from withstanding the 

pressure of the loading. When the sample reaches this point, small cracks will start to occur which 

will contribute to the overall failure of the composite materials, once the cracks propagate through 

the whole sample, the load will overcome the structure, leading to the failure of the material. 

Theoretically the addition of a carbon reinforcing agent was expected to aid in the prevention of 

crack propagation, however considering Figure 5.2, it can be seen that this was not the case. The 

addition of carbon to the epoxy matrix has led to an increased brittleness of the material, which 

could be due to agglomerated carbon samples, or poor distribution. To limit the effect of these 

issues, the carbon sample was ground to a fine powder before being incorporated into the epoxy 

matrix, however this could still lead to agglomeration of the nanomaterials, leading to disruptions in 

the epoxy matrix, weakening the bulk material.    
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Table 5.2. Calculation of the maximal flexural stress, strain and flexural modulus from different 

composite materials composed of epoxy and varying loadings of carbon nanomaterials 

Sample Flexural Stress 

(MPa) 

Flexural Strain Flexural Modulus 

(MPa) 

Pure epoxy 1 0.35 0.095 875.0 

Pure epoxy 2 0.17 0.031 415.1 

Pure epoxy 3 0.41 0.096 1027.0 

0.5 wt.% MC 1 0.21 0.057 535.6 

0.5 wt.% MC 2 0.18 0.136 462.1 

0.5 wt.% MC 3 0.21 0.038 522.7 

2 wt.% MC 1 0.21 0.036 523.6 

2 wt.% MC 2 0.16 0.025 388.9 

2 wt.% MC 3 0.17 0.026 388.2 

3.5 wt.% MC 1 0.19 0.019 477.1 

3.5 wt.% MC 2 0.15 0.031 375.8 

3.5 wt.% MC 3 0.08 0.035 365.6 

0.5 wt.% SC  0.23 0.147 566.7 

2 wt.% SC 0.06 0.031 160.8 

3.5 wt.% SC 0.09 0.042 229.5 

 

The calculation of flexural stress, strain and modulus are different from those for tensile 

testing, and the equations are as follows [290, 291].  

σf =
My

I
         Equation 11.  

Flexural stress was calculated from Equation 11 where; 

σf is the flexural stress (MPa) 

M is the internal bending moment 

Y is the perpendicular distance from neutral axis to a point on the section (mm) 
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I is the moment of inertia of the section area about a neutral axis 

Flexural strain is calculated through the use of Equation 12 

εf =
6Dd

L2
         Equation 12.  

Where; 

εf is the flexural strain  

D is the maximum deflection of the centre of the test beam (mm) 

d is the depth of the sample gauge (mm) 

L is the length of the sample material (mm) 

Ef =
L3F

4bd3         Equation 13.  

The flexural modulus is calculated through Equation 13 where;  

Ef is the flexural modulus (MPa) 

L is the length of the test sample (mm) 

F is the force applied to the test sample (N) 

b is the width of the test sample (mm) 

d is the depth of the test sample (mm) 

The flexural loading plots, Figure 5.2, showed the maximal loadings for each composite 

material and allowed the calculation of the flexural stress, strain and flexural modulus, 

shown in Table 5.2, with the equations seen above. These calculations allow the mechanical 

properties of the composite materials to be understood, and how the flexural properties 

can vary depending on the loading of carbon within an epoxy matrix. The flexural stress and 

strain are calculated from the maximal force applied to the composite material before 

fracture, showing the maximum stress and strain each sample can withstand following the 

application of a bending force. Flexural stress is also referred to as the flexural strength, and 

relates to how well a sample can withstand the pressure of bending, a higher value shows a 

greater resistance to fracture. It can be seen that the pure epoxy has the highest flexural 

stress results, at an average of 0.31 MPa whilst 0.5 wt.% MC, 2 wt.% MC and 3.5 wt.% MC 
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loaded composites had results of 0.2, 0.18 and 0.14 MPa respectively. It can be seen that 

the pure epoxy has the highest result, meaning the lowest flexibility and a greater resistance 

to bending, although the pure epoxy sample 2 showed a lower flexural stress result at 0.17 

MPa compared to the other readings of 0.41 and 0.35 MPa. The 0.5 wt.% SC sample showed 

the second highest flexural stress, with the 2 wt.% and 3.5 wt.% SC samples both being 

lower than that seen for their MC counterparts. This could be due to the presence of air 

within the sample where the sample was not fully degassed, and the increased metal 

content within the SC samples could lead to more air trapped in pockets. Air will lead to 

points of weaknesses, as well as distortions in the matrix, and will ultimately lead to failures 

within the sample.  

When 0.5 wt.% MC is added to the composite material, it can be seen that there is a 

decrease in the flexural strength from the pure epoxy flexural strength of 0.31 MPa to 0.2 

MPa, this decrease shows that the sample is comparably easier to bend under an applied 

force. However, this coupled with the lower maximal loading seen in Figure 5.2 shows that 

the sample will load less before it succumbs to the applied load under flex. This decrease in 

strength can be attributed to the presence of the carbon sample, which will distort the 

matrix enough to weaken the sample with a weight loading of carbon that is too low to 

impart the mechanical properties to the bulk material. As the carbon loading increases to 2 

wt.% MC the flexural stress that the sample can withstand decreases further, to an average 

of 0.18 MPa, which alongside the maximal loading seen being 70.7 N, shows that the sample 

will have less resistance to bending under an applied load, this is seen as well in the 2 wt.% 

SC sample where there is a decrease to 0.06 MPa. This further reduction in strength can be 

assigned to the further disruptions in the bonding of the epoxy through the addition of a 

greater loading of carbon. As the carbon disrupts the epoxy network it can lead to voids, 

crosslinking defects and debonding, each of which will lead to the weakening of the overall 

structure [292]. This variance can be attributed to the distribution of the carbon within the 

composite. When the weight loading was 0.5 wt.% for both carbon types, the distribution 

did not appear to significantly cause variance within the calculated flexural strength, which 

may be as it is less significant to the overall sample, leading to limited agglomeration, 

preventing further voids and point defects forming. With the 2 wt.% loaded samples, 

agglomeration can start to occur which will lead to greater disruptions of the crosslinking 
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network of the epoxy matrix. The increase in the flexural stress seen at the 3.5 wt.% MC 

loaded sample can be used to determine the start of the positive influence of the carbon 

nanomaterials within the epoxy composite, although this is still lower than that seen for 

both 0.5 wt.% loaded samples. Therefore, it can be seen that whilst the initial increase of 

carbon added to the epoxy sample leads to a decrease in performance, the flexural stress is 

seen to begin to recover at the addition of 3.5 wt.% MC although this was not seen to be the 

same for the synthetic carbon samples.  

The flexural strain, similarly to the strain seen in section 5.2, considers how the length of the 

sample will be affected by the addition of a load, a higher value will show a greater level of 

bending seen within the sample with an applied load. Similar to the stress results, the strain 

results are calculated from the maximal load seen on the sample. There is an anomalous 

point for the 0.5 wt.% MC 2 sample where a flexural strain of 0.136 is seen, this can be 

attributed to an error in the ratio of hardener to epoxy, leading to a more flexible sample, 

increasing the extension of the sample under load, whilst not affecting the strength of the 

sample, as it withstood a load of 110 N. The pure epoxy samples saw a greater change in the 

length of the sample during the application of a load, whilst the 2 wt.% MC samples showed 

the least change in deflection at an applied load. The 2 wt.% MC loaded sample therefore 

shows significant defects leading to failure before the sample bends, showing the related 

properties of the flexural stress and strain. The lower flexural stress means that the sample 

is not as resistant to bending whilst the flexural strain shows that the length of the sample 

does not significantly change under load, indicating a brittle sample. The 3.5 wt.% methane 

carbon loaded samples showed an increase in the flexural strain compared to the 2 wt.% 

MC loaded samples, which can be seen to be the impact of the increased carbon loading 

leading to the imparting of the mechanical properties from the carbon materials to the 

epoxy material. This shows that at the 3.5 wt.% MC loading the benefits provided from the 

additive carbon will start to overcome the issues caused through the formation of voids, 

defects and air pockets during the curing process. The synthetic carbon 2 wt.% and 3.5 wt.% 

loading samples were seen to be comparable to that of the MC composites, but the 0.5 

wt.% SC composite had a higher strain than the pure epoxy with a value of 0.147, similar to 

the anomalous data point for the 0.5 wt.% MC composite. However, due to a lack of 
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repeated measurements, it is unclear if this would be the same for all 0.5 wt.% SC 

composites. 

The flexural modulus shows how resistant a material is to bending, and considers both the 

load applied and the change in shape of the sample during the application of the load. For 

the pure epoxy samples, the results showed a spread of results from 415.1 to 1027.0 MPa, 

and an average of 772.3 MPa. The higher the flexural modulus, the higher the resistance to 

bending, meaning a stiffer, less flexible material. The highest flexural modulus was seen for 

the pure epoxy sample 3 with a measurement of 1027.0 MPa, showing it is the least flexible 

sample. As a greater weight percent of carbon is added to the epoxy matrix, there is a 

greater chance for the disruption of the crosslinked network, leading to voids. At the 3.5 

wt.% MC loaded sample, the flexural modulus is between 365.6 and 477.1 MPa with an 

average of 402.6 MPa, showing that the addition of carbon will influence the flexural 

modulus seen. The 3.5 wt.% sample showed the least spread of data, with only 112 MPa 

between the minimum and maximum flexural modulus seen, showing the highest 

reproducibility for all the produced composites. This reproducibility could be due to a 

stabilising effect from the addition of the carbon to the epoxy sample, less variance in the 

ratio of epoxy to hardener or more uniformity within the sample. It is likely that all three of 

these will contribute to the reduced spread of flexural modulus seen. The 0.5 wt.% methane 

carbon sample had an average flexural modulus of 506.76 MPa. This situates the flexural 

modulus for the 0.5 wt.% MC samples as stiffer than those of the pure epoxy, with 3.5 wt.% 

and 2 wt.% MC samples being the highest stiffness samples. This shows that the 0.5 wt.% 

MC loaded sample does not disrupt the matrix to cause significant voids or breakages, 

leading to poor mechanical properties, whilst the 2 wt.% MC sample is weaker, which is 

attributed to the formation of voids surrounding agglomerated carbon nanomaterials. The 

3.5 wt.% MC sample shows an improvement in the mechanical properties when compared 

to the 2 wt.% MC sample, which shows that the issues with agglomeration and void 

formation have started to be overcome by this increased carbon loading. For the synthetic 

carbon composite, the 0.5 wt.% sample was comparable to the data seen for the 0.5 wt.% 

MC with 566.7 and 506.8 MPa respectively, whilst the 2 and 3.5 wt.% SC composites showed 

a much lower flexural modulus, meaning that the material is less resistant to bending when 

a force is applied.  
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Theoretically the flexural modulus and Young’s Modulus should be comparable, and whilst 

there is some level of similarity between the two measurements, it can be seen that the 

composite materials produced have a greater resistance to tensile testing when compared 

to flexural testing. However, all the samples can be seen to be stiff with the pure epoxy 

sample having the greatest loading potential when considering the loads that the samples 

withstood during testing. It appears that the bisphenol A and carbon composite materials 

have a greater affinity to tensile testing due the lower Young’s Modulus showing a greater 

level of flexibility. A lower Young’s Modulus and flexural modulus will lead to an increased 

likelihood of the sample recovering following stresses applied in these directions, for 

example following an impact, or during the use of a material. Whilst the results for both 

Young’s Modulus and flexural modulus show that the sample is relatively brittle and stiff, it 

can be seen that this is less so in the tensile plane compared to the resistance to bending. 

For tensile testing, the 2 wt.% methane carbon loading sample shows the greatest variance 

and stiffness, meaning it is the most brittle sample, and can be assumed to contain the 

greatest number of defects and voids, despite best efforts during the manufacture of the 

samples. The 0.5 wt.% methane carbon loaded sample shows the greatest similarity to the 

results for the pure epoxy, indicating that there is insufficient carbon to alter the internal 

structure of the epoxy matrix sample significantly, whilst the 3.5 wt.% MC sample shows 

improvements in the mechanical properties when compared to the 2 wt.% MC sample but 

not yet reaching those seen for the 0.5 wt.% MC sample. This increase for the 3.5 wt.% MC 

sample can be attributed to the beginnings of the carbon nanomaterials imparting 

mechanical properties, and reinforcing the epoxy matrix. There were differences seen for 

the synthetic carbon composites, although these were seen to be predominantly in the 

flexural tests, showing that the change in the nanostructured carbon can lead to a lower 

resistance to bending under load. This may be due to changes in the inherent mechanical 

properties of the carbon nanomaterials, or the presence of the nickel metal nanoparticles 

leading to increased brittleness. The maximal loading is seen to be greater for the tensile 

testing, by a significant factor, which is due to the loading of the sample. During tensile 

testing, the whole sample is involved in the resistance to loading, whilst for the three-point 

bending test the loading is focused on half of the sample, although this is taken into 

consideration during the calculation of the respective modulus. It can be seen that the 

addition of carbon to the epoxy sample will influence, and impact, the mechanical 
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properties of the resultant composite materials, with the weight loading further impacting 

the properties seen.  

5.4 Accelerated weathering and post weathering tensile testing 

The different composite samples underwent 672 hours of weathering to determine how 

efficiently the samples would resist the effects of exposure to salt spray and UV radiation. It 

is worth noting that there was only one sample each for the synthetic carbon epoxy due to 

the increased time and cost of production of these and that during transit some damage 

was caused, which will not affect the accelerated weathering but did prevent the tensile 

strength being recorded for one sample. It appears that the pure epoxy and all 0.5 wt.% 

carbon composites are affected by the accelerated weathering as there is a colour change 

that occurs as seen in Figure 5.3. However, due to the nature of the carbon, it is unclear if 

this resistance to colour change is due to the carbon improving the resistance to the 

weathering or if the carbon masks these effects. The was no significant degradation 

following the addition of the salt spray, this shows that the epoxy-carbon composite 

materials are not degraded through a salt spray atmosphere. The surfaces of the post-

weathered samples are seen to have become slightly matte following exposure to the salt 

spray. However, there are no significant changes to the surface appearance following the 

exposure. If the samples were not resistant to weathering it would be expected that the 

surface of the material would be worn down and the shape of the sample would be 

changed.  
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Figure 5.3. Images of epoxy samples before and after accelerated weathering, the individual samples 
are labelled in the image, where the type of carbon is not specified it is methane produced carbon. 

Once the weathering was carried out, the post-weathered samples underwent tensile 

testing which can be compared to those carried out on the original samples. The rate of 

loading was different to that of the non-weathered tensile testing, however this should not 

affect the peak load that the sample can withstand. Unfortunately, the 2 wt.% synthetic 

carbon sample was too deformed for testing and therefore cannot be compared. 

Table 5.3. Stress and Young’s Modulus for different carbon composite materials following 
accelerated weathering 

Sample Stress 

 (MPa) 

Young’s Modulus (MPa) 

Pure epoxy 1 40.68 2521.37 

Pure epoxy 2 33.92 2149.36 

Pure epoxy 3 37.70 2447.47 

0.5 wt.% MC 1 21.16 2004.05 

0.5 wt.% MC 2 28.95 2653.53 

0.5 wt. % MC 3 22.55 1831.34 

2 wt.% MC 1 33.79 2066.05 

2 wt.% MC 2 34.97 2150.61 

3.5 wt.% MC 1 28.70 2845.55 

3.5 wt.% MC 2 23.67 1472.04 

3.5 wt.% MC 3 23.49 2003.32 

0.5 wt.% SC 30.76 1992.94 

3.5 wt.% SC 14.69 2401.33 

 

There is a decrease in the maximal stress for the pure epoxy and the 0.5 wt.% MC sample. 

For the pure epoxy there was a decrease from an average stress of 41.73 to 37.43 MPa and 

for the 0.5 wt.% methane carbon composite from 30.95 to 24.22 MPa following the 

weathering. For the 2 wt.% methane carbon composite the sample showed an increase in 

the tensile strength from 14.16 to 34 MPa, and the 3.5 wt.% methane carbon composite 

showed no increase but also no decrease. For the 2 wt.% methane carbon composite, there 



177 
 

were only two samples available for the post-weathering testing which may affect the 

average. However, both individual measurements are higher than that seen for the non-

weathered samples so it can be assumed that there is no negative impact from the 

weathering. From this it can be assumed that the addition of the carbon material will 

stabilise the effect of weathering on the epoxy composite.  

The Young’s Modulus increased for all samples, due to the increase in strain and decrease in 

the maximal loading. This means that all the samples have become stiffer following 

weathering. This means that micro-cracks and fractures may have been formed during the 

freeze cycles, this will impair the ductility of the sample. Confirming that the accelerated 

weathering had the greatest impact on the pure epoxy samples, the greatest increase in the 

Young’s Modulus was seen from an average of 933.4 to 2447.47 MPa following the 

weathering. Therefore, the presence of the carbon within the epoxy composite increases 

the resistance to weathering, by preventing the composite from becoming more brittle. 

Considering the actual maximal loadings seen during testing, the greatest decrease was 

seen for the pure epoxy sample with an average loading of 1342.61 N seen, a 156.52 N 

difference from the pre-weathered samples. For the 0.5 wt.% samples there was a 127.19 N 

decrease for the MC composite and a 25 N increase for the SC sample. The 2 wt.% MC 

composite samples showed a 52 N increase whilst the 3.5 wt.% samples showed a 15 and 

138 N decrease for the MC and SC composites respectively. 
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5.5 Comparison of mechanical properties between different tests 

The different mechanical properties of the composite materials were compared and can be 

seen in Figure 5. 4. This shows that the greatest error seen within the pre-weathering 

sample was in the pure epoxy, this can be attributed to the anomalous data point of 2218 

MPa. For the post-weathering tensile testing, it can be seen that the highest range of data 

can be seen for the 3.5 wt.% MC composite. This may be due to unknown impacts of the 

weathering of the samples for example; microcracks, air intrusion and fracture sites. Once 

these are put under pressure the sample will fail under a lighter load. In general, the 

maximum loading was lower following weathering, with the greatest decrease being seen 

for the pure epoxy sample with a decrease of 10 MPa. There was an increase in the stress 

for 2 wt.% MC from pre- to post-weathering, 17 to 32 MPa, however, the error for this 

sample was high in the pre-weathering testing.  

The flexural testing showed a reduced level of error when compared to the tensile testing, 

this can be assigned to the reduced machinery error, as the sample is not held in clamps. 

The positioning of the sample clamps may have increased the pressure on the sample gauge 

which would in turn limit the repeatability of the testing. The pure epoxy sample retains the 

greatest level of error, similar to the pre-weathering samples, which indicates that there is 

consistency within the mixing and curing steps during the formation of the composite 

material. However, in the flexural and pre-weathering testing there is a clear decrease in the 

maximal load that the composite material can withstand as the carbon loading increases.  

The post-weathering sample showed less of a trend, with high maximal stress loading being 

seen for pure epoxy, 2 wt.% MC and 0.5 wt.% SC composite materials. The lowest point was 

15 MPa loading for the 3.5 wt.% SC. This may be due to the potential failure modes as 

discussed earlier.  
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Figure 5.4. Comparison of different test parameters (A) Compression (B) Pre-weathering (C) Post-weathering on the Young's Modulus and Maximal Stress of composite materials 
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5.6 Scanning Electron Microscopy on fractured composite materials  

Images were only taken on the tensile fracture faces of the composite sample, as the broken 

flexural segments were too broken too accurately identify a facture point. As can be seen in 

Figure 5.5, there is an initial point of impact, and radiating out from this are cracks. Often 

directly surrounding the impact point there is a smooth region. This smooth region may 

arise from the shearing of the surface with the fracture force, or due to the fracture site 

being at a higher point due to the application of tensile force protecting the immediate 

surroundings. It can be seen in the 2 wt.% methane carbon loaded composite, that there are 

impurities within the sample, cotton fibres appear within the sample, likely from the PPE 

worn during sample preparation. This is also seen in the 3.5 wt.% methane sample, although 

the fibre is smaller. This human error will not affect the mechanical properties of the 

composite material. In the 2 wt.% methane sample, it can clearly be seen that there are 

microcracks within in the composite surface, however as this is following testing, it cannot 

be determined if this is due to the tensile testing. These deeper microcracks may be due to 

pockets of air surrounding the impregnated carbon, forming during the curing stage. 

However, as they are only significantly noticeable within the 2 wt.% methane sample it can 

be assumed that this may be an individual sample error, over a process error. This greater 

prevalence of errors and cracks within the sample could be the cause for the reduced 

mechanical properties seen for the 2 wt.% methane composite samples. The 0.5 wt.% MC 

sample has an overall smoother fracture face surface, which may be due to the lack of 

carbon within the sample, leading to less void spaces within the composite. The 3.5 wt.% 

MC sample has a less smooth fracture face than the 0.5 wt.% sample, but has less features 

than the 2 wt.% MC sample. This may show a greater level of impregnation, and 

incorporation, of the carbon within the composite material.  
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Figure 5.5. SEM images showing the tensile fracture sites of (A) 0.5 wt.% methane carbon loaded 

into epoxy (B) 2 wt.% methane carbon loaded into epoxy and (C) 3.5 wt.% methane carbon loaded 

into epoxy 

The fracture points can be identified as the epicentre of the region of the smooth section, all 

fracture points were seen to occur at the lower edge of the sample, but were not seen to be 

central on the test gauge. This indicates that during the application of a load on the 
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composite material, even when this load is tensile in nature, the external edges are the 

weak point where the fracture propagation will occur. The fracture point is also seen to be 

more textured than other points on the fracture face, this may be due to the force being 

applied to this point causing heat to build up and cause deformation. These points of 

weakness may be initiated through small air bubbles on the surface to the sample. Where 

these occur, the sample will have fewer completed networks within the body of the 

composite, leading to a reduction of the resistance capacity for the composite. Following 

the fracture cracks can be seen to spread out in a star-burst pattern surrounding this 

smooth central point, leading to the failure of the sample as the cracks reach the edges of 

the sample. The profiles of these cracks widen as the carbon loading increases, however, the 

frequency of them decreases. This may show the beginnings of the imparted mechanical 

properties of the carbon addition on the composite material, with a reduced number of 

cracks forming, or the broader cracks can indicate the shearing of material into larger 

chunks, caused by impurities, and contaminants, causing weaknesses within the composite. 

The presence of contaminants should be limited as the carbon contained in the composite 

was not produced using pyrolysis gases, limiting the risk of oils in the sample, which in turn 

should reduce the contaminants within the sample.  

For the SEM images of 2 and 3.5 wt.% methane carbon loaded samples, there are small 

holes seen in the surface of the fracture site. Unfortunately, the SEM cannot determine the 

distribution, and impregnation of the carbon within the composite surface as it is purely a 

topological test. But these small holes are likely related to the presence of carbon within the 

sample, and are the pockets of air surrounding them, which are exposed through the 

fracturing of the test sample. The greatest deformation seen in a fracture face is for the 2 

wt.% MC sample which is consistent with the lower mechanical properties. It is unclear 

whether the defects seen in the fracture face have caused the reduced mechanical 

properties or if these formed following the application of load. 

The top edge of the 2 wt.% MC sample is seen to be bowed, which will lead to a different 

distribution of pressure once the load is applied. This bowing is likely caused through the 

curing process causing shrinkage to occur, this is due to human error and despite best 

efforts cannot always be mitigated against. The shrinkage is also caused during degassing, 

where a sample will overflow the mould due to expansion and then following the release of 
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the vacuum, will lose sample mass and lead to shrinkage. This phenomenon may lead to 

slight variations within the weight percent loading, however, these should not be significant 

and were determined to not affect performance. 

5.7 Thermogravimetric analysis of composite materials  

Thermogravimetric analysis was used to determine if the addition of the carbon 

nanomaterial would affect the thermal degradation profile. To prevent excess plastic 

generation, the samples tested were samples that had mechanical testing carried out on 

them, as these tests would not affect the thermal degradation properties. As can be seen in 

Figure 5.6, there is more variance in the thermal degradation of the pure epoxy sample, for 

both the DTG and TGA curve. All samples, apart from one of the pure epoxy samples, show 

two weight loss peaks, the anomalous pure epoxy sample shows three. As these are all 

positioned in the same location, it can be determined that they are all the same points 

occurring. The first DTG peak is seen to occur at around 355 to 360 oC with the second 

occurring between 434 and 438 oC. The first derivative weight loss is 4.52 and 2.97 %/min 

for both peaks for the 0.5 wt.% MC carbon loaded composite in comparison to 4.42 and 2.99 

%/min for the pure epoxy, showing that there is a slight difference in the first peak, but that 

the second appears to be unchanged through the addition of the carbon nanomaterial. For 

the 2 wt.% MC loaded sample the peaks were measured to be 4.28 and 3.09 %/min whilst 

for the 3.5 wt.% MC sample the peaks were 4.33 and 2.91 %/min respectively. The greatest 

variation is seen in the first peak size between the different loadings of carbon 

nanomaterials. As the temperature range for the peaks within all the samples was 

comparable, it can be assumed that the peaks are caused by the decomposition of the same 

features of the epoxy matrix, and it is just the rate of decomposition that is altered. For the 

0.5 wt.% SC sample the peaks were measured at 4.1 and 3.3 %/min. For the 2 and 3.5 wt.% 

SC samples the peaks were measured to be 3.7 and 3.2 %/min and 3.9 and 3.2 %/min 

respectively. This shows that the synthetic carbon samples show slightly different weight 

loss curves, but they occur at the same temperatures. This shows that the addition of the 

synthetic carbon has altered the rate of weight loss in these areas, however, as the 

temperature locations of the peaks remains the same, and there is not a significant change 

in the weight loss per minute it can be assumed that this is instrumental error. There are 

two clear weight loss peaks in the DTG data, which is not represented in the TGA curve. 
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Literature shows that the pure bisphenol A epoxy has a DTG peak at 340 oC which was 

determined to be due to the degradation of the internal ether bonds, whilst a second peak 

at 435 oC was attributed to severing of the C-C bond connecting the benzene ring [293, 294]. 

These DTG peaks were not as well defined as the ones seen in Figure 5.5, although this may 

be due to the heating rate of the literature study being 10 oC/min and 20 oC/min whereas 

the data collected in the research was collected at 5 oC/min. A lower heating rate will allow 

more data to be collected, in higher detail. It can be determined that the addition of the 

carbon material to the epoxy sample, at least at the tested weight percentages, will not 

significantly alter the degradation of the epoxy sample, although the peaks appear more 

repeatable following this addition, but this is likely due to human error rather than imparted 

properties.  
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Figure 5.6. TGA and DTG curves for different composite materials where (A) pure epoxy (B) 0.5 

wt.% methane carbon (C) 2 wt.% methane carbon (D) 3.5 wt.% methane carbon (E) 0.5 wt.% 

synthetic carbon (F) 2 wt.% synthetic carbon and (G) 3.5 wt.% synthetic carbon 
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The TGA curves show no significant changes through the addition of carbon nanomaterials 

to the epoxy, the different temperature points can be seen in Table 5.4. There is minimal 

variation between each composite materials type for each of the measured temperature 

points. This further shows that the addition of carbon to the epoxy does not affect the 

thermal degradation of the sample. 

Table 5.4. Thermogravimetric Analysis temperature results for different carbon composite materials 

Sample Tonset (oC) Thl (oC) Tend(oC) 

Pure epoxy 311 399.5 951 

0.5 wt. % MC 315 396 945 

2 wt. % MC 308 397.3 951 

3.5 wt. % MC 314 396.8 950 

0.5 wt.% SC 306 400 950 

2 wt. % SC 309 390 951 

3.5 wt. % SC 311 392 949 

 

The remaining masses, all under 2 % of the initial mass, show that the sample is 

predominantly organic in nature. Based on the Tonset, Thl and Tend values, there is no 

significant effect on the TGA plot from the addition of the carbon nanomaterial into the 

epoxy matrix. Whilst there is a slight increase in the second peak seen for the synthetic 

carbon samples, it is not significant enough to be assigned to a different reaction.  

Therefore, it can be concluded that the addition of carbon at 0.5, 2 and 3.5 wt.% will not 

affect the thermal degradation properties of the composite sample. There is no evidence of 

other peaks in the DTG curves, meaning that the impregnated carbon is not decomposed as 

an extra step, unless there is overlap between carbon – epoxy bonds and the internal C-C 

bonds breaking. This potential overlap is unlikely as any bonding formed should be physical 

rather than chemical, as the carbon is impregnated within the epoxy, and would lead to an 

increased %/min weight loss, which is not seen. Therefore, it can be assumed that the 

carbon encapsulated in the sample is not significant enough to trigger a change in the mass 

loss peak. 
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5.8 Infrared spectroscopy for the determination of bonds within the carbon 

composite material 

The FT-IR carried out on the epoxy samples can be seen in Figure 5.7, it is clear that with the 

addition of the nanostructured carbon materials there is a reduction in the transmission, 

meaning that the features are less clear at the higher loadings. This reduction in 

transmission may be due to the change in opacity of the samples, reducing the light, 

although, as seen in Figure 4.15 the carbon spectra has common peaks within the epoxy 

resin, meaning the addition of the carbon to the sample will not show in the spectra. For the 

methane carbon samples, there is a higher transmission, especially for the 0.5 wt.% MC 

sample. The different bond modes were explored by Ullah et al, [295], the rings that form 

the bisphenol A show the greatest contribution to the infrared spectroscopy shown in Figure 

5.6. The two C-H stretching modes seen at peaks A and B are the result of multiple peaks 

occurring in the same wavelength, as the bisphenol A molecule is large there will be 

multiple bonds contributing, especially the C-H or C-C modes. H-C-H, C-C-H and C-C 

stretching occur around 1508 cm-1 which was assigned peak C in Figure 5.6. The C-C bonds 

are predominately within the ring system which leads to the multiple C-C peaks shown at 

peaks C, D, E, F and G. These peaks show both the in-plane and out of plane bending modes 

which can occur when there are complex carbon rings. There are minimal changes seen 

from the addition of the carbon nanomaterial to the epoxy, which is expected due to the 

spectra seen in Figure 4.15. Due to this it can be seen that there are no new bonds formed 

during the curing of the bisphenol A and the carbon nanomaterial. 
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Figure 5.7. Fourier-Transform infrared spectroscopy for different carbon composite materials where 
(A) is CH stretching (B) is CH stretching (C) is HCH, CCH and CC stretching (D) is CCH and out of ring 
CC stretching (E) is CC stretching in-ring (F) is CO and CC stretching in rings and (G) is torsions in the 
rings and CC out of plane bending 
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5.9 Conclusions 

The mechanical properties of the epoxy were seen to be negatively impacted through the 

addition of a low weight percentage amount of carbon material. The ability to withstand 

tensile stress was seen to decrease at all weight loadings from an average of 41.78 MPa for 

the pure epoxy control sample to 25.36 MPa for the 3.5 wt% methane carbon composite. 

The inherent errors of the mechanical testing can be seen in the data, as there is significant 

variation within some of the measurements, but the trend shows that the addition of the 

carbon nanomaterials will reduce the resistance to both bending and tensile loads. This 

means that the maximal tensile loading capacity is reduced, for the pure epoxy this was on 

average 1499.13 N which decreased to 1084.19 and 838.8 N for the 0.5 wt.% MC and SC 

respectively. This trend of decrease continues for both the 2 wt.% samples with the MC 

sample having an average of 509.03 N maximum loading and the SC sample showing a load 

capacity of 1175.32 N. For the 3.5 wt.% samples 913.81 and 1056 N maximal loads were 

seen for the MC and SC samples respectively.  

For the compression testing the maximal loading for the pure epoxy was measured to be 

185.51 N, showing that the epoxy samples are brittle and will not see much resistance to 

bending loads. The 0.5 wt.% samples saw a maximum bending load of 113.73 and 136.23 N 

for the MC and SC samples respectively. The 2 wt.% methane carbon sample showed a 

maximal bending capacity of 103.53 with the SC sample having a load capacity of 38.5 N. 

This shows that the addition of carbon to the epoxy matrix leads to a more brittle sample, 

this is due to the carbon particles disrupting the epoxy matrix, preventing effective cross-

linking to be formed. This is confirmed by the further decrease in the bending load capacity 

seen for the 3.5 wt.% samples; the MC composite showed a maximum load of 83.34 N and 

the SC composite had a capacity of 55 N.  

The presence of carbon within the epoxy did reduce the effects of weathering on the carbon 

composite materials. Whilst all the samples showed a decrease in the tensile properties, the 

decrease was greatest for that of the pure epoxy sample. The maximal loading for the pure 

epoxy showed a 156.52 N decrease whilst for the 0.5 wt.% samples there was a 127.19 N 

decrease for the MC composite and a 25 N increase for the SC sample. The 2 wt.% MC 

composite samples showed a 52 N increase whilst the 3.5 wt.% samples showed a 15 and 
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138 N decrease for the MC and SC composites respectively. This indicated that the presence 

of the carbon within the epoxy sample offers some resistance to weathering effects on the 

epoxy sample. The changes in the epoxy loading were seen to not impact the thermal 

decomposition of the composite materials, as the DTG curves remained constant 

throughout all the samples. As there is no change in the positioning, or significant changes 

within the first derivative values for each, it can be assumed that the thermal degradation of 

the sample is not influenced by the addition of the carbon materials. The FT-IR also shows 

that the presence of the carbon within the sample will not affect the bonding seen within.  
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Chapter 6 - Conclusions and future work 
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6.1 Conclusions 

The novel use of pyrolysis of textile waste as a feedstock for the synthesis of carbon 

nanofibers has been explored within this thesis. Due to the high content of polyester in the 

textile waste stream, 80 % of the 92 million tonnes, alternatives to landfill must be explored. 

Whilst polyester is beginning to be recycled, pyrolysis offers a chance to recover more useful 

products such as carbon containing gases, oils and char materials. Adopting the methods 

shown in Chapter 2 can assist the fast fashion industry in improving circular economy and 

satisfying some United Nation Sustainable Development Goals, in particulars goals 7 and 12. 

Goal 7 considers access to clean energy whilst goal 12 considers sustainable consumption, 

as this project is aiming to produce wind turbine blades from waste textile waste materials it 

is clear how these two are achieved. The pyrolysis of textile waste would produce carbon 

containing gases which when flowed over a 90 % Ni catalyst would lead to the chemical 

vapour deposition of carbon. The resultant carbon nanofibers were mixed with a bisphenol 

A diglycidyl ether in differing proportions and the mechanical properties of the resultant 

composite were tested. Due to the increased resistance to weathering seen for the carbon 

composite materials, they have potential to be used to protect the leading edge of an 

offshore wind turbine blade.  

6.1.1 The potential for using pyrolysis techniques for the re-use of 

polyester/lycra and cotton textile waste 

The products of the pyrolysis of textile waste were oils, gases and char materials. Feedstock 

typography influences the gas phase composition. Cotton textile waste leads to a greater 

yield of carbon monoxide compared to polyester/lycra textile waste, which produced both 

carbon monoxide and carbon dioxide at fast pyrolysis to a fixed temperature. The pyrolysis 

of cotton with a heating rate of 2.5 oC/min produced a high yield of carbon dioxide whilst for 

the polyester/lycra textile waste there was significant production of both carbon monoxide 

and dioxide. This slow pyrolysis shows that, especially for the polyester/lycra sample, there 

was an effective secondary pyrolysis. In this case heavier oils were pyrolysed, altering the 

gas composition at higher temperatures. For the polyester/lycra textile waste sample, 

pyrolysis temperatures between 450 and 650 oC showed the greatest gas yield which was 

dominated by carbon dioxide and carbon monoxide. Pyrolysis temperatures over 650 oC 

showed an increase in the production of hydrogen. For the cotton sample the overall gas 
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yield was lower at all temperatures. The highest gas yield was seen between 350 and 400 oC, 

confirming that polyester/lycra has a higher activation energy, with a primarily carbon 

dioxide composition. At the higher temperatures there was an increase in the hydrogen 

content seen for both the cotton and polyester/lycra samples. This shows that, by altering 

the temperature and heating rate, the output gas phase can be manipulated.  

During the pyrolysis of the textile waste, oil is formed from the heavier components of the 

gas phase, these are the parts that condense when they are cooled. For the cotton textile 

waste material, all the oil samples for the fixed pyrolysis temperatures and slow pyrolysis 

contained levoglucosan, benzoic acid and 5-methyl-2-furancarboxyaldehyde. The 

polyester/lycra samples also all contained benzoic acid and levoglucosan, but do not show 

the presence of 5-methyl-2-furancarboxyaldehyde. For both textile waste samples, the most 

common classification for these oils were cyclic and carboxylic acids. This shows that the 

actual oils produced cannot be controlled for, their production is independent on the 

pyrolysis temperature, and the feedstock material has only limited impact.  

Due to the difference in nature of the textile waste samples considered in this research, 

natural vs synthetic, the char materials following pyrolysis had different characteristics. The 

char produced from synthetic polyester/lycra showed limited porosity and surface area. The 

polymeric nature of the fibres led the material to melt, preventing the formation of a porous 

char. The char produced by the cotton sample however, showed that the slow pyrolysis 

process preserved a high surface area. The higher temperature fast pyrolysis of cotton 

textile waste led to the collapse of the pore structure, reducing the surface area of these 

samples. Elemental analysis showed that, for both samples there was an initial increase in 

the carbon content with temperature, with decreasing oxygen but this plateaus over 500 oC. 

The cotton sample contains a maximum of 81.6 wt.% carbon whilst the polyester/lycra 

sample has a maximum of 90.3 wt.% carbon. FT-IR on the resultant chars confirmed a 

change in bonding with an increase in the pyrolysis temperature. For the cotton sample, 

there was a significant decrease in the O-H and C-O bonds with C=C bonds being formed at 

increased temperature. For the polyester/lycra sample, there were minimal bonds. It is 

assumed that this means that there are non-polar C-C bonds which would not show on 

infrared spectroscopy.  
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The pyrolysis of the textile waste can be used to produce useful products. Product 

typography can be tuned depending on required parameters, but that depends on the 

nature of the original feedstock. If a high surface area char is desired, slow pyrolysis of a 

natural textile is best, but if a higher gas yield is required, then pyrolysis of a synthetic textile 

gives the best outcome.   

6.1.2  The production of carbon from pyrolysis of textile waste 

The synthesis of carbon from the pyrolysis of textile waste was optimal with a 90 % Ni 10 % 

Al catalyst using polyester/lycra synthetic textile as a feedstock. A higher active metal 

loading coupled with the increased gas yield from the polyester/lycra sample, produced a 

higher quality carbon nanomaterial when compared to that produced from the cotton 

sample. The carbon produced from the pyrolysis of the cotton textile waste had a lower 

level of order when compared to that produced from the polyester/lycra sample. The 

highest yield of carbon was produced from the methane control sample, producing a mix of 

carbon nanofibers and carbon nanotubes. The carbon produced through the chemical 

vapour deposition of pyrolysis gas from the cotton textile showed there were large 

disordered carbon structures formed around the catalyst nanoparticles. This is attributed to 

a higher oxygen content in the gas phase, as well as a reduced gas yield, which may prevent 

the formation of the longer carbon nanofibers seen in the other samples. To create a higher 

yield of carbon, a synthetic gas mix was designed to mimic that seen from the pyrolysis of 

the polyester/lycra mix. Following characterisation, it was seen that the produced carbons 

were comparable. 

The catalyst sample had faceted edges leading to the synthesis of angled carbon walls, and 

for all the cotton, polyester/lycra and synthetic gas mix the metal nanoparticles were still 

present in the sample. However, the carbon nanofibers produced from the methane control 

sample did not contain any metal nanoparticles. It is assumed this is related to the presence 

of oxygen in the samples, however further work is required to fully confirm this. The powder 

x-ray diffraction showed the samples were all crystalline in nature, with electron diffraction 

supporting this. The width of the carbon fibres produced from the synthetic gas mix was 

narrower than the nanofibers produced from the cotton and polyester/lycra feedstock. This 

could be due to the inhomogeneous nature of the catalyst surface leading to a greater 

variance within the diameters. Unfortunately, the carbon samples were too tangled to 
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measure the length. Through the utilisation of textile waste as a feedstock for the 

production of carbon nanomaterials the aims of this thesis were reached, as well as SDG 

goal 12. 

6.1.3 The mechanical properties of the carbon-epoxy composite 

material 

The measured mechanical properties of the carbon-epoxy composites made decreased with 

the addition of the nanostructured carbon. For tensile strength the pure epoxy samples 

were the highest performing with an average Young’s Modulus of 293.58 MPa . This shows 

the material retains some flexibility. The increase in the Young’s Modulus seen with the 

addition of the carbon material shows there is an increase in brittleness. The synthetic gas 

mix carbon composite samples appear to have a Young’s Modulus comparable to that seen 

in the carbon composite made from the methane control.  The 0.5 wt. % samples were all 

seen to have a lower Young’s Modulus than any of the 3.5 wt. % carbon loaded samples. 

This shows that lower levels of carbon impregnation in the composite leads to a lower 

change in the tensile strength of the material. This may be due to the lack of disruption of 

the matrix, leading to less points of defects throughout the sample. The variance seen 

between the Young’s Modulus of the carbon produced from two different feedstocks for the 

2 wt.% samples may be due to human error, although it may also be due to the lack of 

repeats for the synthetic carbon samples. The MC 2 wt.% samples had the greatest spread 

of results showing there was an inherent lack of consistency. There may have been issues 

with the carbon nanomaterials causing air pockets, which would cause an artificially high 

Young’s Modulus as the sample would become more brittle.  

For the flexural test, again the pure epoxy sample showed the greatest resistance with an 

average flexural modulus of 722.36 MPa to bending whilst the 2 wt.% SC sample showed the 

least resistance to bending with a flexural modulus of 160.8 MPa. The 0.5 wt.% samples for 

the carbon produced from each feedstock showed comparable results, at 506.8 and 566.7 

MPa for the MC and SC samples respectively. These show the second and third highest 

results, agreeing with the tensile testing that the 0.5 wt.% samples show the greatest 

similarity to the pure epoxy samples. The 2 wt.% samples for both the feedstock materials 

had the lowest flexural moduli showing the least resistance to bending following the 

application of a load. This agrees with the differences in the tensile testing, that there is the 
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greatest variance within this 2 wt.% loaded sample. This phenomenon is considered less 

likely to be due to human error and can be attributed to the weight loading of the sample. 

However, it is unclear why this is occurring. The fracture sites analysed by SEM showed 

there was a clear impact location surrounded by a smooth surface with limited striations 

before an outer ring with more markings. This shows that when the test sample fails the 

impact causes a section to shear off, leading to this smooth area, whilst the impact 

penetrates deeper into the composite.  

Despite the presence of the carbon materials appearing to reduce the tensile and flexural 

strength of the sample, their addition reduced the impact of accelerated weathering. The 

pure epoxy samples showed the greatest visible change with the samples becoming 

yellowed following exposure to the salt spray. This continues to the Young’s Modulus, 

where there is an eight-fold increase showing there is a significant decrease in resistance to 

tensile loading following weathering. In comparison, the highest increase for the carbon 

reinforced samples was only 5.6 times for the 0.5 wt.% MC loaded sample. For all other 

samples, whilst there was still an increase in the Young’s Modulus, it was lower than for the 

pure epoxy sample. This shows the addition of the nanostructured carbon will limit the 

effects of weathering on the sample.  

The loading of carbon in these samples was too low for a change in the thermal degradation 

to be seen. The DTG curves for the carbon composites matched the pure epoxy sample 

showing that there was no change in the thermal properties. This means that the use of the 

carbon produced through the methods described within this thesis can be used to reinforce 

composite materials against the effects of weathering. The process of producing carbon 

materials from waste textile, whilst producing a lower yield compared to that seen from 

pure methane, can be used to divert textile waste from landfill. Whilst the produced carbon 

containing composite cannot be used to impart mechanical strength, it could be used as a 

coating to reduce the impact of weathering on offshore wind turbine blades. This would be 

especially beneficial as leading edge protection.  

6.2 Future work 

To complete the study set out here, further work should be carried out to explore the 

effects of higher loading of carbon in an epoxy composite on the mechanical properties of 
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the sample. Surface treatment should also be carried out, to determine if this will improve 

the network linkages between the carbon and the epoxy matrix. This would improve the 

mechanical properties by allowing stronger bonding to be formed between the carbon and 

epoxy, preventing the disruptions that have been discussed in Chapter 5. Currently there 

has not been much interest in the modification of carbon nanofibers, with most of the work 

being focussed on carbon nanotubes. One study considered that the oxidation of the carbon 

nanofibers enables the deposition of catalytically active materials and successfully showed 

that nitric acid would oxidise the surface [296]. Following on from this, different 

functionalisation approaches could be considered such as chelating phosphine and 

ammonium or sulphuric acid, or more mechanical approaches, such as electroplating and 

chemical vapour deposition of thin layers of the desired material [297-300]. The 

functionalisation of the surface properties improves the bonding ability of the carbon 

nanofibers with the epoxy matrix.  

As only two textile waste materials have been explored in this thesis, a greater range of 

textile types should be explored. It is recommended that synthetic fibres are of more 

interest than natural fibres due to the higher proportion of methane in the sample, and 

their higher presence in textile waste streams. Pure polyester, spandex, nylon or 

polyurethane would be good candidates to consider for future pyrolysis exploration for the 

CVD process.   

To further optimise the commercial economics of the pyrolysis process, the potential uses of 

the excess heat energy released should be explored. This could be commercial greenhouses, 

communal facilities or district heating systems. As the pyrolysis process occurs in a closed 

system there would be a low risk of damage to health caused by this approach.  

Mechanical properties of the carbon nanofibers produced should be explored to determine 

their potential for imparting strength into the composite material. This should include 

tensile strength as well as compression. Hardness would also be an important consideration 

to determine the potential of the carbon nanofibers to prevent crack propagation. This 

would establish any potential benefits of the addition of the carbon material to the epoxy 

matrix to reduce OPEX costs by improving the mechanical properties of the blade.   
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