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ABSTRACT 
 

The research presented in this thesis considers the solvolytic recycling of high 

performance composite materials using an acetone / water solvent mixture, supplied 

both neat and in conjunction with alkaline and weak-Lewis acids. The neat solvent was 

capable of recovering clean fibres within 120 and 90 min when heated to 320 and 330˚C 

respectively. The alkaline catalysts did not accelerate the decomposition of the matrix 

due to a reaction with acetone thus eliminating one of the solvents from the system. 

ZnCl2, MgCl2 and AlCl3 all facilitated a reduction in the process temperature necessary 

for the complete elimination of the resin of 40˚C.  

A kinetic study of all solvent systems was carried out using two different 

approaches: a conventional, first order rate equation and a shrinking core model (SCM). 

Both models were successfully fitted to the experimental data and were able to predict 

the decomposition of the resin to within ± 10% of the measured value. ZnCl2 appears to 

be the most effective catalyst, reducing the activation energy, EA (kJ mol-1), of the 

degradation reaction by up to 29% compared to the neat solvent mixture. 

Characterisation of carbon fibres demonstrated that at temperatures of less than 

330˚C, there was no statistically significant change in the tensile strength or modulus. 

Higher process temperatures, and the presence of AlCl3, caused a reduction in strength 

of up to 12.4%. ZnCl2, however, caused an increase in both the tensile strength and 

modulus of up to 22%. Analysis of the fibre surface showed a reduction in the relative 
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abundance of oxygen for all conditions investigated which may correspond to the loss 

of the sizing. 

Fourier transform infrared spectroscopy (FTIR) of the dried organic products 

demonstrated that both the neat solvent at temperatures in excess of 320˚C and the 

metal chloride systems successfully cleaved the C-N bonds within the epoxy resin. These 

products were further analysed with gas chromatography-mass spectrometry (GC-MS) 

which demonstrated that the resin was predominantly decomposed to benzene and 

phenolic derivatives.  

The findings discussed throughout this work describe and analyse a novel CFRP 

recycling process. The use of chloride catalysts facilitated a significant reduction in the 

operating temperature required while characterisation of the recovered fibres 

demonstrated that, under certain conditions, there is no change in the mechanical 

properties. Furthermore, analysis of the organic resinous products revealed the 

presence of a mixture of potentially useful compounds, which may have further use in a 

new polymer matrix. It is hoped, therefore, that this research contributes towards the 

circular economy through the effective recycling of CFRPs.  
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CHAPTER 1.  
INTRODUCTION 

 Carbon fibre reinforced polymers (CFRPs) exhibit exceptional mechanical 

properties including high specific strength, excellent stiffness and resistance to fatigue. 

These characteristics have made CFRPs a material of choice in applications where high 

performance must be combined with light weight; most notably in the aerospace, 

automotive and wind energy industries. Within the transport sector, the use of CFRPs 

can lead to improved environmental performance and large increases in efficiency: the 

lighter the vehicle, the less fuel is needed. Due to their exceptional stiffness, wind 

turbine blades made from a CFRP rather than metals or glass fibre reinforced polymers 

(GFRPs) can be longer, resulting in increased power output and thereby contributing 

towards a zero-carbon economy. However, the growth in global annual production of 

CFRPs from 51 kt in 2010 to 114 kt in 2017 [1] has also contributed to a wider 

environmental problem; the generation of waste from both manufacturing off-cuts and 

end-of-life equipment. The quantity of material to be disposed of within the next 20 

years has been predicted to reach 115 kt [2] and, at present, the majority of this waste 

is sent to landfill.  

 In order to improve resource efficiency, multiple studies have been conducted 

into the mechanical, pyrolytic and solvolytic recycling of CFRPs. When applied to the 

recovery of carbon fibre, mechanical technologies such as grinding or milling are not 

considered economical due to greatly down-grading a previously high-value material [3]. 
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Pyrolysis, where the resinous matrix of the composite is thermally degraded, has 

reached commercial maturity with ELG Carbon Fibre Ltd. in the UK, CFK Recycling in 

Germany and Carbon Conversions in the US capitalising on this technology [4]. However, 

it is a resource inefficient process due to the loss of the polymer and environmentally 

harmful due to the generation of greenhouse gasses. Solvolytic techniques have the 

potential to address these disadvantages: by dissolving the resin, fewer emissions are 

produced during the recycling process and a mixture of organic products are generated 

which may have further use elsewhere in the chemical industry. Although Adherent 

Technologies have developed a commercial wet-chemical method, solvolysis of CFRPs 

for recycling applications is not widespread and remains an active area of research. 

Recent work has focussed on the reduction of process time and temperature, either 

through the inclusion of catalysts or semi-continuous operation. A mixture of acetone 

and water has been shown to be a promising solvent system, however, there has been 

little investigation into the recycling of a commercial CFRP using this technique. The 

research presented in this thesis therefore aims to develop and analyse a novel 

solvolytic CFRP recycling process using this solvent mixture by fulfilling the following 

objectives: 

1. Establish the reaction conditions necessary to decompose a commercially 

available CFRP thus facilitating the recovery of carbon fibres. 

 

2. Assess the performance of a range of catalysts through the analysis of the 

reaction kinetics of the decomposition reaction.  
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3. Characterise fibres recovered from the developed recycling process in order to 

determine the influence of the reaction conditions on their mechanical and 

surface properties. 

 

4. Identify the organic products obtained from the reaction and develop an 

understanding of the action of the solvent and the catalysts. 

 In order to meet these objectives, this thesis is structured into seven chapters, 

the first of which introduces the project and defines the objectives of this research. 

Chapter 2 presents a review of the literature and includes an overview of composite 

materials before focussing on the manufacture and disposal routes of high performance 

CFRPs. Chapters 3 to 6 are all similarly structured. Each aims to meet one of the 

objectives listed above and begins with a methodology specific to the results presented 

in that chapter only. A summary of the content of each chapter is provided below.  

Chapter 3: Resin Decomposition 

 This chapter specifies the solvent systems used, the potential catalysts 

investigated and the reaction conditions selected. The methods implemented to 

quantify the resin decomposition are described and the CFRP that was used in the 

majority of experiments is also characterised. The results of the decomposition reactions 

at various conditions are also presented in this chapter. 
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Chapter 4: Reaction Kinetics 

 In order to verify the assumptions made when applying two different kinetic 

models for the degradation reaction of the CFRP, this chapter includes an investigation 

into changing the reactor loading and images partially degraded CFRP samples using X-

ray computed tomography (XRCT). A first order rate equation and shrinking core model 

(SCM) are fitted to the decomposition data presented in Chapter 3. Both approaches are 

used to evaluate EA and k0 and an evaluation of how well both models fit the data is 

conducted. 

Chapter 5: Fibre Characterisation 

 As a result of the findings presented in Chapter 3, a set of 11 conditions were 

identified which are capable of recovering fibres from the polymer matrix. Samples of 

the CFRP were imaged with scanning electron microscopy (SEM) in order to confirm that 

the resin was fully solubilised. Virgin carbon fibre was also processed at these conditions 

and then characterised through single fibre tensile testing (SFTT) and X-ray 

photoemission spectroscopy (XPS). 

Chapter 6: Organic Product Analysis 

 This chapter describes the analysis of the organic liquid products (OLPs) 

remaining at the end of the solvolytic process using gas chromatography with mass 

spectrometry (GC-MS) and Fourier Transform Infrared Spectrometry (FTIR). As the initial 

formulation of the CFRP is held in commercial confidence, a model thermoset epoxy 

resin was also synthesised, decomposed at the same conditions and analysed. 
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 Finally, this thesis concludes with Chapter 7 which summarises the key findings 

of this project and outlines possible future directions that research within this field could 

take.  

 Significant parts of the research presented in Chapters 3, 4 and 6 are published 

across two articles, both in the peer-reviewed journal Polymer Degradation and 

Stability. Aspects of this work have also been presented at national and international 

conferences, a full list of which is provided as part of the front matter of this thesis.  

 

 

1 HEADING 3
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CHAPTER 2. 
LITERATURE REVIEW 

2.1 Introduction 

This literature review includes six key areas of research, the first two of which 

consider the two components of a CFRP: the carbon fibre reinforcement and the 

polymer matrix. As it is desirable to produce a secondary composite material using 

recovered carbon fibre, it is necessary to consider common CFRP manufacturing 

techniques before developing an understanding of how these materials may be 

recycled. The second half of this chapter critically evaluates recent research into a broad 

range of recycling processes which can be grouped into mechanical, thermal and 

chemical technologies. This chapter concludes by summarising the findings of the 

literature review and using the information gathered to direct the research presented 

in Chapters 3 to 6.  

2.2 Background to Composite Materials 

Although often considered a modern technology, humans have been creating 

composite materials for millennia. One of the very earliest examples, dating to 1500 BC, 

is the manufacture of bricks by blending natural materials such as straw and mud 

together. In medieval times, two types of wood, one strong in tension, the other strong 

in compression, were combined with animal glue to form a longbow capable of firing 

arrows further and faster than a bow made of a single material [5]. Wood in its own right 

is also a composite material consisting of spiral cellulose fibres bound together with 
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lignin. Another instance of a commonly-occurring, natural composite is bone where the 

protein collagen is reinforced with small, rod-like hydroxyapatite crystals [6]. All of these 

examples have two traits in common: the first is that the constituent materials have 

different properties and, when combined together, the properties of the composite 

formed are also noticeably different. Secondly, both materials are present in significant 

proportions. Typically, the minimum quantity of any one constituent must be 

approximately 5% for a material to be considered a composite [7]. Modern synthetic 

composites must also meet a third criterion: the different phases must be intimately 

combined during manufacture, yet still be separated by a distinct interface. For this 

reason, metal alloys which are produced by the solidification of a homogenous melt, are 

not normally thought of as composite materials [5].  

Within a composite material, the continuous phase, called the matrix, is usually 

present in a greater quantity and may be polymeric, metallic or ceramic [5]. Generally, 

polymers are inexpensive, have good corrosion resistance and a tensile strength and 

stiffness of 10 to 100 MPa and 0.3 to 30 GPa respectively. They are also relatively easy 

to process with a variety of manufacturing techniques for polymer matrix composites 

reaching commercial maturity as described in Section 2.5 [8]. Metals are ductile with 

mechanical properties in between those of polymers and ceramics and are used in heavy 

duty electrical contacts or components of internal combustion engines [9]. Ceramics are 

the strongest category of matrix material and also exhibit very high Young’s moduli in 

the range of 86 to 340 GPa. However, they are also very brittle and typically have much 
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higher density which makes them less suited to applications, such as transport, where it 

is desirable to minimise weight [10].  

The second constituent of a composite is the reinforcement agent which enhances 

the mechanical properties of the matrix. The volume fraction of this reinforcement 

within a composite is a key parameter in determining the final properties of the material: 

the reinforcement is generally stronger and stiffer than the matrix and it is, therefore, 

desirable to maximise its content. However, beyond a certain volume fraction, adhesion 

between the two phases is reduced and the bulk mechanical properties of the composite 

are diminished. The geometry of the reinforcement also influences the final properties 

of the composite and is, therefore, carefully controlled during its manufacture. At least 

one of its dimensions is small and may be anywhere between 1 to 500 µm [11]. The 

geometry also defines whether the reinforcement can be described as particulate or 

fibrous. The former may be spherical, cubic or have no regular shape but, as they are 

particles, all three dimensions (length, width and depth) are approximately equal. 

Concrete is the most widely used particulate reinforced composite (PRC) material 

consisting of a cement matrix and stone or sand particles [5]. As the subject of this thesis 

is recycling a fibre reinforced composite (FRC), a detailed discussion of PRCs is beyond 

the scope of this review. 

Unlike particles, fibrous reinforcements have a cross sectional diameter which is 

much smaller than its length. The aspect ratio of these two dimensions can, however, 

vary significantly depending on the fibre type and the desired properties of the final 
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product. Short or discontinuous fibres have a low aspect ratio with a typical length of 5 

to 50 mm and may be orientated randomly or aligned in a preferred direction within a 

mat [12]. When used in a composite, short fibres do not provide the same degree of 

reinforcement as long, continuous fibres. Long fibres may be unidirectional or woven 

together to form a ply which provides greater strength and stiffness in two directions 

rather than only along the axis following the fibre length [5]. Different fibre types may 

also be mixed together either in the same ply or in distinct, separate layers in order to 

produce a material which benefits from the properties of both reinforcement agents. 

For example, a relatively inexpensive, yet high performance, composite can be 

manufactured from glass and carbon fibres bound by a polymer matrix due to the low 

cost of glass fibre and the exceptional mechanical properties of carbon [8]. Similarly, 

particulate and fibrous reinforcements may also be used within the same composite 

material [5].   

2.3 Matrix Materials 

Of the 154.7 kt of carbon fibre reinforced composites manufactured in 2018, 82.7 

wt.% used a polymer matrix [1] and it is, therefore, CFRPs which are likely to contribute 

to the majority of waste material. Polymers can be classified as either a thermoplastic 

or a thermoset resin depending on their thermal behaviour [13]. Due to their long 

polymer chains, thermoplastics soften and eventually melt in the presence of heat, 

meaning they can be reshaped and easily recycled [14]. Thermosets, however, contain 

shorter monomers between the polymer chains meaning they are cross-linked together 

during the curing process. This is generally irreversible which leads to a material with 
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high chemical and thermal stability, but also one which is difficult to recycle [15]. The 

following section focusses on these two classes of matrix material, describing their 

different formulations, properties, processing methods and applications.  

2.3.1 Thermoplastic Polymers 

Thermoplastic resins consist of long polymer chains usually based on an aliphatic 

carbon skeleton with functional groups such as carbonyls, amines or organic cyclic 

compounds bonded to the network. The chemical bonds within and between each 

monomer are exceptionally strong: the strength of a C-C bond has been reported as 

between 353.3 and 377.4 kJ mol-1 depending on the chain length and surrounding 

environment [16]. For example, average bond strengths within polypropylene (PP) and 

polyvinyl chloride (PVC) are 357.1 and 373.8 kJ mol-1 respectively [17]. The result of this 

is, in theory, polymers should be able to support very high loads with specific strengths 

of the order of 1010 Pa m3 kg-1 [16]. However, only weak van der Waals forces exist 

between each molecule and, therefore, the strength and stiffness of the polymer are 

derived not just from the properties of the monomer, but also the orientation of the 

chains [18]. Thermoplastic polymers may be amorphous where there is a high degree of 

molecular entanglement, or semi-crystalline where the chains at local points are aligned 

in the same direction. Due to the complexity of the polymer chains, it is very difficult to 

form a purely crystal structure. As an amorphous polymer is heated, molecules become 

less entangled which leads to it changing phase to a viscous liquid, while semi-crystalline 

thermoplastics form an amorphous viscous liquid [18]. This enables relatively easy 
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recycling of thermoplastic materials as they can be melted and remoulded into the 

shape of a new product with little degradation of the polymer [19]. 

Thermoplastics can be classified according to their various applications. 

Traditional plastics tend to be amorphous and, in addition to PP and PVC, include 

polyethylene (PE), polystyrene (PS) and acrylonitrile butadiene styrene (ABS). These are 

inexpensive and more typically contain a short, rather than long, fibre reinforcement [7] 

meaning they are only suited for low performance applications, for example, as car 

panels [20]. Since the 1980s, engineering thermoplastics such as polycarbonates, 

polyketones, polyimides and polysulphones, have also been developed for high- 

performance applications [21]. Compared to traditional plastics which use an aliphatic 

carbon skeleton, these resins are typically based on a network of benzene rings; a highly 

stable monomer which tends to give rise to a high degree of crystallinity. As such, high 

glass transition and melt temperatures are characteristic of these engineering 

thermoplastics [7]. Specific examples include poly(ether ether ketone) (PEEK) which is 

manufactured by Victrex, polyamide made by the Dupont Chemical Company and 

poly(phenylene sulphide) (PPS) which is produced by Phillips 66 [22]. Despite being first 

developed in 1936 [23], novel acrylic polymers have also been recently reintroduced to 

the market due to their ability to polymerise at room temperature, their low density and 

their good mechanical performance [24].  

Compared to thermoset polymers, thermoplastics benefit from a much longer 

shelf life as, over a timescale of days or weeks, thermosets can self-cure resulting in a 
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hard, unworkable material [25]. Thermoplastic CFRPs also tends to have a higher 

ductility and fracture toughness compared to thermoset composites [25]. As the 

polymer chains are not cross-linked together, they are also relatively mobile upon 

heating. This not only leads to a more recyclable material, but also one where any 

fractures or defects can be healed using heat treatment [26]. There are, however, some 

significant challenges in the manufacturing of thermoplastic composites. Carbon fibre 

tapes bound by a thermoplastic tend to be stiff and more difficult to align within a mould 

[27]. The liquid melts are also highly viscous and are of the order of 103 to 105 Pa s [28], 

[29] compared to 102 Pa s for uncured, thermoset epoxy resins [30]. This means that 

high temperatures are needed during the manufacturing of thermoplastics and may be 

anywhere from 325˚C for PPS to 390˚C for PEEK [7]. There is an additional complexity 

due to the potential for thermal decomposition of the polymer before sufficiently low 

viscosities are obtained. Due to the viscosity, it may also be difficult to incorporate the 

fibrous reinforcement into a thermoplastic matrix [25] and there is a risk of creating 

voids within the material [31].  

Although the use of thermoplastic matrix materials is rising, thermoset polymers 

remain the most widely used accounting for 76.2% of all CFRPs manufactured in 2017 

[32]. As the majority of CFRP waste is likely to be composed of these materials, the 

research presented in this thesis considers the recycling of high performance thermoset 

carbon fibre composites. For this reason, the remainder of this literature review 

focusses on the properties, manufacturing and recycling of thermoset resins and its 

composites. However, the recycling of thermoplastics is also considered where novel 
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techniques described in the literature have only been applied to this class of polymer 

and not thermosets. 

2.3.2 Thermoset Polymers 

While thermoplastic polymer chains may contain hundreds or thousands of 

carbon atoms, typical thermoset prepolymers may only contain twenty to thirty. These 

much shorter molecules mean the majority of thermosets are liquid at temperatures 

below 80˚C [7]. In order to solidify the resin, a cross-linking or curing agent must be 

mixed in to the liquid. This may also be referred to as a hardener. Heat, pressure, a 

catalyst and / or ultraviolet light is normally applied in order to accelerate the cross-

linking reaction [33]. When the resin is fully cured, solid, three dimensional networks 

are created, and the polymer chains are no longer held together by weak van der Waals 

forces alone, but also strong covalent bonds. As this reduces molecular mobility, 

thermoset polymers tend to be stiffer, of equivalent strength and more brittle than 

thermoplastics [34]. They also tend to have higher thermal and chemical stability 

meaning they can be used in high temperature applications [7]. The most common types 

of thermoset resins can be divided into three classifications: phenolics, polyesters and 

epoxies, the chemical structure of each is shown in Figure 1.  
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Figure 1. Molecular structure of common resins a) phenolic; b) polyester and; c) epoxy. 

Phenolic resins are amongst the oldest variety and were the first to reach 

commercial success in the early 20th century under the trade name Bakelite [35] . Since 

then, multiple varieties have been brought to the market and are classified as either 

one-stage or two-stage resins, termed resoles and novalacs respectively [5]. Resoles are 

supplied as a mixture of phenol, formaldehyde, occasionally water, and a basic catalyst 

and are cured in a single stage through heating above approximately 120˚C [36]. 

Novalacs are a mixture of phenol and formaldehyde only which means only a partially 

cross-linked network is created and the resultant material maintains some 

thermoplastic properties. These can be impregnated across carbon fibre tapes or 

weaves to form a prepreg which are laid directly in to a mould as described in Section 

2.5. A hardener, such as hexamethylenetetramine, is added in order to create a fully 

cross-linked thermoset matrix at temperatures of above 90˚C [36].  

Compared to phenolics and epoxies, polyesters have a much simpler bonding 

network and are generally less costly, but their lower strength, stiffness and fracture 

toughness means they are more suited to less safety-critical applications such as pipes, 

boat hulls and car parts  [34]. The hardeners used to cross-link the polyester chains often 
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do not readily react with the ester bonds and so may be mixed into the polymer prior to 

fabricating a composite material [37]. Once the fibres are incorporated into the polymer, 

an initiator, usually an organic peroxide, is added. This attacks the C=C double bond in 

either the polyester chain or cross linking agent, reducing it to a single bond and creating 

a free radical [38], [39]. Due to the lone pair of electrons, these are highly reactive 

groups which bond together when they come into contact. This results in linking the 

polyester chains together to form a large, three dimensional matrix [40].  

The third class of thermoset polymers are epoxies. These are the most commonly 

used matrix in advanced composite materials due to their high strength, resistance to 

corrosion and ease of processing [7]. An epoxy group is a three membered, cyclic 

structure consisting of two carbon atoms both bound to an oxygen atom. This is often 

modified such that one of the carbon atoms within the epoxy is also bonded to another 

carbon, a group known as a glycidyl [34] and it is this which acts as the reactive site [41]. 

To cure an epoxy polymer, a hardener is mixed into the liquid epoxy, which is often 

heated to above ambient conditions in order to reduce its viscosity [42]. The cross-

linking agents are typically either amines, anhydrides or a tertiary amine / accelerator 

mixture. The cure is completed by raising the temperature to, typically, between 100 

and 250˚C [42]. The maximum service temperature of the final material is usually 

approximately that of the cure temperature [34]. The ratio of epoxy polymer to cross 

linking agent also has a significant influence on the final properties of the material. If 

there is an excess of epoxy, the resultant product is only partially cross-linked and will, 

therefore, have a lower strength and reduced glass transition temperature, Tg, 
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compared to a thermoset manufactured using a stoichiometric ratio of 1 : 1. In this 

instance, the polymer is fully cross-linked creating a three dimensional matrix with 

maximum mechanical properties. If the curing agent is in excess, the material exhibits 

the properties of a low molecular weight thermoplastic which are generally inferior to 

those of a stoichiometrically cured resin system [42].  

There are a wide variety of epoxy resin systems which are commercially 

available, and two types have been selected for initial investigation within this work. The 

first is HexFlow RTM6 manufactured by Hexcel Corporation. RTM, an acronym for “resin 

transfer moulding”, is a common manufacturing technique described in detail in Section 

2.5. Although the exact formulation is held in commercial confidence, this mono-

component resin system has been developed for the aerospace industry and is, 

therefore, suitable for safety critical applications. Tg was measured by dynamic 

mechanical analysis (DMA) and was found to be 210 ± 5˚C [43]. It also has a high thermal 

stability with a service temperature range of -60 to 120˚C  and a high tensile strength 

and modulus of 75 and 2890 MPa respectively [43]. Furthermore, upon immersing this 

material in water at 70˚C for 14 days, the moisture uptake was less than 2.5 wt.% [43] 

suggesting it is resistant to solvent penetration. High moisture uptake of more than 3.5 

wt.% rapidly increases the leaching of molecules from the matrix and subsequently 

degrades the polymer [44], [45]. As these properties demonstrate that HexFlow RTM6 

is a durable thermoset polymer, it is expected that the conditions identified as capable 

of decomposing this material can be applied to the recycling of a wide range of CFRPs. 

Also considered within Chapter 6 of this thesis is the decomposition of 2,2-Bis[4-
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(glycidyloxy)phenyl]propane (also referred to as diglycidyl ether of bisphenol A or 

DGEBA) cured with 4,4’-diaminodiphenyl sulphone (DDS). The structure of each 

compound and that of the cured resin is shown in Figure 2.  

 
a) 

 
b) 

 
c) 

Figure 2. Molecular structure of a) DGEBA prepolymer; b) DDS curing agent and; c) cured 
DGEBA / DDS resin 
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This commercially available formulation was selected as the DGEBA prepolymer 

accounts for an estimated 75 to 90% of all epoxy resins manufactured [46]. DDS was 

used as the hardener due to the presence of two benzene rings which increases thermal 

and chemical stability of the resin [47] and its ability to achieve a high degree of cure 

[48]. This resin system also exhibits desirable mechanical and physical properties [49], 

although it has been shown that these properties are strongly dependent on the curing 

cycles implemented. Consequently, the influence of cure time and temperature on Tg, 

flexural and tensile strength, impact toughness and electrical conductivity have been 

subject to a number of investigations [50]–[55]. Relevant to the recycling of these 

materials, however, is the thermal    degradation   temperature  of  a   cured   DGEBA   

epoxy   resin   with   research demonstrating that this is dependent on the cross-linking 

agent used [56]. In addition to this, the three dimensional matrix formed contributes to 

the chemical resilience of the cured product [57], [58] and, although this is an essential 

feature of high performance thermoset polymers, it also creates a significant challenge 

for the recycling of these materials. 

Multiple studies have explored the uptake of moisture into, and ageing of, 

DGEBA epoxy polymers, the findings of which may be applicable to the solvolytic 

recycling of thermoset resins. The results of various studies suggest that water 

absorption is not temperature dependent [59]–[61], possibly due to the medium to high 

polarity of DGEBA resins [62]. However, the maximum temperature investigated of 70˚C 

is well below that necessary to fully decompose the polymer as would be necessary for 

recycling applications. In addition to hydrothermal ageing, radiochemical ageing has also 
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been a subject of interest due to the application of amine cured epoxy resins in the 

nuclear industry [63]–[65]. Previous work has demonstrated that, in the absence of 

moisture, the properties of the polymer are degraded due to the formation of carbonyl 

and amide radicals when aged using thermo-oxidative techniques [66], [67]. Radical 

formation may be accelerated by exposure to ϒ-radiation which results in a small 

increase in water absorption [65]. However, this does not appear to cause a significant 

change in the properties of DGEBA polymers with hydrothermal and thermo-oxidative 

effects leading to more substantial degradation [68].  

For high performance applications, both thermoplastic and thermoset resins can 

be reinforced with various types of fibres such as carbon, glass and aramid, in addition 

to natural fibres such as hemp [5]. However, it is carbon fibres which are the most 

durable, most valuable and have the highest manufacturing energy cost [69]. For these 

reasons, it is this fibre which is the most desirable to recover and is, therefore, the 

subject of this research project. Consequently, the remainder of this chapter reviews the 

literature surrounding their production, characterisation and recycling.  

2.4 Carbon Fibre Reinforcement 

2.4.1 Overview 

The market demand for carbon fibre has rapidly expanded in the preceding 

decade from a global production of 33.0 kt in 2010, to 70.5 kt in 2017 and a projection 

of 120.5 kt by 2022 [1]. Almost all carbon fibre manufactured is used as a reinforcement 

agent within a composite material [1]: the manufacture, properties and applications of 
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which are discussed in Section 2.5. Each individual filament is typically 5 to 10 µm in 

diameter and may be supplied in a continuous tow tens of metres long which results in 

a material with an exceptionally high aspect ratio [70]. Carbon fibres themselves consist 

of highly ordered carbon atoms arranged hexagonally into graphene rings which gives 

rise to an electrical conductivity of the order of 104 to 105 S cm-1 [71]. This is a particularly 

useful property when considering applications such as lightning strike protection in 

exterior aircraft components [72]. The graphene rings are aligned in the direction of the 

fibre length meaning the inherently high tensile strength of, typically, 1.4 [7] to 7.0 [73] 

GPa is derived from the strength of the C-C bonds. Under maximum loading, low and 

high modulus fibres have an elongation of 0.9 to 1.4% and 0.4 to 0.6% [7] respectively 

resulting in a high stiffness material with a tensile modulus of up to 935 GPa [73]. With 

such a high stiffness, carbon fibres (and their composites) are typically brittle materials, 

although there has been some research into different matrices aiming to improve 

elasticity [74]. The variation in mechanical properties across different varieties of carbon 

fibre are largely due to the different precursors and manufacturing processes employed 

which are described in the following section.  

2.4.2 Manufacturing Processes 

Approximately 96% of the carbon fibre manufactured globally is based on the 

carbonisation of the precursor poly-acrylonitrile (PAN) [71]. Ammonia and propylene 

react to form acrylonitrile which subsequently undergoes a solution, suspension or 

emulsion polymerisation reaction to produce PAN [71]. Other techniques such as free-

radical polymerisation have been reported but appear to be less frequently employed 
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[75]. Fibres are formed by drawing the liquid polymer mixture through a spinneret using 

a range of techniques such as wet-spinning, dry-spinning, gel-spinning, electro-spinning 

or dry-jet wet spinning [76]. Research has also demonstrated that PAN can be melt 

processed into carbon fibres [77], however, this technology has not yet reached 

commercialisation: it begins to degrade at the temperatures which are often required 

[73]. During spinning, the PAN fibres are drawn out which begins to align the polymer 

chains and, by increasing the tension, minimises any variation in fibre diameter [78]. 

Prior to stabilising the PAN filaments, it is necessary to coat the material with an oil in 

order to protect them and prevent the fibres from sticking together. This oil is usually 

silicon based [79], however, the exact formulations are commercially sensitive and 

details are, therefore, unpublished. For exceptionally high performance applications, it 

has been shown that gel-spinning is capable of producing carbon fibres with a tensile 

strength and modulus of up to 12.1 and 375 GPa respectively [80]. 

Stabilisation is induced by heating the PAN fibres to between 200 and 300˚C 

which forces the PAN molecules to move from a linear polymer phase to a rigid, ladder 

structure [81]. Recent research has focussed on the development of techniques to 

accelerate this process through electron beam [82], [83] and UV irradiation [84]. The 

second heating stage, known as carbonisation, takes place in an inert atmosphere and 

removes most of the remaining hydrogen and nitrogen from the PAN fibre to form 

filaments with a carbon content of between 93 and 99% [85]. The temperature and draw 

weight have a significant influence on the mechanical properties of the final product. At 

1500˚C, low modulus fibres with a distorted, columnar structure are formed [86]. 
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Research has demonstrated that the tensile modulus increases linearly with process 

temperature [71] and commercially, temperatures in excess of 3000˚C may be used in 

order to generate high stiffness fibres [87]. However, it should be noted that when the 

process temperature exceeds 2800˚C, there is a greater risk of forming voids within the 

fibre which subsequently results in a loss of strength [88]. Following carbonisation, fibres 

may also be graphitised in order to increase crystallinity and hence further increase the 

modulus. This must be carried out using an argon atmosphere as carbon reacts with 

nitrogen to form nitrides at temperatures above 3000˚C [87], [89]. The structure of these 

graphitised fibres is heterogeneous: the outer layers form highly ordered graphitic 

sheets with a relatively high modulus and low tensile strength compared to the fibre 

core [90]. 

Following the heat treatment processes, the carbon fibre surface is etched, 

either by plasma-etching [91], [92] or electrochemical-etching [93], [94], in preparation 

for the application of a polymeric coating known as sizing. The composition of this is 

held in commercial confidence but it is known to often be silica based. Carbon fibres are 

sized in order to facilitate good adhesion to the polymer matrix and to protect the fibre 

during the final stages of its production [95]. This sizing is critical in preventing fibre pull-

out from the matrix and has, therefore, been the subject of a number of different studies 

[96]–[101]. Recently, research has focused on graphene oxide complexes incorporated 

into the sizing [102], [103] or modifying the fibre surface directly through the chemical 

bonding of various nano-species [104]. As CFRP recycling technologies act to eliminate 

the polymer matrix, it is possible that the sizing is also removed and hence must be 
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reapplied before incorporating the recovered fibres into a new matrix. During winding, 

fibres are grouped together to form tapes or tows. The latter consists of bundles 

typically containing between 3000 and 12000 individual fibres [87]. The tows are 

gathered on a yarn and may be subsequently woven into mats which are used in the 

manufacture of CFRPs as described in Section 2.5.  

2.4.3 Characterisation Techniques 

When considering the recovery of carbon fibres from polymer matrices, it is 

desirable to minimise the influence of the recycling process on the quality of the fibres: 

damaging this high-value material results in downgrading the product, thus limiting its 

future applications. To this end, carbon fibres may be characterised separately to the 

composite material using a number of different methods; those employed as part of this 

research project are detailed in Chapter 5 while a range of characterisation techniques 

which are available are summarised as part of this literature review. The mechanical 

properties most commonly considered are the tensile strength and modulus. Both are 

typically measured through either single fibre [105]–[109], or bundle testing [110], 

[111]. It has been demonstrated in previous research that electrical impedance 

spectroscopy (EIS) is able to exploit the conductivity of carbon fibre and allow the 

number of fibres within a bundle to be determined to a high degree of accuracy [112]. 

The modulus is determined by considering the strain (or elongation) of the 

filament; ductile materials will stretch and undergo plastic deformation whereas carbon 

fibres, as brittle materials, will elastically deform and usually fail at elongations of less 
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than 1.4% [7]. The tensile strength of the fibres is limited due to the presence of surface 

defects and internal flaws: it is at these points that failure occurs due to the 

magnification of stress upon the application of a load [108]. Some work has been 

completed on calculating what the critical flaw size is for a variety of different fibre types 

[113]. As failure points are randomly distributed along a fibre, the gauge length of the 

test specimen has a large impact on the measured strength and stiffness. Long filaments 

will appear weaker but have a smaller spread of data while the inverse is true for short 

fibres [109] with tensile strengths of up to 13 GPa being recorded when the gauge length 

is of the order of a few microns [105]. For this reason, a gauge length of 25 mm is defined 

as part of the standard test protocol described by ISO 11566:1996 [114]. In addition, a 

minimum of 30 fibres must be characterised in single filament testing for the sample 

size to be representative of all fibres within a single batch [114]. This is likely to give a 

large spread of data, an average of which may be skewed by particularly strong or weak 

fibres and thus not give a good indication of the true strength. To overcome this 

limitation, the data set may be characterised using a Weibull, rather than a normal, 

distribution which enables the calculation of a scale and shape factor instead of a mean 

and standard deviation [105], [108], [109], [115]–[117]. The scale factor may then be 

used to quantify the likely strength of an individual fibre, while the shape parameter 

may be quoted to indicate the shape of the distribution: when this is approximately 

equal to 1, the failure rate is constant across the data set [105].  

As the load applied to a composite is transferred to the fibre through the matrix / 

fibre interface, the interfacial shear strength (IFSS) between the fibre and the matrix is 
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critical to developing a high performance composite material [118]. This property is 

derived from the adhesion between the two materials and the geometry of the 

reinforcement. Below a critical fibre length, less than the maximum possible load is 

transferred to the reinforcement and thus the strength of the composite is less than 

what may be achieved. The critical length depends on the fibre and matrix material but 

is typically approximately 30 to 50 mm within CFRPs. Provided this critical length is 

exceeded, composites manufactured from discontinuous fibres may therefore 

demonstrate similar mechanical properties to equivalent CFRPs made using long, 

continues carbon fibre tapes [118].  

Due to the lack of chemical reactivity of carbon fibre, there is generally poor 

adhesion between the fibre surface and a polymer which may lead to fibre pull-out [95] 

and a subsequent reduction in the mechanical performance. There has, therefore, been 

extensive research into enhancing the interfacial properties through both wet chemical 

methods such as the application of sizing [119], [120], acidic modification [121] and 

electrochemical modification [122]. Dry techniques, for example,  plasma modification 

[123] and high energy irradiation [124] have also been investigated, although it is the 

application of sizing which appears to be most widely used in industry [7]. To this end, 

the wettability of the fibre surface has also been investigated using contact angle 

measurements [125], [126]. The IFSS is typically measured using fibre pull out tests 

whereby a polymer droplet is deposited on a fibre surface and the force required to 

remove it is measured [97], [127]–[130]. Compared to unsized carbon fibre, previous 

work has shown that it is possible to increase IFSS by 14% when using a polyacrylate 
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emulsion [130]. When solutions containing epoxies and amines are applied, IFSS can be 

increased by up to 60 [127] and 80% [129] respectively thus demonstrating that this 

property is highly dependent on the sizing agent used.  

The presence of functional groups on the fibre surface has also been shown to 

influence adhesion to the matrix and, therefore, analysis of the surface chemistry has 

also been conducted. Techniques include X-ray diffraction (XRD) [131], infrared (IR) 

spectroscopy [130], [132] or Raman spectroscopy [133], although the most common 

appears to be X-ray photoemission spectroscopy (XPS) [97], [127], [132], [134]. This is 

capable of identifying, and quantifying the ratio of, various different species bonded to 

the carbon surface. Desirable functional groups include hydroxyls, carbonyls and nitriles, 

although research has shown fluorinated compounds also facilitate excellent adhesion 

due to the polarity of the C-F bond [131].  

The surface of the fibres may also be inspected through different imaging 

techniques in order to identify any of the defects which lead to a reduction in tensile 

strength. Chief among these is scanning electron microscopy (SEM) which has been used 

in the characterisation of both individual fibres [95], [105], [132], [135], [136] and fibre-

polymer composites [137], [138]. Transmission electron microscopy (TEM) appears to 

be more commonly employed in the characterisation of nano–carbon fibres which 

typically have diameters of less than 0.5 µm [139]–[141], although there are some 

reports on the application of this technique to conventional carbon fibres [142]. Surface 

characteristics such as roughness have also been quantified through atomic force 
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microscopy (AFM) [99], [101], [132], [143], [144] with this technique in particular also 

used to characterise recycled carbon fibre with the aim of identifying cracks and / or any 

polymeric residue [145], [146]. Although not applied to individual fibres, it has also been 

demonstrated that alternative imaging techniques such as X-ray computed tomography 

(XRCT) are capable of identifying voids within composite materials [137], [147]–[149] 

and hence may be useful when considering the degradation mechanisms taking place 

within a CFRP.   

With the advancement of smart, multifunctional materials, carbon fibres have also 

found applications in sensors, resistive heating, electromagnetic shielding and energy 

storage [150]. Success in these markets rely primarily on the electrical properties of 

carbon fibre and as such, some recent work has characterised fibres in terms of their 

conductivity in addition to their mechanical performance [151]–[153]. In these 

experiments, a potential difference is normally applied across a sample of known 

dimensions and the resultant current measured. Using this data, the resistance and 

hence conductivity can be calculated. As recycled carbon fibres may also find 

applications in these multifunctional materials [154], quantifying any changes in 

electrical, as well as mechanical and surface, properties due to the developed recycling 

process will be of interest in future research. As it is likely that recycled carbon fibres 

will be incorporated into a polymer matrix, it is it is necessary to consider the various 

manufacturing techniques employed in the production of CFRPs.  This will also provide 

some insight into the processing of carbon fibres prior to reaching their end-of-life (EoL). 
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2.5 Manufacturing CFRPs 

2.5.1 Lamination 

Following the manufacturing process described in Section 2.4.2, carbon fibres 

may be supplied on a yarn as a continuous tow, as a unidirectional tape, or woven 

together into a variety of structures. Several different processes exist to incorporate 

these fibres into a polymer matrix; the process selected depends on the final application 

of the product. As it is likely that existing methods will be used to produce CFRPs from 

recycled fibres, it is necessary to consider the requirements of the main manufacturing 

technologies. One of the simplest is lamination, or hand lay-up, whereby a resin is 

coated onto the inside of a mould before draping a carbon fibre fabric into it. By pressing 

the fabric into the mould, the resin penetrates into the fibres. An additional coating of 

resin is applied onto the fabric and, if required, further layers of carbon fibre can also be 

pressed into the mould until the desired thickness is reached [33]. At this point, the resin 

is cured using one of the techniques described in Section 2.3.2. Although this is a simple 

technology with good versatility in terms of the final product, the quality of the 

composite is usually low due to the entrapment of air and lack of compaction. This 

process relies on the use of continuous fibres [33] and may, therefore, be unsuitable for 

manufacturing a secondary composite material as CFRPs are usually shredded prior to 

being recycled.  

2.5.2 Compression Moulding 

To overcome the concerns regarding product quality, compression moulding 

may be considered a viable alternative manufacturing process. This is similar to 
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lamination, however, rather than manually coating the fibre weave with a liquid resin, 

pre-impregnated (pre-preg) fabrics are used. Anywhere from two or three, to twenty 

layers may be stacked within a mould, the second half of which is then hydraulically 

pressed on top and heated. This activates the cross-linking agent within the polymeric 

mixture and so cures the resin. The composite material is then removed and the edges 

are trimmed to remove any excess material. This technique can be used to produce parts 

with complex shapes for specific applications [155]. The carbon fibre pre-preg may also 

be combined with sheet moulding compound (SMC) which consists of glass-fibre 

reinforced polyester which allows the final product to benefit from the superior 

properties of carbon fibre while minimising manufacturing costs [156].  

2.5.3 Liquid Composite Moulding 

Unfortunately, the pre-pregs used in compression moulding have a finite shelf 

life, are often expensive and the fibre orientation can only be in-plane thereby limiting 

the composite toughness and shear strength [33]. To overcome these issues, liquid 

composite moulding (LCM) is used to manufacture parts for a number of applications as 

a cost effective alternative with a relatively high production rate [157]. A dry, continuous 

carbon fibre weave or random mat is assembled into a pre-form which has a similar 

geometry of the final component. This is then placed into one half of a stiff, normally 

metal, mould which is closed and sealed prior to injecting a mixture of resin and cross-

linking agent [158]. Effectively wetting all fibres is essential to forming a high quality 

composite part without any voids in the matrix. Consequently, a number of different 

studies have been conducted investigating various techniques which facilitate good 
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permeability of the resin through the fibres [159]. Resin transfer moulding (RTM) pumps 

the monomer mixture into the mould typically at a pressure of between 600 and 700 

kPa [159], [160]. The application of a vacuum (vacuum-assisted resin transfer moulding, 

VARTM) can selectively draw the resin through the fibre layers to less accessible parts 

of the mould and thereby reduce the likelihood of forming voids. This may give a high 

fibre volume content of up to 60 vol.%. The infusion time for these techniques is usually 

of the order of minutes, occasionally hours [161]. To accelerate the process and reduce 

this to seconds, higher pressures of up to 7 MPa may be used, such as in structural 

reaction injection moulding (SRIM) [162]. Alternatively, the Seaman composite resin 

infusion moulding process (SCRIMP) has also been developed where one half of the 

mould is metal and the other is a membrane. Here, only a vacuum is used to draw the 

resin in between the preform and the membrane. As the polymer only needs to flow 

through a small thickness of the tortuous preform, infusion is fast despite the small 

pressure differential of less than 100 kPa [163]. Once the resin is fully infused, it is cured 

at a specific heating rate, temperature and time before the mould is opened and the 

composite removed. As the heating stage is costly both in terms of initial capital and 

operation, some research has been conducted with the aim of producing CFRPs by a 

resin transfer process without the need for an autoclave. Samples manufactured with 

this technique demonstrated good mechanical performance but, with a relatively low Tg 

of approximately 119˚C [160], this production technique is less suited to high 

temperature applications.  
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2.5.4 Vacuum Assisted Resin Film Infusion Moulding 

Vacuum assisted resin film infusion moulding (VARFIM) aims to combine the 

advantages of LCM technologies with the versatility of lamination. Preparation of the 

material and mould is similar to the latter technique; however, the resin is not just 

cured. A vacuum bag is placed over the open mould and the pressure reduced in order 

to degas the polymer minimising the presence of voids in the composite product. The 

pressure differential may be used to draw additional resin into the mould and forces  it 

to infuse through the fibres [164]. Once the vacuum infusion is complete, the resin is 

allowed to cross-link following a specified curing cycle. Although rapid cure resins may 

be used [165], VARFIM is a relatively slow process. It does, however, facilitate the 

incorporation of a wide variety of fibre orientations into a polymer matrix. This enables 

the manufacture of high quality CFRPs with complex geometries which are suitable for 

use in aerospace and structural applications [166].  

2.5.5 Filament Winding and Fibre Placement 

Automated manufacturing processes have the potential to lower the production 

costs of CFRPs and hence enable their continued entry into additional markets, such as 

the automotive industry, where the weight saving brought by CFRPs is seen as an 

environmental benefit. One of the most established automated processes is filament 

winding where, as the name suggests, fibres in a tow or tape are drawn from a yarn, 

pulled through a resin bath and wound around a rotating mandrel under tension. This 

means the composite product must have axial symmetry and this technique is, 

therefore, used in the manufacture of pressure vessels, pipes and some aircraft 
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components [167]. Mandrels are typically cylindrical, but rotationally symmetrical 

geometries such as cones [168], arches [169] and disks [170] are also discussed in the 

literature.  

Fibre placement is similar to filament winding, except this is a dry process 

whereby pre-preg tows or tapes are pushed towards the surface of a mandrel. Heat is 

applied and rollers push the pre-preg into the shape of a mould, meaning this technique 

does not require the composite part to be axially symmetrical [171], [172]. Where a uni-

directional (UD) tape is used, fibre placement is generally a fast production method as 

the relatively large tape widths allow high coverage of the mandrel surface in a single 

application [171], [173]. The high degree of precision and repeatability when using both 

tapes and pre-preg tows in filament winding and fibre placement has led to these 

technologies being a production method of choice for safety critical components, 

particularly within the aerospace industry [172]. 

2.5.6 End of Life Options 

Although CFRPs have a large potential for improving sustainability through the 

weight reduction of aircraft and vehicles, manufacturing of high-capacity wind turbines, 

and increased service life of structural components [174], they are, at present, a 

resource inefficient material. The environmental burden of manufacturing may be 

quantified by considering the embodied energy of production. For epoxy matrices, this 

stands at 76 to 80 MJ kg-1, while carbon fibres are even higher at 183 to 286 MJ kg-1 [69] 

with maximum estimates in the literature of up to 585 MJ kg-1 [175]. This compares to 
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13 to 32 MJ kg-1 and approximately 6.5 MJ kg-1 for glass and flax fibres respectively [69]. 

In addition to manufacturing offcuts and out-of-date pre-pregs, the quantity of EoL CFRP 

components which require disposal is also forecast to reach 115 kt by 2035 [2], [176]. 

Although the proportion of CFRP waste sent to landfill does not appear to be quantified 

in the available open literature, multiple sources agree that only a fraction is recycled 

[177], [178]. Within Europe in particular, growing environmental concerns have led to 

the introduction of legislation, the Waste Framework Directive, which severely restricts 

the quantity of material sent to landfill [179]. Similarly, the End of Life Vehicle Directive 

states 85% of a vehicle must be recycled [180]. However, until effective composite 

recycling techniques are commercialised, this is likely to act as a barrier to the further 

adoption of CFRPs in the automotive industry.  

Multiple economic studies have demonstrated that the financial cost of 

recovering carbon fibre from CFRPs may be as low as 5 to 10% of the cost of 

manufacturing virgin material [181], [182]. For this reason, effective recycling is not only 

an environmental responsibility, but also a fiscal opportunity. At present, however, 

there are very few commercial recycling processes in operation [3]. Due to the 

inherently complex nature of CFRPs, the exploration of various technologies to recover 

carbon fibre and polymer matrices remains an active area of research. As illustrated by 

the manufacturing techniques described in this chapter, the majority of processes rely 

on the use of continuous fibre. This may cause some concern when considering the 

manufacture of CFRPs from recovered fibres: it is almost always necessary to reduce the 

size of the composite structure prior to separating the fibre from the resin due to the 
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size limitations of processing equipment. For this reason, recovered fibres tend to be 

relatively short and are unsuitable for use in woven architectures. Although non-aligned, 

short fibre mats are commercially available [183], suggesting that there is a market 

demand for this product, manufacturing of secondary CFRPs may be limited to an 

injection moulding process which consequently reduces the number of potential 

applications. As the focus of this research project is the recycling of carbon fibre, the 

literature surrounding the range of techniques which have been previously investigated 

is, therefore, discussed in the remainder of this review.  

2.6 Mechanical Recycling Technologies 

The primary objective of recycling CFRPs is to separate the fibres from the polymer 

matrix, with focus usually on the recovery of the former component: carbon fibres are 

of greater economic value than most resins. It is also important to draw the distinction 

between mechanical recycling and size reduction which is generally employed 

regardless of the recycling method considered. As composites are often used in large 

structures such as a aerofoils, fuselages and wind turbines, it is not feasible to develop 

a recovery technique which could handle the entire component. Mechanical techniques 

reduce a composite to a fine powder which may then be incorporated as a filler into a 

new composite material, low grade polymers or roads [184]. Although this has reached 

commercial maturity for glass fibre reinforced polymers (GFRPs) [185], it is currently 

considered uneconomical for CFRP recycling due to significantly downgrading a 

previously high value material [3]. Despite this, there is some literature studying 
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mechanical recycling technologies for CFRPs with numerous works considering milling 

and high voltage fragmentation. 

2.6.1 Milling 

Within a milling recycling process, a CFRP is first shredded, typically to 50 to 100 

mm in length. This is followed by ball milling or fluidised bed grinding to create a fine 

particle mixture [186]. This may be sieved to create fibre-rich and resin-rich fractions 

which each have separate applications. Thermoplastics may be melt processed to 

recover useful, if low-grade, polymers, however, this is not possible for thermosets 

[172]. As the effective separation of fibre reinforced plastics (FRPs) according to matrix 

material is not easily achieved [187], the primary disposal route for the resin-rich 

fraction appears to be incineration with energy recovery.  

The fibre particulates recovered from a CFRP may be incorporated into SMCs and 

it has been demonstrated that, at a proportion of 20 wt.%, the impact and flexural 

strength and flexural modulus is similar to that of standard SMC formulations containing 

glass fibres [188]. However, it was necessary to carefully control the distribution of 

recycled carbon fibre and virgin glass fibres in order to ensure sufficient product quality. 

This may mean changes to manufacturing stages or additional quality control measures 

are necessary for the widespread deployment of this technique. It has also been 

reported that CFRPs produced with carbon fibres that have been recovered following a 

grinding process showed similar mechanical properties to composite materials 

manufactured from virgin fibres of a similar length [189]. Although this suggests that the 
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mechanical properties of the recovered carbon fibres are not significantly altered, the 

size reduction involved in this process results in downgrading the material, thereby 

limiting future applications.  

Additional research has demonstrated that the properties of PP are enhanced 

when reinforced with short fibres typical of those recovered from mechanical recycling 

techniques. Coarse, intermediate and fine sizes were considered with the fibre length 

ranging from 75 to 600 µm. Results showed that tensile strength and stiffness increased 

by as much as 50 and 100% respectively compared to unfilled polypropylene when fibre 

fraction was increased to 30 wt.% [190]. Similar findings have also been reported when 

using ABS [191] and an epoxy matrix [192] thus demonstrating potential uses for carbon 

fibre recovered from mechanical recycling methods.  

Multiple life cycle assessments (LCAs) for the mechanical recycling of carbon 

fibre have been conducted which all demonstrate the significant environmental benefit 

of this disposal method when compared to landfilling waste CFRPs [193]–[195]. It has 

been estimated that, for a recycle rate of 10 kg h-1, the energy intensity of a CFRP milling 

process is 2.03 MJ kg-1 [195] which compares to the embodied energy of carbon fibre 

alone of up to 585 MJ kg-1 [175]. Unfortunately, the market for such small carbon fibre 

particulates remains limited with target applications focussed on the replacement of 

virgin glass fibres. Despite the large potential energy saving, financial analysis has 

demonstrated that milling, as a CFRP recycling technology, is currently not an 
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economical disposal route [194] and as such, this is not, at present, a commercially 

exploited technology [3]. 

2.6.2 Electrodynamic Fragmentation 

Originally developed for the extraction of metals from ore [196], electrodynamic 

fragmentation has also been investigated as a potential recycling technology for FRPs, 

with most research considering the recovery of glass fibres. This process involves 

immersing a composite into a dielectric liquid, such as water, and placing two electrodes 

either side. A high potential difference, typically between 100 and 200 kV is then applied 

in a series of pulses which forces separation of the fibres from the polymer [197]–[199]. 

Although this technique is capable of fracturing epoxies [200], initial characterisation of 

the fibres demonstrated that up to 40 wt.% of the resin remained adhered to the surface 

[197] which may limit their future application over concerns of adhesion to a new 

polymer. With respect to the recycling of carbon fibres, electrodynamic fragmentation 

has been compared to milling technologies in terms of its cost, energy consumption and 

scalability, amongst other criteria [201]. This study reported that, beyond a lab scale, 

this approach is not competitive with conventional mechanical recycling methods. As 

the latter technique is also not considered economically viable [194], electrodynamic 

fragmentation is thought to be unfeasible as a CFRP recycling process. 

2.7 Thermal Recycling Technologies 

Of all potential CFRP recycling techniques, only pyrolytic processes have achieved 

commercialisation [202]. Here, the composite waste is heated either in air or an inert 
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atmosphere at temperatures ranging from 450 to 750˚C which results in the cracking of 

the polymer to low molecular weight compounds [203]. Unlike mechanical recycling, it 

is possible to attain clean fibres using pyrolysis and it is consequently easier to 

incorporate them into a new polymer matrix. Various methods based on the pyrolysis 

of the resin are described in the literature and are reviewed in this section.  

2.7.1 Fixed Bed Reactors 

Within a fixed bed reactor, the polymer matrix is decomposed into a mixture of 

oils, gases and char, the composition of which depends on the type of resin and local 

atmosphere. The presence of oxygen results in the oxidation of oils and, therefore, 

favours the production of a synthetic gas mixture comprising mostly of carbon dioxide 

(CO2), carbon monoxide (CO), methane (CH4) and hydrogen (H2) [204]. This gas may be 

used as a fuel for the process, thereby recovering some energy and possibly making it 

self-sustaining. Although this process has been investigated for the recycling GFRPs, the 

high temperatures necessary, particularly for the decomposition of high performance 

thermoplastics and thermosets, results in significantly degrading the properties of the 

material. Research has also shown that there may be a loss in the strength of the glass 

fibres by more than 50% [205]. For this reason, pyrolysis appears to be more suited for 

the recovery of carbon fibres; as they are frequently processed at more than 1500˚C 

during their manufacture (described in Section 2.4.2), carbon fibres are less susceptible 

to thermal degradation. 
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Fixed bed pyrolysis tends to be a two stage process whereby the resin is first 

combusted between 350 and 500˚C [206]. Due to the formation of char, the second 

stage involves an elevated temperature up to 750˚C, possibly in an oxygen atmosphere 

to facilitate the recovery of clean fibres [207]. The total process time, typically between 

20 and 150 min, seems dependent on the matrix material with high performance 

polymers such as PEEK and epoxies requiring longer [204], [206], [208]–[212]. To ensure 

the mechanical properties of the fibres are maintained, reports in the literature suggest 

an upper temperature limit of 550˚C is necessary, although this also appears to be 

dependent on the variety of carbon fibre: Hexcel AS4 fibres demonstrated greater 

degradation than Toho-Tenax HTA fibres when processed under similar conditions [213].  

On an industrial scale, CFRPs from various sources and of large geometries up to 

several metres in length are loaded on to a moving conveyor which is fed into a furnace. 

The atmosphere and operating temperature are carefully controlled, which facilitates 

the recovery of clean fibres. It is claimed by ELG Carbon Fibre Ltd. that the mechanical 

properties are 90% of those of virgin material [3]. As the fibres are blended together to 

ensure a consistent product, this claim is difficult to verify, although literature sources 

investigating similar conditions report comparable findings [207], [211].  

 Recent research has examined the potential for superheated steam to recover 

carbon fibres, both as a method for decomposing the matrix [210], [211] and to activate 

the fibre surface [208]. Compared to the use of an inert or air atmosphere, a similar 

process time of 60 min was necessary, although these works relied on the use of higher 
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temperatures of up to 850˚C. At less severe conditions, there is reportedly little change 

in the mechanical properties of the fibres [211], however, compared to virgin material, 

there was a reported reduction in tensile strength of up to 35% after processing at 850˚C 

[210]. Unless the objective is to produce activated carbon fibres, it therefore does not 

appear beneficial to use a steam atmosphere.  

2.7.2 Fluidised Bed Reactors 

Compared to a fixed bed reactor, fluidised beds offer the advantage of improved 

heat and mass transfer which may, therefore, facilitate greater throughputs of material 

and subsequently lower operating costs. This process, initially developed at the 

University of Nottingham, uses hot air at 450 to 550˚C to fluidise silica sand particles 

[214], [215]. The temperature selected depends on the matrix material with more 

severe conditions needed to decompose thermally stable epoxies. Decomposition of the 

polymer matrix takes place due to heat and attrition of the scrap CFRP by the sand. 

Liberated carbon fibres are collected in a cyclone and the exhaust gasses used in energy 

recovery. As dense contaminants such as metals drop to the bottom of the reactor, this 

process is particularly suited for the recycling of EoL parts, however, almost all of the 

polymer is converted to gasses meaning the recovery of potentially valuable oils is not 

possible [3].  

Although some research has shown that secondary CFRPs have similar 

mechanical properties to the equivalent virgin fibre reinforced composites, 

characterisation of the individual fibres recovered from a fluidised bed process have 
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shown a strength reduction of approximately 25% [216]. Surface analysis, however, 

demonstrated little change in the oxygen content suggesting that a new polymer will 

adhere well to these fibres [217]. Financial assessments have estimated that the cost of 

the fibre product may be as low as £4 kg-1 [218] compared to the price of virgin carbon 

fibre of £27 to £54 kg-1 [3], [219]. Virgin glass fibre, which recycled carbon fibre may be 

able to displace, currently retails at approximately £1 to £10 kg-1 [220]. Similarly, the 

primary energy demand and global warming potential of manufacturing CFRPs with 

carbon fibres recovered from this process are estimated to be 32 to 50% and 33 to 51% 

lower respectively, compared to using virgin carbon fibres [214]. Despite the loss of the 

polymer matrix and the fact that this technology remains at the pilot stage, the 

significant energy and financial savings compared to the use of virgin fibres suggest that 

fluidised bed pyrolysis is also a viable recycling technology.  

2.7.3 Microwave Induced Pyrolysis 

Microwave heating may offer an advantage over the conventional heating 

methods used in fixed and fluidised bed reactors: as heating occurs from within the 

material, the temperature is rapidly increased resulting in very short process times. 

Lester et al. demonstrated that it is possible to obtain clean fibres from an epoxy resin 

within 8 s using a 3 kW microwave, although it was noted that the tensile strength and 

modulus of the recovered fibres had been reduced by 20 and 12% respectively [221]. 

Differences in the topology were also noted, possibly due to the exposure of carbon to 

microwaves. Although there has been some commercial interest in the microwave 
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processing of polymeric composites for recycling applications [222], there has been very 

little development of this technique over the past decade.  

2.7.4 Molten Salts 

Some recent research considering the thermal reclamation of carbon fibres has 

involved the use of molten salts; both potassium hydroxide (KOH) [223] and zinc chloride 

(ZnCl2) [224] have been applied to carbon fibre / epoxy matrix composites. In both cases, 

clean fibres were recovered in reasonable reaction times of less than 120 min, although 

ZnCl2 required a higher process temperature of 360˚C compared to 285 to 330˚C for 

KOH.  Aside from the different salts, this difference in process temperature may also be 

due to different resin formulations. In both cases, the tensile strength and modulus of 

the individual fibres showed very little reduction after processing. Heating the fibres in 

air to the same temperature even resulted in a greater reduction in mechanical 

properties compared to when they were in contact with ZnCl2 [224]. Due to the effective 

recovery of clean, high quality carbon fibres using a lower temperature than 

conventional pyrolysis, the use of molten salts represents an interesting development 

in the pyrolysis of CFRPs for recycling applications. 

Although only thermal recycling technologies have reached commercialisation, 

they are resource inefficient processes due to the loss of the polymer matrix which may 

make up to 50 wt.% of the CFRP [161]. As a result of the resin decomposition and high 

temperatures used, large quantities of CO2 are generated: an emission which developed 

countries have pledged to limit under the Paris Climate Agreement [225]. It is, therefore, 
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necessary to consider alternative methods which enable the recovery of carbon fibres 

and potentially useful monomers.   

2.8 Chemical Recycling Technologies 

Solvolysis is a chemical treatment whereby the resin is dissolved in a suitable 

solvent rather than pyrolysed following one of the processes discussed in Section 2.7. 

Depending on the chemicals involved and reaction conditions, the solvent may be in the 

liquid, gaseous or supercritical state, but the general decomposition process remains 

the same. The solvent diffuses through the polymer matrix causing the composite to 

swell. Specific chemical bonds are then broken and the smaller, now soluble molecules, 

diffuse back out of the composite into the bulk fluid [178]. Although an effective 

separation process is yet to be developed, the recovery and subsequent reuse of these 

monomers is both environmentally and economically beneficial. Solvolysis has a further 

advantage over pyrolytic techniques as, usually, comparatively lower temperatures are 

necessary to liberate the fibres which leads to a significant energy saving. Based on the 

manufacture of a secondary CFRP, the energy demand for fluidised bed pyrolysis and 

chemical recycling has been estimated at approximately 51.7 MJ kg-1 [214] and 38.4 

MJ kg-1 [226] respectively.  

Chemical recycling technologies can be classified according to their reaction 

conditions. Low temperature and pressure (LTP) processes generally consider 

temperatures of less than 200˚C and ambient pressure, while high temperature and 

pressure (HTP) systems operate anywhere between 220 to 450˚C and 0.3 to 30 MPa. 
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Due to these extreme conditions, HTP decomposition reactions may be considered a 

thermochemical process as it is the combination of both heat and the solvent which 

enables recovery of the fibres. Pilot scale solvolytic CFRP recycling processes have been 

developed by Adherent Technologies Inc. using LTP (150˚C, 1.0 MPa) and HTP (300˚C, 

3.4 MPa) conditions [227], however, the technology has not been fully commercialised. 

Furthermore, the solvent / catalyst systems used are not detailed in the available open 

literature [227], [228]. This section, therefore, discusses research conducted at lab-scale 

only and pertains to both LTP and HTP processes with a focus on the reaction conditions, 

kinetics, organic products and properties of the recovered fibres. 

2.8.1 Low Temperature & Pressure (LTP) Processes 

As relatively mild conditions are used, LTP processes rely on the use of various 

additives, acids and / or strong oxidising agents to facilitate recovery of the fibres. Nitric 

acid was one of the first systems applied to epoxy resins [229]–[231], however, high 

concentrations of up to 6 M and very long reaction times of up to 100 h were necessary 

to achieve a decomposition of the matrix of more than 95% [229], [230]. This has been 

improved through the use of sulphuric [232] acid which reduced the reaction time to 

several hours, however, hydrogen peroxide (H2O2) was also used to oxidise the matrix. 

It was also necessary to stir the reaction system which may result in the entanglement 

of the carbon fibres. Although an alignment process has been developed [233], this has 

not yet reached commercial maturity. Stirred reactor systems may, therefore, limit 

future applications of the carbon fibres as CFRPs manufactured with aligned fibres 

generally result in improved mechanical performance [136], [234].  
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The use of H2O2 for the decomposition of epoxies is not uncommon and has also 

been used in combination with dimethyl formamide (DMF) [235] and acetic acid [177], 

[236], [237]. Although relatively short reaction times are achievable, these recycling 

methods all rely on some form of pre-treatment to swell the polymer prior to its 

decomposition. This pre-treatment not only involves additional chemicals, but is also 

typically 3 to 4 h [177], [236] which results in greatly increasing the overall process time.  

In addition to acids, potassium hydroxide (KOH) [231], benzyl alcohol / 

tripotassium phosphate (K3PO4) [238] and zinc chloride (ZnCl2) / ethanol [239] systems 

have also been investigated. Although it is claimed that all are able to recover clean 

fibres, long reaction times of between 3 and 14 h were necessary [231], [238] which is 

not favourable when considering the economic case for the chemical recycling CFRPs. 

The sole advantage of using LTP processes is the greater reaction control offered by 

these systems: as secondary reactions do not seem to occur, there may be greater 

recovery of monomeric compounds [3]. Unfortunately, this benefit may be outweighed 

by the level of risk in terms of human health, safety and the environment associated 

with the use of concentrated strong acids and oxidising agents. These chemicals are 

hazardous, difficult to dispose of and their use may not be considered a sustainable 

approach to the recycling of CFRPs. For this reason, there has been a large amount of 

research focussing on the use of HTP processes which enables the use of generally 

recognised as safe (GRAS) solvents. 



79 
 

2.8.2 High Temperature & Pressure (HTP) Processes 

HTP processes eliminate the need for the potentially harmful chemicals 

discussed in Section 2.8.1, often by operating at near- or supercritical conditions. By 

raising the temperature and pressure, a substance moves through the normal states of 

matter of liquid and gas to become a supercritical fluid (SCF). These states of matter are 

illustrated by the phase diagram of water provided in Figure 3. 

 
Figure 3. Phase diagram for water showing the triple and critical points. Solid lines represent 

phase transitions, taken from [111]. 
 

In the supercritical phase, a solvent exhibits high diffusivity and mass transfer, 

very low viscosity and a pressure dependent solvating power. This enhanced solvating 

power is derived from the structure of the SCF: the density and di-electric constant is 

typically close to that of the liquid while the diffusivity and viscosity tend to be similar 

to that of the gas.  Small changes in temperature and pressure lead to significant changes 
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in both dielectric constant and viscosity which in turn leads to SCFs acting as “tuneable” 

solvents [240].  These properties can be exploited in order to decompose polymer 

matrices thus liberating carbon fibres using GRAS solvents such as water, short chain 

alcohols and acetone. It is, however, difficult to compare the efficacy of these different 

solvents and the conditions necessary as the investigations published in the literature 

often also consider different types of resin. Although the polymers considered in various 

studies are all epoxies, an RTM6 composite required subcritical water at 360˚C while 914 

epoxy was degraded at 310˚C [241]. Similarly, a BPA epoxide cross-linked with 1,2-

cyclohexane dicarboxylic anhydride was also fully decomposed at 350˚C using 

supercritical methanol [178]. However, Cytec LTM26EL epoxy,  which is cured with 

amines, required 450˚C to achieve a similar degree of degradation in the same reaction 

time [242]. It is, therefore, necessary to consider not just the solvent, additives and 

reaction conditions when evaluating HTP solvolysis processes, but also the polymer 

under investigation in order to determine which reaction systems are most effective.   

 Due to its widespread availability, low costs and relative lack of hazards, water 

seems one of the most widely studied solvents for the recycling of CFRPs [243]–[246]. 

However, with a critical point of 374˚C and 22 MPa [247], very high temperatures and 

pressures often in excess of 400˚C and 25 MPa are necessary to fully decompose an 

epoxy resin [243], [245]. This leads to the need for very expensive process equipment 

which is a barrier to the commercialisation of this technology. Although the critical 

points of short chain organic solvents are much lower than that of water (see Table 1), 

similarly high temperatures of 350 to 400˚C are often necessary to completely eliminate 
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the resin [178], [242], [248], although it is not apparent whether this is due to poor 

solvating power or slow decomposition reactions at less severe conditions. These 

solvents do, however, possess an advantage over water as for a similar temperature, 

the pressure is significantly lower resulting in a reduction in cost of the reactor systems.  

Table 1. Critical points of common solvents (adapted from [247]) 

Solvent 
Critical temperature, TC 

(˚C) 
Critical pressure, pc 

(MPa) 

Water 374 22.1 

Methanol 240 7.95 

Ethanol 241 6.30 

Propan-1-ol 264 5.20 

Acetone 235 4.80 

 Methanol [242], [249], ethanol [239], [242], [248], propanol [242], [250] and 

acetone [251], [252]  have all been reported as suitable GRAS solvents when considering 

the degradation of thermoset resins. The potential for these solvents to improve 

resource efficiency compared to pyrolytic processing has been further demonstrated by 

Okajima, et al. where supercritical methanol at 320˚C was able to selectively cleave the 

cross-linkages which facilitated the recovery of monomeric compounds. This was 

subsequently recycled into a secondary material, although the mechanical properties 

were reduced compared to that of a virgin polymer [249].  
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To reduce the environmental and economic cost of recycling, recent work has 

focussed on minimising the necessary reaction temperature. This may be achieved 

through the use of a semi-continuous flow reactor whereby the solvent is continuously 

withdrawn while the composite remains stationary. This enhances the mass transfer of 

the solvent to the surface of the resin, and of the decomposition products away from 

the surface of the fibre, hence accelerating the decomposition reaction [117], [242], 

[248], [251]. Under batch conditions, solvent mixtures have also been considered  with 

results demonstrating that the inclusion of water along with an organic solvent 

enhances the degradation of the polymer [145], [248], [252], [253]. For example, 

Oliveux, et al. showed a mixture of 80 vol% acetone and 20 vol% water heated to 350˚C 

achieved the highest decomposition of a DGEBA epoxy cured with DDS [252]. This data 

suggests that the preferred reaction pathway is hydrolysis, however the inclusion of 

alcohols and acetone created a mixture with a critical point lower than that of water, 

meaning the system benefits from the enhanced properties of supercritical fluids. The 

findings from this study are shown in Figure 4 [252], however, this research did not 

identify the minimum necessary reaction time and process temperature which enabled 

complete decomposition of the resin. Identification of these optimum conditions, 

therefore, represents an opportunity for further investigation. 
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Figure 4. Effect of various solvent mixtures on the decomposition of DGEBA / DDS resin at 

350˚C, reaction time, tR =30 min. Data taken from [252]. 

Where LTP processes have mostly considered the use of acids, alkaline salts 

appear more widely investigated as additives under HTP conditions. Results from 

numerous sources have demonstrated that the inclusion of KOH is able to significantly 

reduce the necessary reaction temperature from 350 to 275˚C when supplied at a 

concentration of 0.02 M for the same reaction conditions [250], [254]–[256]. Sodium 

hydroxide (NaOH) [257] and caesium hydroxide [254] (CsOH) have also been 

investigated, although it is KOH which appears to be the most effective. Caesium 

carbonate (Cs2CO3) has been shown to accelerate the decomposition of PEEK [111], 

however, as this is a thermoplastic, Cs2CO3 may not be suitable for catalysing the 

degradation of thermoset materials. More recently, weak-Lewis acids have been 

considered as alternative catalysts with Liu et al. demonstrating that ZnCl2 dissolved in 

ethanol at a concentration of 1.5 M is capable of degrading aerospace composite waste 
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with a Tg of 210˚C at just 220˚C [239]. Furthermore, it was possible to reuse some of the 

decomposed matrix in a secondary CFRP up to a fraction of 15 wt.% without any 

deterioration in the mechanical properties [239] thus demonstrating the potential for 

thermochemical processes to recover useful polymeric compounds. The use of these 

catalysts in conjunction with an acetone / water solvent mixture, however, has not been 

considered in any earlier work. It would, therefore, be useful to investigate whether 

alkaline salts or metal chlorides are able to reduce the process time and temperature 

required for complete solubilisation of the polymer. If successful, this may facilitate 

substantial energy and economic savings. 

2.8.3 Reaction Kinetics 

Numerous kinetic studies concerning the decomposition of polymers have been 

conducted, either focussing on their degradation due to various thermal treatments 

[258], [259], when subjected to irradiation [260] and when solvolysed under HTP 

conditions, specifically for recycling applications [242], [245], [261]. Studying the kinetics 

of a reaction can allow the relationship between all process variables, namely 

temperature, time, reaction order and concentration, to be determined. This may be 

expressed mathematically as demonstrated by Equations (1) to (4) [262]. 

 𝑑𝛼

𝑑𝑡
= 𝑘(𝑇) 𝑓(𝛼) (1) 

 
𝑘(𝑇) = 𝑘଴ 𝑒ି

ாಲ
ோ் (2) 

 𝑓(𝛼) =  𝛼௡ (3) 
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𝛼 =  

𝑚௜ − 𝑚(𝑡)

𝑚௜ − 𝑚௙
 (4) 

Where α = is the extent of conversion (dimensionless), t = time (min), T = temperature 

(K), k = rate constant (min-1), k0 = frequency factor (min-1), EA = activation energy (kJ mol-

1), R = universal gas constant (kJ mol-1 K-1), n = reaction order (dimensionless), m(t) = 

mass remaining after time, t (g), mi = initial mass (g) and mf = final mass. Note that 

Equation (2) is the well-known Arrhenius expression which has been used in many 

kinetic studies.  

 The reaction kinetics of the solvolysis of two polyester resins, both based on 

propylene glycol but one cured with phthalic anhydride, maleic anhydride and styrene, 

the other with isophthalic anhydride, maleic anhydride and styrene, have been 

investigated in detail [261]. The reactions taking place are numerous and complex, 

involving hydrolysis, decarboxylation and dehydration. Each were modelled individually 

based on the concentration of the relevant reactants. The evolution of propylene glycol 

was monitored and, based on the concentration of this, an apparent activation energy 

was calculated to be 53 to 56 kJ mol-1 for both resin systems [261]. A rather more 

simplistic approach was taken by Pinero-Hernanz, et al. where the decomposition of a 

thermoset epoxy was taken as proportional to the concentration of resin within the 

solvent [242], [245]. Assuming a reaction order of 2 for the case of sub- and supercritical 

water [245] and 1.5 for supercritical propan-1-ol [242], activation energies of 35.5 and 

95.6 kJ mol-1 were determined. The differences here and with that of the work of 

Oliveux, et al. [261] are attributable to differences in the polymer, solvents and chosen 
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reaction order. Although it was shown that the developed model was within ± 1.9% of 

the experimental data [245], it is worth noting that only two or three reaction times for 

three different temperatures were investigated [242], [245] and, therefore, the 

Arrhenius parameters were calculated from a relatively small data set.  

Alternatively, the reaction kinetics may be investigated following a shrinking core 

model (SCM), which is derived from a mass balance around a particle surface. The 

general expression for an SCM controlled by the surface reaction for a spherical particle 

is given by Equation (5) and the full derivation is described by Levenspiel (1999) [263]. 

 
1 − (1 − 𝑋)

ଵ
ଷ = 𝑘ௌ஼ெ𝑡 (5) 

Where X = conversion (%) and kSCM = shrinking core model rate constant (min-1). This has 

been applied to the decomposition of an epoxy resin using an acetone solvent at 

temperatures in the range of 300 to 350˚C [264]. Although it was necessary to include a 

heating time in the model, this also showed a good fit to the experimental data and it 

was possible to calculate EA and k0 as 118.2 kJ mol-1 and 3.13 x109 min-1 respectively, 

both of which are higher than that determined in other works [242], [245], [261].  

 The application and evaluation of both a conventional rate equation (Equation 

((1)) and a shrinking core model (Equation (5)) to the decomposition of an epoxy resin 

has not been described in the available open literature. Furthermore, the reaction 

kinetics of the degradation of a CFRP using an acetone / water solvent mixture and 
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various weak Lewis acids also remains poorly understood. In order to characterise the 

decomposition reaction and quantify the Arrhenius parameters in preparation for the 

design of a commercial process, it is, therefore, necessary to conduct a detailed study 

into the reaction kinetics.  

2.8.4 Organic Liquid Products 

Aside from the lower process temperature, the primary advantage of solvolysis 

over pyrolytic recycling techniques is the recovery of potentially useful organic 

compounds. This, however, represents a significant challenge with respect to the 

recycling of CFRPs partly because no effective separation process exists in order to sort 

the composite waste prior to being recycled. As it is, therefore, necessary for any 

recycling process to handle a mixed feedstock, the wide range of resin systems in 

circulation will undoubtedly generate a  large and varying mixture of organic products. 

There has been little investigation in the literature regarding separation techniques to 

recover individual monomers, however, as mentioned in Section 2.8.2, the organic 

product mixture may be immediately reused in a secondary CFRP without further 

processing [239], [249].  

Decomposition of both high performance thermoplastics such as PEEK and epoxy 

based thermosets tend to yield phenol as the major degradation product [237], [256], 

[265], [266]. Compounds with a high molecular weight may also be present suggesting 

that, although the resin was fully solubilised, it may not be fully degraded [254]. The 

reaction products following the hydrolysis of a DGEBA resin cross-linked with DDS have 
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also been analysed using gas-chromatography with mass-spectrometry (GC-MS). The 

results of this research confirmed the findings by other reports that phenolic compounds 

are the primary decomposition products. Amine derivatives were also present due to 

the nature of the curing agent [252]. The gaseous products were, however, not collected 

and it is therefore difficult to verify the claim that hydrogen sulphide was also generated. 

Despite this, the presence of numerous organic compounds demonstrates that, if a cost 

effective separation process can be developed, this waste material may represent a 

valuable economic resource.   

2.8.5 Properties of Recycled Carbon Fibre 

Carbon fibres recovered from CFRPs tend to be characterised in terms of their 

tensile properties and surface chemistry in order to assess their suitability for reuse 

within a secondary CFRP. There are some conflicting reports regarding the tensile 

strength of carbon fibres recycled from pyrolysis: while it seems that there is little 

reduction within optimised processes [267], there may be a loss of up to 83% when high 

temperatures are used, although this does depend on the type of fibre [268], [269]. 

Generally, a loss in strength of up to 10% is considered tolerable and will not result in 

significantly downgrading the material. Many reports in the literature characterising 

carbon fibres recovered from solvolysis processes claim the recovered fibre is 

comparable, in terms of tensile properties, to virgin material [117], [242], [248], [249], 

[251], [253], [270] and may even show a slight increase in strength [248], [250], [271]. It 

has been previously suggested that this increase may be due to the removal of weaker, 

graphitic planes on the surface of the fibres [116]. It is also possible that some of the 
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surface defects, and therefore failure initiation points, are removed as a result of 

solvolysis; this effect has been previously observed when subjecting fibres to a nitric acid 

treatment [272]. It is worth noting that after recycling, there may be a greater spread in 

tensile strength [251] suggesting that some individual fibres are weakened even if the 

overall average or Weibull scale factor is similar to virgin material. Research has also 

demonstrated that increasing the process temperature when using a methanol [249], 

ethanol [248] and propanol [242] solvent does result in a reduction in tensile properties 

and it is, therefore, desirable to minimise the reaction temperature.  

In addition to the strength of the fibres, it is necessary to consider the surface 

properties to ensure that they adhere well to a new matrix. XPS has been employed in 

a number of investigations and the loss of surface oxygen is widely reported [116], [117], 

[242], [248], [249] which has subsequently led to a reduction in IFSS [116], [117], [249]. 

Although this may negatively influence the properties of a new CFRP, recycled carbon 

fibres have been successfully incorporated into a new polymer matrix which shows a 

tensile and flexural strength similar to an equivalent composite constructed from virgin 

fibres [234], [249], [255]. It therefore appears that, provided recovered fibres are resized 

following the recycling process, they are suitable for reuse in high performance 

applications. 

Although some previous work has characterised carbon fibres recovered from a 

polymer matrix using supercritical water [245] and acetone [251], there is currently no 

published research investigating the properties of carbon fibres after being processed 
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with an acetone / water mixture. Furthermore, there is very little work on the influence 

of weak Lewis acids on the quality of the recyclate. It is, therefore, necessary to quantify 

any changes in the mechanical and surface properties as a result of exposing the carbon 

fibre to this solvent and various additives at the conditions required for complete 

decomposition of the matrix.  

2.9 Summary of Literature Review Findings 

Due to the development of high performance polymers since the 1950s, there are 

now a wide variety of both thermoplastic and thermoset materials in circulation. When 

reinforced with carbon fibres, these can be used in demanding, safety-critical 

applications and, owing to their low density, exceptional mechanical properties and 

chemical resilience, offer an environmental benefit through the light-weighting of 

aircraft and vehicles.  Unfortunately, it is this chemical resilience which presents a 

significant challenge in terms of recycling both manufacturing off-cuts and EoL waste. 

Compared to pyrolytic techniques, thermochemical processing has the potential to 

decompose even the most thermally stable polymers, such as RTM6 epoxy resin, at a 

significantly reduced temperature, without the need for strong, highly concentrated 

acids and oxidising agents. Fibre integrity is also preserved and it may be possible to 

recover potentially valuable organic compounds.  

The choice of the solvent used in a thermochemical process is critical when 

specifying the reaction conditions necessary for complete decomposition of the resin. 

Although research has suggested that the preferred decomposition mechanism is 
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hydrolysis, the use of solvent mixtures resulted in a reduction of the critical point and 

hence accelerated the degradation of the polymer when compared to water alone.  

Although acetone / water mixtures and various additives have been considered 

separately, there has not yet been a comprehensive investigation into the 

decomposition of an RTM6 epoxy resin using this solvent system, supplied both neat 

and in conjunction with alkaline salts and metal chlorides. Characterisation of both the 

fibrous and organic liquid products recovered from this reaction system has also not 

been previously reported. The research presented in this thesis therefore aims to 

address these knowledge gaps by developing and characterising a novel process for the 

efficient recycling of high performance CFRPs.  

2 HEADING 
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CHAPTER 3.  
RESIN DECOMPOSITION 

3.1 Introduction 

The effective recovery of carbon fibres from CFRPs relies on the successful 

decomposition of the polymer matrix. This decomposition can be achieved with a variety 

of processes through the application of mechanical, thermal and chemical technologies, 

all of which are discussed in Chapter 2. Compared to mechanical and thermal processes, 

solvolytic techniques have the potential to improve resource efficiency through the 

production of potentially useful organic compounds. In addition, the use of solvents 

facilitates a much lower operating temperature and, depending on the conditions used, 

minimises the risk of fibre damage. Unfortunately, low temperature and pressure (LTP) 

processes often require long process times and rely on strong, highly concentrated 

acidic solutions [229], [232], [273] or oxidising agents [235], [274], [275]. Although it is 

possible to recover fibres with properties similar to virgin material [232], [273], these 

systems are likely to produce complex and hazardous liquid product mixtures which are 

difficult to process and pose a safety, health and environmental risk.  For these reasons, 

the research presented in this thesis considers only generally recognised as safe (GRAS) 

solvents operating under high temperature and pressure (HTP) conditions. 

As discussed in Chapter 2, research has demonstrated that a combination of 

acetone and water supplied at a ratio of 80 : 20 v/v (mole fraction of acetone = 0.495) is 

one of the most effective combinations when degrading an epoxy resin [252]. 
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Furthermore, the use of alkaline [255]–[257], [276] and weak Lewis acids [239], [277], 

[278] have also been investigated as potential catalysts with the aim of reducing the 

necessary reaction temperature. With the exception of the research published as part 

of this work, there have been no reports of using these additives in conjunction with an 

acetone / water solvent system.  

The results presented in this chapter focus on the decomposition of a 

commercially available CFRP using a sub- and supercritical acetone / water solvent 

mixture, supplied both neat and in conjunction with various alkaline and weak Lewis 

acid solutions. The phase behaviour of the solvent was also analysed and the CFRP 

investigated was characterised using a variety of techniques. These findings were 

published across two papers: “Recycling a carbon fibre reinforced polymer with a 

supercritical acetone / water solvent mixture: Comprehensive analysis of reaction 

kinetics” and “Catalytic degradation of a carbon fibre reinforced polymer for recycling 

applications”. Both articles are available in the journal Polymer Degradation and 

Stability.  

3.2 Experimental Methodology 

3.2.1 Materials 

As mentioned in Chapter 2, 76.2% of all CFRPs currently manufactured use a 

thermoset resin as the matrix material and it is, therefore, likely that these materials 

constitute the majority of all CFRP waste [279]. For this reason, the material selected for 

investigation consisted of an RTM6 epoxy resin reinforced with 20 plies of woven Toray 
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T700 6k carbon fibre fabric. The thickness of the composite material was measured to 

be 6 ± 0.1 mm and it was cut into pieces measuring (10 x 10 ± 1) mm2 using a diamond 

edged rotary saw. An example of this material, henceforth referred to as “the CFRP”, is 

shown in Figure 5. This composite was supplied by a leading aerospace manufacturer 

and, according to the manufacturer’s data, the fibre volume content was 53 ± 1 vol.%. 

Due to the commercially sensitive nature of resin systems, the formulation of the matrix 

material was not disclosed by the supplier, however, this composite material was 

characterised through calcination, thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) as detailed in Sections 3.2.2 and 3.4.  This CFRP was used in 

all experiments except for some of those described in Chapter 6 which also considers 

the decomposition of a model epoxy resin. 

 
Figure 5. Example of the CFRP investigated for all experiments. 
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For all experiments, the solvent system consisted of analytical research grade 

acetone (purity > 99.0%) and water. The two solvents were mixed together in a ratio of 

80 : 20 v/v which corresponds to a mole fraction of acetone of 0.495. The acetone was 

purchased from Sigma Aldrich (UK) and deionised (DI) water with a conductivity of 0.05 

mS cm-1 was produced on site using an Arium Pro Type 1 Ultrapure Water System 

(Sartorius, Germany). In order to more closely simulate industrial conditions, some 

experiments were also completed using water from the mains supply. This had a 

conductivity of 0.16 ± 0.03 mS cm-1 and a pH of 7.8 ± 0.3. The expected composition is 

provided in Table 2 [280].  

The additives listed in Table 3 were used as delivered to make up a range of 

solutions with the acetone / DI water solvent with the aim of reducing the necessary 

reaction temperature and / or process time.  
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Table 2. Expected composition of mains water at the University of Birmingham [280] 

Substance 
Concentration (mg L-1) 

Minimum Average Maximum 

Aluminium 0.005 0.009 0.014 

Ammonium 0.012 0.014 0.018 

Boron 0.012 0.014 0.018 

Bromate 0.00083 0.00131 0.00169 

Chloride 12.79 15.15 18.63 

Chlorine 0.15 0.42 0.72 

Copper 0.0020 0.0150 0.0364 

Cyanide < 0.001 < 0.002 < 0.002 

Fluoride 0.57 0.72 0.82 

Iron 0.01 0.02 0.192 

Manganese 0.0003 0.0012 0.0096 

Nickel 0.0011 0.0014 0.0022 

Nitrate 2.26 3.39 4.75 

Nitrite < 0.004 < 0.005 < 0.007 

Sodium 9.7 11.2 13.0 

Sulphate 16 22 28 

Total organic carbon (TOC) 0.8 1.0 1.4 

Total Trihalomethanes 0.01755 0.02625 0.03625 
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Table 3. Additives investigated for the decomposition of the CFRP. 

Compound Supplier Purity (wt.%) 

Potassium hydroxide, KOH Fisher Chemical > 99.0 

Sodium hydroxide, NaOH Merck > 97.0 

Zinc chloride, ZnCl2 Alfa Aesar > 98.0 

Magnesium chloride, MgCl2 Sigma Aldrich > 98.0 

Aluminium chloride, AlCl3 Merck > 98.0 

Copper chloride, CuCl2 Sigma Aldrich 97.0 

Calcium chloride, CaCl2 Fisher Chemical > 99.0 

Caesium chloride, CsCl2 Fisher Chemical 99.9 

Caesium carbonate, Cs2CO3 Sigma Aldrich  99.0 

Zinc sulphate, ZnSO4 Scientific Laboratory Supplies 97.3 

Magnesium sulphate, MgSO4 VWR 99.0 

Aluminium sulphate, Al2(SO4)3 VWR > 98.0 

3.2.2 Characterisation of CFRP 

The CFRP was characterised in order to determine the resin content and the glass 

transition temperature, Tg, from which the degree of cross-linking can be inferred. Using 

the manufacturer’s data (a fibre volume fraction of 53 ± 1 vol.%) and typical densities of 

carbon fibre and epoxy resin of 1.80 and 1.15 kg m-3 respectively [281], [282], the 

expected resin content is 36 ± 0.9 wt.%. This was verified using both TGA and calcination. 

The former technique was conducted with 20 samples of the CFRP each with a mass in 

the range of 10 to 20 mg. Individual samples were placed into an aluminium pan which 

was loaded into a Seiko Exstar 6000 (Seiko Instruments Inc., Japan). An inert atmosphere 

was maintained by passing nitrogen (>99% purity, supplied by BOC, UK) through the 



98 
 

furnace at 5 mL min-1. The maximum operating temperature, heating ramp and hold 

time were set to 500˚C, 10˚C min-1 and 30 min respectively. This heating profile is 

illustrated by Figure 6 and is hereafter referred to as TGA Method 1. At the end of each 

experiment, the initial and final masses (mi and mf (mg) respectively) were recorded and 

the initial resin content, Ri, was calculated using Equation (6).  

 𝑅௜ =
𝑚௜ − 𝑚௙

𝑚௜
 × 100 (6) 
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Figure 6. Heating profile for TGA Method 1. 

 To confirm the TGA results, 10 samples with a mass in the range of 0.8 to 1.0 g 

were also thermally analysed using calcination. Each sample was placed into an 

aluminium crucible, weighed and heated to 500˚C in air using a Muffle furnace (Sanyo 

Gallenkamp Plc, UK). At regular time intervals, the samples were removed, cooled and 

weighed a minimum of 6 times. After a total heating period of 1 h, the reduction in mass 
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was less than 1% of the mass of the sample remaining and was, therefore, considered 

negligible. As the fibres also appeared clean from visual inspection, it was assumed that 

all resin had been pyrolysed and only fibres remained. As carbon fibres are typically 

processed at temperatures in excess of 1500˚C during their manufacture [86], it was also 

assumed that there was no mass loss from the fibres. The final mass was recorded and 

used in Equation (6) to calculate Ri. An average across the 10 samples was taken and 

compared to the results obtained from TGA.   

 In addition to calculating the resin content, the Tg was also determined through 

DSC using a Mettler Toledo DSC 1 Star System (Mettler Toledo, UK). Individual samples 

with a mass in the range of 25 to 30 mg were placed into a 100 µL aluminium crucible 

which was crimped shut before being loaded into the chamber. As the thermal history 

of the CFRP material is currently unknown, the sample was first heated to 250˚C, held 

for 30 s and then cooled to 20˚C both at a rate of 30˚C min-1. The DSC curve obtained 

from this first run was not included in the analysis. The heating / cooling rate used can 

cause a shift in the resultant DSC curve leading to either over- or underestimating the 

Tg. To avoid this effect, each sample was thermally cycled between 20 and 250˚C five 

times at  a  heating ramp of between 10 and 50˚C min-1  using  a constant  cooling  rate  

of  30˚C min-1. The sample was held at the minimum and maximum temperature for 30 

s before beginning the next cycle. This was then repeated using a constant heating ramp 

of 30˚C min-1 and changing the cooling rate at the same intervals. The heating / cooling 

profile described is illustrated by Figure 7 and is hereafter referred to as DSC Method 1. 

Extrapolating the trend line on a plot of Tg vs. heating / cooling rate then allows the Tg 
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for a theoretical temperature ramp of 0˚C min-1 to be obtained. This technique was 

repeated across five individual samples of the CFRP. 
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Figure 7. Heating profile for DSC Method 1. 

3.2.3 Fibre Recovery 

All experiments were completed using a high temperature, high pressure reactor 

system supplied by Parr Instruments Company. This consisted of a Hastelloy stainless 

steel reaction vessel with a nominal volume of 100 mL and a lid assembly. As shown by 

Figure 8, there is some pipework due to the fittings mounted on to the reactor lid and it 

was therefore necessary to calculate a real reactor volume as described in Appendix 1. 

Using water as the working fluid, this was shown to be 107 ± 1 mL. The maximum 

working temperature and pressure of the system was 500˚C and 34.5 MPa respectively 

and was therefore fitted with a Swagelok SS-4R3A5-BU pressure relief valve. Heating 

was achieved with the electrical oven supplied as part of the reactor system and the 
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temperature was maintained at the set point using a Parr 4848 reactor controller. These 

units are also shown in Figure 8. The internal pressure of the reactor was monitored 

using an analogue pressure gauge (SPAN, USA) while a single J-type thermocouple was 

used to measure the temperature and provide feedback to the controller. Prior to 

experimentation, the thermocouple was calibrated against 2 mercury thermometers 

with graduations of 0.1˚C by measuring the temperature of water from its normal 

freezing point (0˚C) to its boiling point (100˚C) under atmospheric conditions. The 

maximum observed deviations between the J-type thermocouple and mercury 

thermometers was 0.5˚C.  
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a) 

 
b) 

 
c) 

Figure 8. High temperature, high pressure reactor system used for all experiments a) reactor 
loaded and sealed; b) mounted in frame; and c) operating at 320˚C. 
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For all of the experiments described in this chapter, five pieces of the CFRP with 

a total mass of 4.17 ± 0.01 g were loaded into the reactor along with 50 ± 1 mL of the 

solvent mixture. This gave a reactor loading of 30 ± 1 gresin Lsolvent
-1. The mass of the 

samples was measured using a Sartorius R160P Semi-Microbalance (Sartorius, Germany) 

which had a precision of ± 0.1 mg. The solid CFRP material was placed into a stainless 

steel basket to prevent any contact with the reactor walls which may have led to 

pyrolysis of the material. This was positioned in the reactor such that the thermocouple 

was directly above the sample.  To ensure that the system was properly sealed, a PTFE 

gasket was inserted into the groove of the reactor lid for operating temperatures at or 

below 300˚C. For conditions above 300˚C, it was necessary to replace this with a graphite 

gasket. Once the reactor was loaded and the lid clamped to the reaction vessel, the 

entire assembly was mounted into the frame (Figure 8b). Depending on the operating 

temperature, the total heating phase was 35 ± 5 min and the reactor was cooled by 

forced air convection in 25 ± 3 min. The temperature / pressure profile for the reaction 

system is shown in Figure 9. Initially, a neat solvent mixture consisting of acetone / mains 

water was used to investigate the decomposition of the CFRP at the conditions 

described in Table 4 in order to ensure the repeatability of the experiments. Each 

experiment was conducted three times and an average taken. The influence of mains 

and DI water within the solvent mixture was investigated at the reaction conditions 

listed in Table 5. Further experiments were also carried out with an acetone / mains 

water solvent using the parameters listed in Table 6.  
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Figure 9. Temperature and pressure profile for the reactor heating phase 

Table 4. Reaction conditions used for three repeat experiments investigating the decomposition 
of the CFRP using acetone / mains water in the ratio of 80 : 20 v/v. 

Temperature, TR  
(± 1 °C) 

Induced Pressure, p  
(± 0.3 MPa) 

Reaction Time, tR  
(min) 

300 15.8 

20, 120 310 17.8 

320 19.7 

330 22.0 20, 90 

340 23.5 20, 45 

360 27.0 0, 20 
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Table 5. Reaction conditions used for the decomposition of the CFRP using acetone / DI water 
and acetone / mains water in the ratio of 80 : 20 v/v.  

Temperature, TR  
(± 1 °C) 

Induced Pressure, p  
(± 0.3 MPa) 

Reaction Time, tR  
(min) 

300 15.8 

30, 120 310 17.8 

320 19.7 

330 22.0 30, 90 

340 23.5 15, 45 

360 27.0 0, 15 

380 30.0 0 

Table 6. Reaction conditions used for the decomposition of the CFRP using acetone / mains 
water in the ratio of 80 : 20 v/v. 

Temperature, TR 
 (± 1 °C) 

Induced Pressure, p  
(± 0.3 MPa) 

Reaction Time, tR  
(min) 

300 15.8 

0, 20, 45, 90, 120  

310 17.8 

320 19.7 

330 22.0 

340 23.5 

360 27.0 

The reaction time, tR, was measured from when the reactor temperature 

reached the set point. Upon completing each reaction and cooling the vessel, the solid 

fibrous products were removed from the basket and washed with acetone at ambient 

conditions to remove any organic residue which may have adhered to the fibre surface 
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during the cooling phase. The recovered fibres were dried overnight in a fume cupboard 

before being analysed as described in Section 3.2.4. The organic liquid products (OLP) 

were also recovered for analysis as discussed in Chapter 6. 

 In order to minimise both the risk of fibre damage and energy demand of the 

process, it is desirable to reduce the necessary reaction temperature. This was achieved 

through investigating the efficacy of various different additives. Based on previous 

research, both alkaline salts and weak Lewis acids were investigated. Initial experiments 

were carried out with KOH, NaOH and ZnCl2 at the temperatures, pressures and 

concentrations given in Table 7 for a reaction time of 60 min. MgCl2 and AlCl3 were also 

investigated using an operating temperature of 300˚C, a reaction time of 60 min and the 

concentrations listed in Table 8. All other additives listed in Table 3 (CuCl2, CaCl2, CsCl2, 

Cs2CO3, ZnSO4, MgSO4 and Al2(SO4)3) were investigated also using a reaction time of 60 

min, a temperature of 300˚C and a concentration of 0.05 M. Based on these results, 

ZnCl2, MgCl2 and AlCl3 were selected for further investigation at the conditions given in  

Table 9.  

Table 7. Reaction conditions used to investigate the decomposition of the CFRP using KOH, 
NaOH and ZnCl2 and an acetone / DI water solvent (reaction time, tR = 60 min). 

Temperature, TR  
(± 1 °C) 

Induced Pressure, p  
(± 0.3 MPa) 

Concentration, C  
(M) 

280 13.0 

0.01, 0.03, 0.05, 0.10, 0.20, 0.40 300 15.8 

320 19.7 
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Table 8. Concentrations used to investigate the decomposition of the CFRP using MgCl2 and 
AlCl3 (tR = 60 min, reaction temperature, TR = 300˚C). 

Additive 
Concentration, C  

(M) 

MgCl2 0.01, 0.03, 0.05, 0.10, 0.20, 0.40 

AlCl3 0.001, 0.003, 0.005, 0.01, 0.03, 0.05 

 

Table 9. Reaction conditions used to investigate the decomposition of the CFRP with 0.05 M 
ZnCl2, 0.05 M MgCl2 and 0.005 M AlCl3 acetone / DI water solutions. 

Temperature, TR  
(± 1 °C) 

Induced Pressure, p  
(± 0.3 MPa) 

Reaction Time, tR  
(min) 

270 12.0 

0, 10, 30, 60, 90 280 13.0 

290 14.5 

300 16.0 0, 10, 20, 30, 45 

3.2.4 Quantification of Resin Decomposition (RD) 

After the reaction, the solid material remaining in the basket consisted of the 

carbon fibres and any resin which had not been solubilised. For all samples, the resin 

decomposition (RD) was quantified using two independent techniques. The first (RD 

Method 1) considered the difference in mass of the CFRP before and after processing 

(mi and mp respectively (g)) and used Equation (7)). The value of Ri was determined using 

the methods outlined in Section 3.2.2 and was taken as 35 wt.% as described in Section 

3.4.1. 
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 𝑅𝐷ெ௘௧௛௢ௗ ଵ% =  
𝑚௜ −  𝑚௣

𝑅௜𝑚௜
 × 100 (7) 

   

 To confirm these results, RD Method 2 involved calcining all solid material 

recovered after the reaction. Samples were divided into five aluminium crucibles and 

heated to 500˚C in air using a muffle furnace for a total time of between 12 and 50 min 

depending on the degree of solubilisation. The crucibles were regularly removed, cooled 

and weighed a minimum of five times until the reduction in mass was negligible (i.e. less 

than 1%) and the recovered fibres appeared clean from a visual inspection. Upon 

reaching this point, it was assumed that all resin remaining after processing, RP, had 

been removed. The value of RP was determined using Equation (8) and RD could then 

also be quantified with Equation (9). An average was taken across the five samples to 

give the RD from calcination.  

 𝑅௉% =  
𝑚௣ −  𝑚௙

𝑚௣
× 100 (8) 

 
𝑅𝐷ெ௘௧௛௢ௗ ଶ% =  

𝑅௜ − 𝑅௣

𝑅௜
× 100 

(9) 

 In addition to these two techniques, five samples with masses in the range of 5 

to 15 mg were also taken from the solid material recovered after processing the CFRP at 

each of the temperatures listed in Table 4 and a reaction time of 20 min. These samples 

were thermally analysed following TGA Method 1 as described in Section 3.2.2 to 

confirm the results given from RD Methods 1 and 2. From the resultant TGA curve, the 
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initial and final mass of each sample was identified and used in Equation (7) to calculate 

the RD. An average RD value was determined from across the five samples considered.  

3.3 Phase Behaviour of Solvent Mixture 

As the operating conditions investigated cover a range between the critical points 

of acetone (235˚C, 4.8 MPa [283]) and water (374˚C, 22 MPa [247]), the phase of the 

solvent during the reaction is currently unknown. Supercritical fluids exhibit enhanced 

reactivity and improved mass transfer when compared to the same substance in a liquid 

or gaseous state. For this reason, determining the phase of the solvent may aid in 

explaining the degradation characteristics of the CFRP. The phase behaviour of the 

solvent was investigated both experimentally and by modelling the acetone / water 

mixture with the Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT) 

equation of state (EoS).  

To characterise the phase behaviour of the solvent experimentally, 50 mL of the 

acetone / DI water mixture in a ratio of 80 : 20 v/v (mole fraction of acetone = 0.495) 

was loaded into the pressure vessel described in Section 3.2.3. The mixture was heated 

to 380˚C following the temperature / pressure profile provided in Figure 9. Data points 

for these two variables were taken every 30 s.  

The PC-SAFT EoS was also used to determine the phase behaviour of the solvent. 

This is a modern thermodynamic model developed from statistical mechanical theories 

and is capable of handling association phenomena due to the hydrogen bonding present 
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between acetone and water molecules. Calculations were performed using Matlab 

R2016a macros by Luis Román-Ramírez, University of Birmingham, following the 

methodology which has been previously described in the literature [284]–[286]. This EoS 

is based on the sum of the individual contributions of the hard-chain fluid formation 

(hc), dispersive (dis) and associative (assoc) Helmholtz free energies (𝑎ො, J mol-1) to the 

residual Helmholtz free energy (𝑎ො௥௘௦) and can be expressed by Equation (10).  

 𝑎ො௥௘௦

𝑅𝑇
=

𝑎ො௛௖

𝑅𝑇
+

𝑎ොௗ௜௦௣

𝑅𝑇
+

𝑎ො௔௦௦௢௖

𝑅𝑇
 (10) 

Where R = Ideal gas constant (8.314 J mol-1 K-1) and T = Temperature (K). Expressions for 

each of the different contributions are described in the original publications by Gross, 

et al. [284], [285]. Pure component parameters for the PC-SAFT model are provided in 

Table 10. The values for water were taken from the literature [247] while the values for 

acetone were obtained by fitting experimental saturated pressures and liquid densities 

using the procedures described by Román-Ramírez et al. [286]. This experimental data 

was taken from Othmer, et al. [287] which covers temperatures and pressures in the 

range of 57 to 230˚C and 1 to 34.5 MPa respectively. In addition to the pure component 

parameters, a temperature independent binary interaction parameter, kij was also 

calculated following the methodology described in previous work [286]; the optimum 

value for kij was found to be 0.015. Deviations in temperature were less than 0.65% for 

isobaric calculations at 34.5 bar. The phase envelope for this solvent mixture (mole 

fraction of acetone = 0.495) and the operating conditions for each of the experiments 
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are shown in Figure 10. The critical point for this solvent composition was calculated to 

be at 297˚C and 12 MPa. As illustrated in Figure 10, the pressure observed during each 

reaction is consistently 2.5 MPa above that calculated by PC-SAFT due to the presence 

of air in the reactor. 

Table 10. Pure component parameters used in the PC-SAFT EoS (values for water taken from 
[247], values for acetone were calculated using procedures described in [286] and data taken 

from [287]). 

Parameter Definition Water Acetone 

m Segment number (dimensionless) 2.7028 2.6096 

σ Segment diameter (Å) 2.0526 3.3366 

ε/κ Segment energy (K) 218.96 262.13 

κAB Association volume of PC-SAFT (dimensionless) 0.56142 - 

εAB/κ Association energy of PC-SAFT (K) 2045.0 - 
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Figure 10. Phase diagram modelled by PC-SAFT for the acetone / water solvent system (mole 
fraction of acetone = 0.495) and experimental conditions investigated. 
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3.4 Characterisation of CFRP 

3.4.1 Resin Content 

The resin content was verified using TGA and calcination and, from the 

manufacturers data, is expected to be 36 ± 0.9 wt.%. A typical TGA curve is shown in 

Figure 11 and RD was calculated with Equation (6). Although a temperature of 500˚C 

was necessary to completely pyrolyse the polymer, the greatest rate of mass loss was 

achieved at a temperature of 380˚C and, interestingly, there is a secondary peak at 

400˚C. These two individual peaks likely correspond to the liberation of two major 

thermal degradation products. Across the 20 samples analysed with TGA, the average 

resin content was calculated to be 34.5 ± 1.4 wt.%. As a nitrogen atmosphere was used, 

some pyrolytic char was likely  present on the surface of the fibres, which will lead to 

exaggerating Ri. For this reason, this result was also confirmed using calcination in air 

with larger samples of the CFRP. 
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Figure 11. Typical TGA curve for the thermal analysis of the CFRP using TGA Method 1. 
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 In addition to TGA, 10 samples of the CFRP were also calcined to remove the 

resin as shown in Figure 12. Three example curves illustrating the mass loss due to 

pyrolysis are also provided in Figure 13 which demonstrates that a plateau is reached 

within 20 min.  

 
a) 

 
b) 

 
c) 

Figure 12. Examples of the CFRP divided into 5 aluminium crucibles a) before calcination; b) 
and c) after calcination 
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Figure 13. Typical calcination curves from the thermal analysis of the CFRP, mi = initial mass (g). 

Although the change in mass between 20 and 60 min in the furnace is in the 

range of 1.0 to 2.5% across all samples investigated, this is equivalent to a difference in 

Ri of 0.66 to 1.66 wt.%. As this may equate to an error of up to 4.7%, it is necessary to 

consider the mass recorded at some point after 20 min. Comparing the difference in Ri 

calculated when using the mass of the sample at 45 min and at 60 min gives a difference 

of just 0.1 to 0.3 wt.% which is within the range calculated across all 10 samples. For this 

reason, it is appropriate to use the mass of the sample after calcining for 60 min to 

calculate Ri. Any difference in mass after this time (a maximum of 0.3 wt.%) amounts to 

an error in Ri of less than 1% which is considered negligible. Across the ten samples, the 

average resin content was calculated to be 35.5 ± 0.5 wt.% using this calcination 

technique. 
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 There is good agreement between the values of Ri calculated from TGA Method 

1 and calcination with a difference between the two averages of 1.0 wt.%. There is less 

variability in the latter technique, possibly due to the use of larger sample sizes. 

Furthermore, the Dremel cutting tool used to size the samples into the mass range of 10 

to 20 mg for TGA may have removed some resin from the fibre surface resulting in an 

apparently lower Ri, and thus explaining why the average value is 1.0% lower than that 

calculated from calcination. An average value for Ri between the two techniques was 

taken and determined to be 35.0 ± 0.5 wt.%. This is similar to the manufacturer’s data 

stating a fibre volume content of 53 ± 1 vol.% which is equivalent to a resin content of 

36 ± 0.9 wt.% as shown in Section 3.2.2. However, as the formulation of the resin system, 

and therefore it’s density, is unknown, the value for Ri used in all subsequent 

calculations was taken as 35.0 wt.%. 

3.4.2 Glass Transition Temperature. Tg 

To determine the Tg of the RTM6 resin used in the CFRP, samples were thermally 

cycled between 25 and 250˚C and a DSC curve was obtained after each heating and 

cooling phase. An example DSC curve showing both the heating and cooling profile is 

provided in Figure 14. The onset and endpoint of the glass transition period was 

identified at the point where the gradient of the curve was no longer constant. A straight 

line was drawn between these points and the middle value was taken as the Tg for that 

heating / cooling rate. The Tg obtained was plotted against the heating / cooling rate as 

shown in Figure 15 in order to eliminate the effect of shifting the Tg as described in 

Section 3.2.2.  
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Figure 14. Example DSC curve for the CFRP (sample mass = 18.81 mg, heating   

ramp = 10˚C min-1). 
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Figure 15. Plot of Tg vs. heating rate for the CFRP (sample mass = 24.04 mg). 

The Tg for each of the five samples was taken as the midpoint between the 

intersection of each of the regression lines with the y-axis. An average was then 
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calculated to be 221 ± 3˚C, which is similar to that quoted by the manufacturer of 210 ± 

5˚C. The difference of 3 to 19˚C may be due to the measurement technique 

implemented; as DMA was not available, it was not possible to replicate the 

methodology used by the manufacturer. The high Tg, however, still indicates a high 

degree of cross-linking above 0.9 [288], where completely cured thermosets have a 

cross-linking degree of 1. For this reason, if it is possible to decompose this RTM6 epoxy 

resin, the conditions applied should also be capable of recovering carbon fibres from a 

wide range of thermoset polymers. 

3.5 Resin Decomposition with Neat Solvent Mixture 

The decomposition of the CFRP was investigated following the methods described 

in Sections 3.2.3 and 3.2.4. In order to ensure the accuracy of the experimental 

techniques applied, this section also compares the three different methods used to 

quantify RD and the repeatability of each experiment.  

3.5.1 Verification of RD Quantification 

The three techniques considered for the calculation of RD were investigated using 

samples recovered after processing the CFRP at the temperatures given in Table 4 and 

a reaction time of 20 min. All solid material which was recovered from the reactor had 

a mass in the range of 2.71 to 3.95 g and was calcined as described in Section 3.2.4. It is 

not practical to analyse this quantity of material with TGA and, therefore, five samples 

in the mass range 5 to 15 mg were cut from the composite using a handheld Dremel 

cutting tool. Each sample was thermally analysed using TGA Method 1 and an average 
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was taken from across all five samples. Typical calcination and TGA curves for the CFRP 

are provided in Figure 16 and Figure 17. In the latter technique, the first and last data 

points were taken as the values for mi and mf respectively. As the mass change is not 

continuously measured with calcination, both the penultimate and final data points 

were considered when calculating RD. When the two values were in close agreement 

with a difference of less than 1%, it was assumed that all organic residue had been 

removed and the penultimate value was used in all following calculations. As expected, 

increasing the reaction temperature resulted in a smaller observed change in mass due 

to a higher degree of solubilisation after processing the CFRP with the acetone / water 

solvent.  
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Figure 16. Typical calcination curves for the CFRP after processing with an acetone / mains 

water solvent for 20 min at a range of temperatures. 
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Figure 17. Typical TGA curves obtained from TGA Method 1 after processing the CFRP with an 

acetone / mains water solvent for 20 min at a range of temperatures. 

The values obtained for RD using all three quantification techniques after 

recovering samples at various reaction temperatures are shown in Figure 18. The error 

bars represent the range observed across the five aluminium crucibles used for 

calcination and across the five samples analysed with TGA Method 1. In all cases, the 

deviation in RD across the five crucibles used in calcination is less than 4.5% indicating 

that the reaction is uniform across the reactor with all polymer solubilised at a similar 

rate. The spread observed from TGA Method 1, however, is somewhat higher and 

reaches a maximum of 5.8% at 340˚C. Of the three techniques, RD calculated from TGA 

is also consistently higher than that determined from the other two methods. This could 

be due to removing some of the partially degraded polymer from the fibre surface when 

cutting the sample to size which explains both the wider variability and higher degree of 

solubilisation. 
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Figure 18. Comparison of RD Methods 1 and 2 using different reaction temperatures and an 
acetone / mains water solvent (tR = 20 min). Red border indicates RD > 100%. 

There is generally good agreement between RD Methods 1 and 2 with the 

maximum deviation of 6.3% observed at a temperature of 330 and 340˚C. For all other 

conditions, the variation in RD was less than 3.5%. With the exception of 320˚C, RD 

Method 1 was slightly higher of the two results. Furthermore, at a temperature of 360˚C, 

an unusually high value of 100.7% was observed using this technique. This data is 

highlighted in red in Figure 18. This effect could be due to small fragments of the 

composite, or loose fibres, remaining in the basket following the reaction which will 

reduce the value of mp. By inspection of Equation (7), it can be seen that this will increase 

the value of RD when calculating the degree of degradation from the difference in mass 

only. Higher process temperatures and longer reaction times which lead to greater 

decomposition are, therefore, more susceptible to this error. As it is not possible for RD 

to be in excess of 100%, the value taken from RD Method 1 was capped at a maximum 
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of 100%. In all other cases where this was observed, the data are similarly identified. 

Despite this, RD Methods 1 and 2 generally result in similar values and allow all of the 

composite processed in the reactor to be analysed, whereas TGA relies on a relatively 

small sample size. There is also a greater risk of removing some partially degraded 

polymer when cutting the sample following the reaction and, therefore, TGA may 

exaggerate the recorded value of RD. For these reasons, all subsequent data presented 

for the decomposition of the resin is an average of RD Methods 1 and 2 with the error 

bars illustrating the maximum and minimum value calculated. 

3.5.2 Experimental Repeatability 

 To ensure the repeatability of each reaction, the experiments described by Table 

4 were carried out three times with the results shown in Figure 19. Across the whole 

data set, the difference between each of the three repeats is 1.0 to 3.6 wt.%. The largest 

deviation occurs for a reaction time and temperature of 20 min and 320˚C where there 

is a difference in the RD observed of 3.6 wt.% between experiments 2 and 3. At 310˚C, 

120 min and 360˚C, 0 min there is also a maximum difference between the recorded 

values of 2.8 wt.%. As these three largest deviations occur for differing reaction times 

and temperatures as well as at various levels of degradation, there does not seem to be 

a correlation between the deviation in the repeats and the experimental conditions. 

With an average difference of 2.3 ± 1.3 wt.%, the values for RD obtained after each 

experiment are within the margin of error associated with RD Methods 1 and 2 as 

described in Section 3.5.1. Furthermore, it is expected that increasing the process time 

and temperature will result in an increase in the decomposition of the resin and, 
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therefore, each data point is also verified by those adjacent to it. For this reason, and 

due to the high degree of repeatability, the experiments described in Section 3.2.3 were 

only carried out once, unless otherwise stated.   
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Figure 19. Three repeat experiments for resin decomposition after processing the CFRP with an 
acetone / mains water solvent at a range of conditions.  

3.5.3 Effect of Acetone / Mains Water Solvent 

Due to the additional cost of deionising water for use in an industrial scale 

process, it is desirable to examine the difference between acetone / DI water and 

acetone / mains water solvent mixtures. If there is little to no influence of the ions 

present in the mains water (Table 2) on the degradation of the matrix, it is possible this 

cost can be avoided which may enhance the commercial feasibility of the developed 

process. The results of the experiments described in Table 5 are shown in Figure 20 and, 

with the possible exception of 310˚C and 320˚C after processing for 120 min, there is no 
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discernible difference between the use of mains and DI water. At 310 and 320˚C, the 

difference in RD for the two solvent mixtures is 3.4 and 4.2 wt.% respectively. Across all 

reaction conditions, however, the average difference between the two solvent systems 

is 2.1 wt.% which is less than that calculated from the three repeat experiments 

(discussed in Section 3.5.2) and is, therefore, within the margin of experimental error. 

For this reason, any deviation between the use of mains and DI water may be a result of 

slightly varying reaction temperature, rather than due to the low concentration of ions 

present in the mains water.  
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Figure 20. Resin decomposition for acetone / mains water and acetone / DI water at a range of 
process conditions. 

3.5.4 Effect of Time & Temperature 

The influence of both the operating time and temperature on RD is presented in 

Figure 21 with the error bars illustrating the maximum and minimum values calculated 

using RD Methods 1 and 2. As alluded to in Section 3.5.2, increasing both reaction time 
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and temperature leads to an increase in the degradation. For tR = 0 min, RD is 

consistently above 0 wt.% as shown by the dashed lines in Figure 21 and it is, therefore, 

apparent that the degradation reaction begins at some temperature below 300˚C. 

However, the contribution of the heating phase to RD is small below 340˚C; at this 

temperature, the degradation achieved at tR = 0 min is only 23 wt.%.  
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Figure 21. Resin decomposition after processing samples with an acetone / mains water 
solvent at 300 to 360˚C for 0 to 120 min (dashed line = RD at tR = 0 min). 

Below 320˚C, the decomposition reaction appears slow; after processing for 120 

min at 300˚C, the maximum RD observed is 42.4 ± 1.6 wt.%, while near-complete 

decomposition is achieved in the same reaction time at 320˚C. Under these conditions, 

the plies of carbon fibre fabric were completely separated as shown in Figure 22. This 

suggests that there is a strong dependence of RD on temperature and it is possible that 

at temperatures less than this, the RTM6 epoxy resin investigated will not be fully 

solubilised.  
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a) 

 
b) 

 
c) 

Figure 22. Samples of the CFRP after processing with an acetone / water solvent at a) 300˚C for 
120 min; b) 320˚C, 120 min; and c) 340˚C for 45 min. 

Upon increasing the temperature to 330, 340 and 360˚C, it is possible to reduce 

the necessary reaction time for a similar value of RD to 90, 45 min and 15 min 

respectively; time reductions of 25, 62.5 and 87.5%. This significant temperature 

dependence has been previously reported [245], although it is not likely to be due to the 

enhanced properties of supercritical fluids; the critical point of this mixture is exceeded 

at 297˚C, 12 MPa. These results also suggest that, in order to effectively recover carbon 

fibres from this matrix, there is a minimum temperature requirement of 320˚C when 

operating under batch conditions. Although complete degradation of an epoxy resin 

with pure acetone has been achieved at this temperature in just 20 min, the authors of 
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this study noted a Tg of 183˚C [264]; 38 ± 3˚C lower than the polymer investigated here. 

This is indicative of a lower degree of cross-linking which therefore leads to differing 

degradation characteristics. A model epoxy resin has also been completely solubilised 

using this acetone / water solvent mixture and the conditions necessary of 350˚C, 30 

min [252] are similar to those identified as part of this research.  

Further experiments were carried out at 380˚C, however, upon just reaching the 

reaction temperature, the resin was completely degraded. Although the use of higher 

temperatures resulted in significantly faster reaction rates, these extreme conditions 

caused the loss of the fibre architecture. Figure 22 demonstrates that at 340˚C, the 

recovered material exhibited a “fluffy” quality. As an effective commercial realignment 

process is yet to be developed, it is unlikely that the fibres recovered after processing at 

these conditions are suitable for reuse in a defined structure. Despite this, it may be 

possible to manufacture random, non-woven mats if sufficient fibre densities can be 

attained in the product. As previous work has also demonstrated that increasing the 

reaction temperature may result in a reduction of the mechanical properties of the 

fibres [3], it is also necessary to characterise the recycled material. The influence of 

various recycling processes on the fibre quality is investigated in Chapter 5, however, at 

present, the conditions recommended for effective recovery of carbon fibre using a neat 

acetone / water solvent mixture are 320˚C for 120 min and 330˚C for 90 min.  
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3.6 Catalytic Resin Decomposition 

As the critical point of the acetone / water solvent mixture has been calculated 

to be 297˚C and 12 MPa, experiments investigating the efficacy of various additives have 

been performed in both the sub- and supercritical regions. When the solvent is 

subcritical, catalysed hydrolysis is the preferred mechanism for the decomposition of 

polymers [248] and it should, therefore, be possible to identify which of the alkaline salts 

and metal chlorides listed in Table 3 are effective catalysts.  

3.6.1 Alkaline Salts 

Contrary to previous research which considered either water / KOH [256] or 

polyethylene glycol (PEG) / NaOH systems [257], [276], the results presented in Figure 

23 and Figure 24 demonstrate that the presence of hydroxyl ions inhibit the 

decomposition of the CFRP under the conditions investigated. For KOH and NaOH 

solutions, the minimum degradation was observed at a concentration of either 0.03 or 

0.05 M. Here, there was a reduction in RD of between 15.7 to 27.5 wt.% for KOH and 

16.9 to 34.0 wt.% for NaOH when compared to the neat solvent mixture. In the presence 

of basic media, acetone readily undergoes aldol condensation to form 4-hydroxy-4-

methyl-pentan-2-one (diacetone alcohol, DAA) [289]. The critical temperatures of DAA 

and acetone are 334 [290] and 235˚C [283] respectively and, therefore, the elimination 

of acetone from the solvent mixture by aldol condensation will raise the critical point of 

the system to beyond that of the conditions investigated. Although the preferred 

reaction mechanism for the degradation of epoxy resins is hydrolysis [252], [261], 

experiments conducted no longer benefit from the good solvating power of acetone nor 
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the enhanced properties of supercritical fluids. As the reaction mechanism for this 

solvent system is not yet fully understood, it is also possible that acetone may be a 

reactant in the decomposition process. If this is the case, removing acetone from the 

mixture will also result in a reduction in RD for similar reaction conditions.  
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Figure 23. Effect of increasing concentration of KOH on resin decomposition for various 
reaction temperatures (tR = 60 min). Open symbol represents neat acetone / water solvent 

mixture. 
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Figure 24. Effect of increasing concentration of NaOH on resin decomposition for various 
reaction temperatures (tR = 60 min). Open symbol represents neat acetone / water solvent 

mixture. 

At concentrations of above 0.05 M, RD increases compared to more dilute 

systems, with a peak typically seen at 0.20 M. However, with the exception of a 0.20 M 

NaOH solution at 300˚C, the decomposition is still lower than that achieved with the 

neat solvent mixture for all temperatures investigated. As these higher concentrations 

are similar to those previously investigated [256], [257], it is possible that the hydroxyl 

ions do enhance the degradation, however, they do not compensate for the elimination 

of acetone.  For this reason, it is apparent that additional compounds such as phenol or 

PEG are necessary to depolymerise the matrix and alkaline salts are not effective 

catalysts when used in conjunction with an acetone / water solvent mixture.  
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3.6.2 Weak Lewis Acids 

The inclusion of the weak Lewis acids ZnCl2, MgCl2 and AlCl3 into the solvent 

system are highly effective catalysts even at low concentrations as evidenced by Figure 

25 and Figure 26. Metal chlorides generally have high solubility in water [291], acetone 

and acetone / water mixtures [292] which results in the generation of metal ions. 

Previous work has shown that certain solvents result in “swelling” the polymer matrix 

[293] facilitating the mass transfer of the metal ions which are capable of cleaving the 

C=N bonds present in epoxy resins [239], [293]. Figure 25 demonstrates that increasing 

the concentration of ZnCl2 beyond 0.1 M does not enhance the decomposition of the 

CFRP at 280˚C with a plateau in RD observed at 85 wt.%. This suggests that a longer 

reaction time is necessary if it is possible to fully solubilise the polymer at this 

temperature.  
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Figure 25. Effect of increasing concentration of ZnCl2 on resin decomposition for various 
reaction temperatures (tR = 60 min). Open symbol represents neat acetone / water solvent 

mixture. 
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Earlier research investigating the decomposition of a similar epoxy resin has 

achieved an RD in excess of 90 wt.% at just 220˚C, however, much higher concentrations 

and longer processing times of 1.4 M and 5 h were necessary [239]. Currently, the 

influence of metal chlorides on the properties of the recovered fibres at these 

temperatures and pressures is unknown and it is, therefore, desirable to minimise the 

concentration of the catalyst supplied. Fibres which have been subjected to similar 

process conditions have been characterised as described in Chapter 5. At 320˚C, 0.01 M 

ZnCl2 is able to completely strip the resin from the fibre surface demonstrating that for 

the same reaction temperature, very dilute solutions are able to halve the necessary 

process time. By increasing the concentration to 0.05 M, it is also possible to reduce the 

temperature to 300˚C; both ZnCl2 and MgCl2 were able to remove 95 wt.% of the resin 

under these conditions as illustrated by Figure 26.  
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Figure 26. Effect of increasing concentration of chloride ions on resin decomposition 
(TR = 300˚C, tR = 60 min). Open symbol represents neat acetone / water solvent mixture. 
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Of the 3 metal chlorides investigated, Figure 26 demonstrates that AlCl3 is the 

most effective catalyst with a similar degradation achieved at a concentration of 

0.005 M compared to the 0.05 M solutions of ZnCl2 and MgCl2. As the Al3+ ion carries a 

stronger charge, it may co-ordinate more strongly with the lone pair of electrons present 

on the heteroatom within the molecular structure of the epoxy resin. It may also interact 

less strongly with the solvent mixture than the Zn2+ and Mg2+ ions which leads to a 

greater availability of metal ions for the attack of the C=N bonds commonly present 

within epoxies. This effect has been previously reported by Wang, et al [277]. As 0.05 M 

solutions of ZnCl2, MgCl2 and AlCl3 achieved near-complete degradation after processing 

for 60 min at 300˚C, these conditions were selected to examine the efficacy of the 

additional additives listed in Table 3. 

3.6.3 Additional Additives 

In addition to the additives described in Sections 3.6.1 and 3.6.2, the influence 

of 0.05 M solutions of ZnSO4, MgSO4, Al2(SO4)3, Cs2CO3, CsCl2, CaCl2 and CuCl2 on the 

degradation of the CFRP is shown in Figure 27. Under the conditions investigated, the 

neat solvent mixture was capable of removing 33 wt.% of the resin which was similar to 

the RD achieved with ZnSO4 and MgSO4. Although metal sulphates are generally 

insoluble in acetone [294], they are soluble in water; at 25˚C the solubility is 26.6 and 

16.3 g L-1 respectively [295]. Solutions were made by first dissolving the salt in the latter 

solvent and, upon adding the acetone, no precipitation was observed. No data were 

available in the literature for the solubility of these salts in acetone or an acetone / water 

mixture at the conditions investigated, however, it is possible that ZnSO4 and MgSO4 do 
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not remain in solution. The lack of metal ions dissolved would, therefore, explain why 

there was no observable increase in the degradation for these systems. A slightly higher 

RD of 52.4 wt.% was observed with a 0.05 M Al2(SO4)3 solution which may be due to a 

higher solubility of this salt. This result also suggests that Al3+ ions do enhance the 

decomposition, although the chloride ions may also accelerate the degradation 

reaction. Previous research has shown Cs2CO3 facilitates the depolymerisation of 

thermoplastics such as PEEK [265], however, there is a reduction in RD of approximately 

50% when applying this additive to the decomposition of a thermoset epoxy resin. 
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Figure 27. Resin decomposition for a range of additives supplied at a concentration of 0.05 M 

(TR = 300˚C, tR = 60 min). 

With the exception of CsCl2 (RD = 25 wt.%) and CaCl2 (RD = 38 wt.%), all metal 

chlorides considered are able to achieve a degradation of more than 90 wt.% at 300˚C 

within a reaction time of 60 min. Currently, it is not understood why these two additives 
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do not promote the decomposition of the matrix; there is no correlation between 

solubility, molecular size, bond energies or electronegativity differences which suggests 

that there should be a similar concentration of metal ions in solution when compared 

to ZnCl2, MgCl2, AlCl3 and CuCl2. Although effective, this latter catalyst is particularly 

hazardous with regards to human health, safety and the environment and it would, 

therefore, be desirable to avoid its use where possible. For this reason, only ZnCl2, MgCl2 

and AlCl3 were selected for further investigation in order to determine the minimum 

necessary process time and temperature to achieve complete decomposition of the 

resin.  

3.6.4 Effect of Reaction Time & Temperature 

As expected, Figure 28 to Figure 30 demonstrate that increasing both the 

reaction time and operating temperature leads to an increase in the degradation of the 

resin. At 270˚C, however, the reaction appears slow and, after processing for 90 min, 

the maximum RD observed was in the range of 36.9 to 58.5 wt.% across all three 

catalysts studied. Although an increase in temperature to 280˚C does give an RD of up 

to 85 wt.%, it was not possible to fully solubilise the polymer unless the temperature 

was raised to 290˚C under the reaction times investigated. This could be due to high 

molecular weight compounds which require more concentrated catalysts, or higher 

temperatures, to fully decompose.  
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Figure 28. Effect of reaction time and temperature on resin decomposition using a 0.05 M ZnCl2 
catalyst and acetone / water solvent (dashed line indicates RD at tR = 0 min). 
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Figure 29. Effect of reaction time and temperature on resin decomposition using a 0.05 M 
MgCl2 catalyst and acetone / water solvent (dashed line indicates RD at tR = 0 min). 
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Figure 30. Effect of reaction time and temperature on resin decomposition using a 0.005 M 
AlCl3 catalyst and acetone / water solvent (dashed line indicates RD at tR = 0 min). 

At 290˚C, the resin was fully stripped from the fibre surface within 90 min while 

increasing the temperature to 300˚C allows a similar RD to be attained in half the 

reaction time of 45 min for all catalysts studied. Compared to the neat solvent mixture 

and same reaction time, the addition of 0.05 M ZnCl2 and MgCl2 and 0.005 M AlCl3 

therefore results in decreasing the required process temperature by 40˚C. In turn, this 

will lead to a reduction in the energy demand, environmental impact and operating cost 

of an industrial scale process. As relatively dilute concentrations are used, it may be 

possible to achieve further reductions through increasing the concentration of the 

catalyst.  

With the possible exception of a process time and temperature of 10 min and 

300˚C, 0.05 M ZnCl2 and 0.005 M AlCl3 solvent systems achieved similar levels of 

decomposition at all conditions studied. There was, however, a strong temperature 
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dependence of MgCl2; at 270˚C, the RD reached just 36.9 wt.% over a 90 min reaction 

period compared to 52.5 and 58.5 wt.% when using AlCl3 and ZnCl2 respectively. At both 

290 and 300˚C, MgCl2 was as effective as the other two catalysts; at these temperatures, 

the RD observed across all three systems was very similar at each of the reaction times 

considered with the maximum difference of 11.0 wt.% occurring between ZnCl2 and 

AlCl3 (RD = 72.8 and 73.0 wt.% respectively) and MgCl2 (RD = 84.0 wt.%) at 300˚C, 20 

min.  As this variation is outside the margin of experimental error, the results suggest 

that there is a slight difference in the efficacy of the catalysts. Of these three metal 

chlorides investigated in detail, 0.05 M ZnCl2 resulted in the highest RD at the lowest 

temperature considered, although it is worth noting that AlCl3 was supplied at a 

concentration an order of magnitude lower. There is, therefore, the potential to 

investigate higher concentrations of AlCl3 which may facilitate complete decomposition 

at lower reaction temperatures. However, as the effect of metal chlorides dissolved in 

this acetone / water solvent mixture on the quality of the recovered fibres is not yet 

known, it may also be desirable to minimise the concentration of these salts. As a result 

of this research, the minimum necessary conditions to effectively recover carbon fibres 

using 0.05 M solutions of ZnCl2 and MgCl2 and a 0.005 M solution of AlCl3 have been 

identified as 290˚C for 90 min and 300˚C for 45 min. To quantify the effect of these 

process conditions on the recycled material, fibres are characterised in Chapter 5. 

3.7 Concluding Remarks 

A preliminary investigation into the decomposition of a commercially available, 

carbon fibre reinforced RTM6 epoxy resin has been conducted. To aid understanding of 
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the degradation process, it was necessary to determine the phase behaviour of the 

solvent. Using the PC-SAFT EoS, the critical point of the mixture was identified as 297˚C 

and 12 MPa which demonstrates that experiments were performed in the supercritical 

region with the neat solvent and in both the sub- and supercritical phases when 

investigating the efficacy of various additives. As there is no clear step change in RD 

upon changing phase, the results presented in this chapter suggest that the temperature 

is of greater importance than the phase behaviour of the solvent.  

In addition to the solvent, the CFRP was also characterised by quantifying the resin 

content and identifying the Tg. The latter property was determined using DSC and has 

been shown to be 221 ± 3˚C. This is indicative of a high degree of cross-linking of above 

0.9 which suggests that if it is possible to solubilise this polymer, the developed 

conditions could be applied to the recycling of a wide range of composite materials. Two 

independent methods were used to measure the resin content: calcination and TGA. 

Both of these techniques were in close agreement and gave a value of 35.0 ± 0.5 wt.% 

which is similar to that calculated from the manufacturer’s data and typical densities of 

carbon fibre and epoxy resin. For this reason, Ri = 35.0 wt.% was used in all subsequent 

calculations when quantifying RD. 

Initially, three methods were considered in order to measure RD: TGA, calcination 

and the difference in mass before and after processing. The values obtained from TGA 

were generally higher than the other two techniques and demonstrated a higher 

variability across the 5 samples analysed, possibly due to the loss of resin when cutting 
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the samples to a suitable size. For this reason, only calcination and the difference in mass 

of the CFRP was used to quantify RD for most of the experimental conditions 

investigated. These two techniques generally gave a good level of agreement with a 

maximum variation observed across all experiments of ± 4 wt.%.  

By repeating experiments at the same process conditions, it has also been possible 

to demonstrate that there is a high degree of repeatability across different reactions. 

The deviation observed across the three repeated experiments was 2.3 ± 1.3 wt.% which 

is within the margin of experimental error when calculating RD from the methods 

described in Section 3.2.4. As adjacent data points also verify each other, it was 

therefore considered sufficient to conduct most experiments only once.  

The use of water from the mains supply, instead of DI water, does not appear to 

influence the degradation of the resin. For this reason, and in order to more closely 

simulate industrial conditions, the effect of varying reaction time and temperature was 

studied using an acetone / mains water solvent mixture. By changing these two 

parameters, the minimum conditions necessary for an RD of more than 92 wt.% were 

identified as 320˚C, 120 min or 330˚C, 90 min. Above this temperature, the recovered 

fibres exhibited a “fluffy” texture which may be more difficult to re-use in high value 

applications.  

The inclusion of alkaline salts and metal sulphates does not accelerate the 

degradation reaction, however, 0.05 M ZnCl2, 0.05 M MgCl2 and 0.005 M AlCl3 have all 
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been shown to be effective catalysts. At these concentrations, it is possible to reduce 

the necessary reaction temperature to achieve near-complete decomposition by 40˚C 

for the same reaction time. However, the influence of these reaction conditions on the 

recovered fibres is not yet known and they are therefore characterised in Chapter 5.  

In order to deepen the understanding of the decomposition reaction, Chapter 4 

focusses on the development of two different kinetic models with the aim of calculating 

the Arrhenius parameters EA and k0 for the neat acetone / water solvent and the ZnCl2, 

MgCl2 and AlCl3 systems.
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CHAPTER 4.  
REACTION KINETICS 

4.1 Introduction 

Investigation of the kinetics of any reaction allows the relationship between 

temperature, time, reaction order and conversion to be mathematically 

determined. This facilitates a greater understanding of the processes taking place 

and will allow a direct comparison of the efficacy of different solvent and catalyst 

systems to be made. Previous research has considered a conventional rate 

equation with an order of 1.5 [242] and 2 [245] and a shrinking core model (SCM) 

[264] in order to characterise the decomposition reaction of a CFRP using either 

propan-1-ol, [242] water [245] or acetone [264] as the solvent. No publications 

currently available in the open literature have applied both kinetic models to the 

same data set in order to compare their ability to model the decomposition of the 

resin. In addition to this, the kinetics of the degradation of the CFRP using the 

acetone / water solvent mixture and weak Lewis acids considered in this thesis 

have not yet been analysed in any earlier work. For these reasons, this chapter 

aims to conduct a comprehensive investigation into the reaction kinetics by 

applying a conventional rate equation and a shrinking core model to the 

degradation data presented in Chapter 3. Further experiments, which were 

conducted to provide additional evidence for the assumptions made when 
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developing these models, are also discussed throughout this chapter. Following 

this, the Arrhenius parameters, activation energy (EA) and frequency factor (k0), 

are calculated and used to predict the decomposition at a range of conditions. This 

chapter concludes by evaluating which model is able to best fit the decomposition 

of the CFRP which may have significant applications in future research.  

The models described in this chapter have been previously published in 

“Recycling a carbon fibre reinforced polymer with a supercritical acetone / water 

solvent mixture: Comprehensive analysis of reaction kinetics” [226] and “Catalytic 

degradation of a carbon fibre reinforced polymer for recycling applications” [296]. 

Both articles are available in the journal Polymer Degradation and Stability. 

4.2 Experimental Methodology 

4.2.1 Fibre Recovery 

In addition to the investigation conducted in Chapter 3, further 

experiments were performed in order to provide supplementary data points for 

use in the development of the models discussed throughout this chapter. The 

CFRP which was characterised in Section 3.4 was used in all experiments. The 

equipment, solvents and additives used as part of this work are also the same as 

those described in Chapter 3. Five pieces of the 6 mm thick composite material 

measuring (10 x 10 ± 1) mm2 with a total mass of 4.17 ± 0.01 g were placed into a 

basket before being loaded into the 100 mL batch reactor. 50 ± 1 mL of the solvent 
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mixture was also added. The vessel was sealed, heated to the desired temperature 

for each of the reaction times in Table 11 and Table 12 and cooled to room 

temperature using forced air convection. Recovered samples were then washed 

with acetone and dried overnight in a fume cupboard before being analysed 

following the procedures described in Section 3.2.4. 

Table 11. Additional experiments performed with neat acetone / mains water solvent. 

Temperature, TR     
(± 1 °C) 

Induced Pressure, p           
(± 0.3 MPa) 

Reaction Time, tR     
(min) 

300 15.8 

10, 30, 60, 150 310 17.8 

320 19.7 

330 22.0 10, 30, 60 

340 23.5 10, 30 

360 27.0 
5, 10, 15 

380 30.0 

Table 12. Additional experiments performed with an acetone / water solvent and 0.05 M 
ZnCl2 and MgCl2 and 0.005 M AlCl3. 

Temperature, TR     
(± 1 °C) 

Induced Pressure, p           
(± 0.3 MPa) 

Reaction Time, tR     
(min) 

270 12.0 

0, 20, 45, 120 280 13.0 

290 14.5 
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4.2.2 Reactor Loading 

All experiments in Chapter 3 and those described in Section 4.2.1 used a 

reactor loading of 30 ± 0.1 gresin Lsolvent
-1. In order to assess the capability of this 

system to degrade higher quantities of material and to aid in identifying the rate 

determining step (RDS), the experiments listed in Table 13 were completed using 

a loading of both 60 and 90 gresin Lsolvent
-1. These conditions were selected as they 

are the minimum temperature and reaction time required to fully decompose the 

polymer matrix of the CFRP. The increased loading was achieved by using 10 and 

15 pieces of the composite which had total masses of 8.34 ± 0.01 g and 12.51 ± 

0.01 g respectively. For these experiments, and those described in Section 4.2.1, 

the resin decomposition (RD) was quantified using the methods described in 

Chapter 3.  
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Table 13. Experimental conditions investigated for an increased reactor loading of 60 
and 90 gresin Lsolvent

-1 (175 and 257 gcomposite Lsolvent
-1). 

Catalyst 
Temperature, TR 

(± 1 °C) 
Induced Pressure, p 

(± 0.3 MPa) 
Reaction Time, tR 

(min) 

None 

320 19.7 120 

330 22.0 90 

340 23.5 45 

360 27.0 20 

0.05 M ZnCl2 
290 14.5 90 

300 15.8 45 

0.05 M MgCl2 
290 14.5 90 

300 15.8 45 

0.005 M AlCl3 
290 14.5 90 

300 15.8 45 

4.2.3 X-ray computed Tomography (XRCT) 

To study the swelling ability and mass transfer of the solvent molecules into 

the resin, partially degraded samples were imaged with X-ray computed 

Tomography (XRCT). Samples were recovered from the reactor after a process 

time of 30 min using a neat acetone / water solvent (TR= 320˚C) and the 0.05 M 

MgCl2 system (TR = 290˚C). These temperatures were selected as they are the 

minimum required to achieve near-complete decomposition of the resin within 

the reaction times investigated. After processing, the samples were rinsed with 

acetone and dried overnight at ambient conditions before being loaded into the 

imaging chamber of a Bruker Skyscan 1172 XRCT. A camera exposure time of 500 
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ms and a resolution of 240 px mm-1 were used. The acceleration voltage and 

current were set to 65 kV and 80 µA respectively.  

4.3 Reactor Loading 

The influence of changing the reactor loading on the decomposition of the 

resin is illustrated by Figure 31. Similar to the data presented in Chapter 3, the RD 

plotted is an average between RD Methods 1 and 2 (described in Section 3.2.4) 

where the error bars illustrate the maximum and minimum values calculated. 

Although within the range of experimental error, experiments performed at 340˚C 

with the neat solvent mixture and at 290˚C with 0.05 M ZnCl2 showed a slight 

decrease in RD with an increase in loading; this may be expected as the solvent 

becomes saturated and the mass transfer of the reactants, products and / or 

catalyst becomes rate limiting. However, the highest degradation is also observed 

at the maximum reactor loading for 320 and 330˚C and in both conditions studied 

with the 0.05 M MgCl2 solution. In all other experiments, RD for 30 g L-1 was within 

± 1.5 wt.% for the RD at 90 g L-1. As these results are within the range of 

experimental error, the data presented in Figure 31Figure  demonstrates that 

there is no discernible difference in the observed degradation upon increasing the 

reactor loading. This suggests that the loading may be further maximised in order 

to reduce the economic cost and environmental burden per unit weight of CFRP 

recycled.  
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Figure 31. Effect of increasing the concentration of resin in the reactor from 30 to 90 g L-1 

using various process conditions. 

As the concentration of the organic liquid products (OLP) do not appear to 

influence the rate of the decomposition reaction under the conditions 

investigated, it appears that both the solvent and the catalyst are always in excess. 

If the solvent was saturated with the OLP, the mass transfer of the solvent 

molecules and catalyst ions through the bulk fluid, penetration into the composite 

material and transfer of the products away from the fibre surface would slow 

down and become rate limiting. In turn, this would lead to a slower reaction, and 

thus a lower RD for the conditions investigated. For these reasons, the results 

presented suggest that the RDS of the degradation process is the decomposition 

reaction rather than any of the mass transfer stages.   
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4.4 X-ray computed Tomography (XRCT) 

In order to further the understanding of the degradation process, partially 

degraded samples of the CFRP were imaged with XRCT. Figure 32a and Figure 33a 

illustrate that after processing each sample for 30 min, there is some ply 

separation as the solvent has moved into the polymer matrix causing it to swell. 

In Figure 32a, cracks are also visible on the surface of each ply thus demonstrating 

that even at low values of RD, the solvent was able to effectively penetrate to the 

centre of the sample. These cracks are not observed in Figure 33a where the 

sample was processed at 290˚C with 0.05 MgCl2, however, the measured RD was 

18 wt.% higher. The extent of the degradation appears uniform across the surface 

of each ply and it is, therefore, likely that at this point, the solvent had fully 

penetrated throughout the resin. These cracks were also visible at samples 

recovered from a shorter process time of 10 min as shown in Figure 34.  

By removing the higher density carbon fibre from the images (Figure 32b 

and Figure 33b), a large volume of resin is visible at the centre of the sample. This 

is likely to reduce in size as the resin is degraded and it is, therefore, possible to fit 

the degradation data obtained to a shrinking core model as described in Section 

4.6. From these images, it appears that penetration of the solvent occurs in 

between the plies of carbon fibre (in the x and y directions). This may be due to a 

lower fibre density, while the path in the z direction remains tortuous. Although 

the fibres appear to facilitate the mass transfer of the solvent into the composite, 
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the diffusion pathways visible in Figure 32a and Figure 34 are randomly orientated 

and do not follow the direction of individual fibres or tows. This suggests that the 

orientation of each tow does not affect the penetration and, therefore, that the 

solvent may migrate through the resin by following defects within the matrix.  

a) 

 

b) 

Figure 32. XRCT image after processing a sample of the CFRP at 320˚C for 30 min with an 
acetone / water solvent (RD = 44 wt.%) showing a) crack propagation between plies; and 

b) resin concentrated at the centre of the sample with fibres removed from image. 
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a) 

 

b) 

Figure 33. XRCT image after processing a sample of the CFRP at 290˚C for 30 min with an 
acetone / water solvent and 0.05 M MgCl2 (RD = 62 wt.%) showing a) resin remaining on 
fibre surface; and b) resin concentrated at the centre of the sample with fibres removed 

from image. 
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Figure 34. Surface of a carbon fibre ply taken from the CFRP after processing with a 
0.05 M MgCl2 acetone / water solvent at 290˚C for 10 min. 

Although the mass transfer of the solvent, catalyst or degradation products 

may influence the rate of decomposition, the results presented in Section 4.3 and 

the images in Figure 32 to Figure 34 suggest that the overall degradation process 

is reaction rate limited. Despite the fact that the solvent quickly reaches the centre 

of the composite within 30 min, it takes a further 90 and 60 min for the neat 

solvent and 0.05 M MgCl2 solution respectively to achieve an RD of more than 90 

wt.%. In addition to this, a study into the effect of scaling up the process (described 

in [297]) used larger samples of the same material measuring from (50 x 50) to (50 

x 80) mm2. If the rate of degradation was primarily dependent on the mass transfer 

10 mm 
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stages, the longer diffusion pathways of the larger samples would lead to an 

increase in the process time necessary to effectively solubilise the resin. However, 

the experiments conducted with these larger samples found that near-complete 

decomposition was observed in the same reaction time at 320˚C thereby 

suggesting that the process is reaction rate limited rather than controlled by any 

of the mass transfer stages.  

4.5 First Order Rate Equation 

The relationship between resin decomposition and process time has been 

previously investigated through the application of rate equations of the form 

shown in Equation (11) [242], [245]. However, these works considered either 

propan-1-ol [242] or water [245] as the solvent and, therefore, the kinetics of the 

degradation reaction with an acetone / water solvent remain poorly understood. 

By inspection of Equation (1) to Equation (4) described in Section 2.8.3, Equation 

(11) can be developed which states that the rate, -rA, is proportional to the extent 

of conversion, α, raised to the power of the order of reaction, n. Through analysis 

of the degradation data presented in Chapter 3, it is possible to determine the 

value of n and the rate constant, k, at each of the temperatures investigated. 

 
−𝑟஺ =

𝑑𝛼

𝑑𝑡
= 𝑘[𝛼]௡ (11) 
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Where α = is the extent of conversion (dimensionless), t = time (min), k = rate 

constant (min-1) and n = reaction order (dimensionless). 

As the decomposition reaction proceeds and the resin is solubilised, the 

reaction rate appears to slow down. The rate equation describing the kinetics of 

the reaction is, therefore, governed by the quantity of resin remaining. However, 

Figure 31 demonstrates that increasing the reactor loading had little to no effect 

on the decomposition of the resin. As the solvent always appears to be in excess, 

it seems that the rate is not proportional to the concentration of the resin in the 

reactor nor the concentration of the degradation products dissolved in the 

solvent. Alternatively, the extent of conversion (α, introduced in Chapter 2) can be 

defined as the proportion of resin remaining within the composite. This is 

equivalent to a mass fraction, M, and is defined by Equation (12). The reaction rate 

can, therefore, be modelled by Equation (13).  

 
𝑀 =  

𝑚(𝑡ோ)

𝑚௜
= 1 − 𝑅𝐷 (12) 

 
−𝑟஺ =

𝑑𝑀

𝑑𝑡
= − 𝑘஺,ோ 𝑀௡ (13) 

Where m(tR) is the mass of resin remaining within the composite (g) after reaction 

time, tR (min), mi is the initial mass of resin (g) and kA,R is the rate constant during 

the reaction phase (min-1). Although it has been previously suggested that n = 2 

for a supercritical water solvent [245] and n = 1.5 when using propan-1-ol as the 
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solvent [242], it is not currently known what the reaction order is for this particular 

system. The GRG non-linear “Solver” function in MS Excel was used to find values 

for kA,R and n which minimised the error between experimental and model values 

for M. However, across all temperatures and catalyst systems, there were large 

variations in the optimum values for n of between 1 and 10. This led to no 

correlation between kA,R and temperature and any change in n was accounted for 

by a change in kA,R: a major limitation of 2-parameter models such as that 

described by Equation (13). For this reason, a suitable value of n was determined 

through integrating Equation (13), as shown by Equation (14). The result of this is 

given by Equation (15). As this is of the form 𝑦 = 𝑚𝑥 + 𝑐, a plot of ெ
భష೙

ଵି௡
 vs. t should 

give a straight line with a gradient equivalent to the rate constant, kA,R. 

 
න

𝑑𝑀

𝑀௡
= −𝑘஺,ோ න 𝑑𝑡 (14) 

 𝑀ଵି௡

1 − 𝑛
= − 𝑘஺,ோ 𝑡 + 𝑐 (15) 

Based on the values from literature [242], [245], initial values for n of 2 and 

1.5 were chosen. However, there was not a good correlation with the data 

obtained especially at higher temperatures; for n = 2 and n = 1.5 the R2 value at 

360˚C was 0.70 and 0.83 respectively. It was apparent that reducing the reaction 

order led to a closer fit between the data points and a linear regression line. For 

the case n = 1, integrating Equation (13) gives Equation (16). A plot of ln(M) vs. tR 
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as shown in Figure 35 to Figure 38 demonstrates a strong linear relationship with 

good R2 values in the range of 0.95 to 0.99 for the neat acetone / water solvent 

across the temperatures 300 to 360˚C. For the ZnCl2 and AlCl3 systems, values for 

R2 are even higher and are in the range of 0.98 to 0.99 for all temperatures. For 

MgCl2 at 270 and 280˚C, R2-values are similar, however at 290 and 300˚C, this is 

reduced to 0.93 and 0.92 respectively, possibly due to the trend line being skewed 

by the data points at 290˚C, 90 min and 300˚C, 30 min. At these conditions, the 

resin is almost fully decomposed (M = 0.01 and M = 0.06 respectively) and, for this 

reason, the plotted values of ln(M) are more sensitive to any experimental error. 

It is also possible that the reaction rate is influenced by the concentration of the 

catalyst, however, in order to directly compare the different solvent systems, it 

was assumed that the decomposition rate is proportional to M only. Values for kA,R 

were taken as the gradient of each of the regression lines shown in Figure 35 to 

Figure 38 and are tabulated in Table 16 along with the R2 values for each data set.  

 ln(𝑀) =  − 𝑘஺,ோ𝑡ோ + 𝑐 (16) 
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Figure 35. Plot of ln(M) vs. tR for the neat acetone / water solvent in the temperature 

range 300 to 360˚C. 
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Figure 36. Plot of ln(M) vs. tR for the 0.05 M ZnCl2 acetone / water solvent system in the 
temperature range 270 to 300˚C. 
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Figure 37. Plot of ln(M) vs. tR for the 0.05 M MgCl2 acetone / water solvent system in the 
temperature range 270 to 300˚C. 
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Figure 38. Plot of ln(M) vs. tR for the 0.005 M AlCl3 acetone / water solvent system in the 
temperature range 270 to 300˚C. 
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For all temperatures and solvent systems investigated, it was observed that 

there was some mass loss upon reaching the lowest process temperature 

considered (i.e. at tR = 0 min). It is, therefore, apparent that the decomposition 

reaction begins at some temperature below 300˚C and 270˚C for the neat acetone 

/ water solvent and metal chloride systems respectively. To account for this, the 

degradation of the composite can be modelled during the heating and reaction 

phases separately. An expression for the latter phase was derived by integrating 

Equation (13) with n = 1 between the limits of M = MH at t = 0 and M = MR at t = 

tR. The result of this is given by Equation (17) where MH and MR are the mass 

fractions of resin remaining after the heating and reaction phases respectively. 

Rearranging Equation (17) to Equation (18) allows an expression for MR to be 

obtained.  

 
ln ൬

𝑀ோ

𝑀ு
൰ =  −𝑘஺,ோ𝑡ோ (17) 

 
𝑀ோ = 𝑀ு𝑒ି௞ಲ,ೃ௧ೃ  (18) 

 As MH is currently unknown, an expression for this variable was developed 

by assuming that the decomposition reaction is also first order during the heating 

phase. Integrating Equation (13) with k = kA,H where kA,H is the Arrhenius rate 

constant during the heating phase and the limits M = 1 at t = 0 min and M = MH at 



159 
 

t = tH gives Equation (19). Rearranging this to Equation (20) allows values for kA,H 

to be calculated from the experimental data. These are also provided in Table 14. 

 
ln(𝑀ு) =  −𝑘஺,ு𝑡ு (19) 

 
𝑘஺,ு =  −

ln(𝑀ு)

𝑡ு
 (20) 

Alternatively, Equation (19) can be expressed as Equation (21) which can 

then be substituted into Equation (18) to model the total mass fraction of resin 

remaining within the composite after each reaction has taken place. This 

substitution and the expression used to model RD is shown by Equations (22) and 

(23). 

 𝑀ு = 𝑒ି௞ಲ,ಹ௧ಹ  (21) 

 𝑀ோ = 𝑒ି௞ಲ,ಹ௧ಹି௞ಲ,ೃ௧ೃ (22) 

 𝑅𝐷 = 1 − 𝑒ି௞ಲ,ಹ௧ಹି௞ಲ,ೃ௧ೃ  (23) 
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Table 14. Arrhenius rate constants for the heating and reaction phases for all solvent 
systems investigated. R2 values demonstrate how close the linear regression lines in 

Figure 35 to Figure 38 fit the experimental data. 

Catalyst 
Temperature, TR 

(°C) 
R2 

kA,R               
(x10-3 min-1) 

kA,H               
(x10-3 min-1) 

None 

300 0.992 4.29 0.920 

310 0.994 9.33 1.41 

320 0.988 19.7 4.89 

330 0.986 35.0 5.75 

340 0.954 108 7.91 

360 0.983 333 27.2 

0.05 M 
ZnCl2 

270 0.996 10.2 0.570 

280 0.997 22.4 0.885 

290 0.985 36.6 2.33 

300 0.992 74.0 4.70 

0.05 M 
MgCl2 

270 0.991 4.71 0.907 

280 0.994 19.9 1.08 

290 0.930 30.8 1.49 

300 0.920 86.5 6.91 

0.005 M 
AlCl3 

270 0.998 7.6 0.596 

280 0.983 21.3 0.885 

290 0.992 30.7 6.23 

300 0.986 69 6.45 

The results of the model described by Equation (23) are shown by the 

continuous lines in Figure 39 to Figure 42 for the neat solvent mixture and all metal 

chloride systems. The model is evaluated in Section 4.8 but upon first inspection, 

appears to fit the data points well.  
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Figure 39. Experimental and calculated values for RD achieved with a neat acetone / 
water solvent system using a first order rate equation (Equation (23)). Continuous lines 

represent calculated values. 
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Figure 40. Experimental and calculated values for RD achieved with a 0.05 M ZnCl2 
solution and acetone / water solvent using a first order rate equation (Equation (23)). 

Continuous lines represent calculated values. 
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Figure 41. Experimental and calculated values for RD achieved with a 0.05 M MgCl2 
solution and acetone / water solvent using a first order rate equation (Equation (23)). 

Continuous lines represent calculated values. 
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Figure 42. Experimental and calculated values for RD achieved with a 0.005 M AlCl3 
solution and acetone / water solvent using a first order rate equation (Equation (23)). 

Continuous lines represent calculated values. 
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The Arrhenius expression (Equation (2), Chapter 2)) can also be used to 

calculate a value for rate constants at other process temperatures in order to 

model the decomposition reaction under alternative conditions. However, as 

there is some degradation of the resin before the target temperature is reached, 

Equation (23) also relies on a rate constant during the heating phase. As reaction 

rate constants are a function of temperature, kA,H can be considered an average 

between the process temperature and a theoretical initiation temperature, Ti, at 

which the reaction begins. kA,H can, therefore, be used to find the value of this 

average temperature, TAv, using Equation (24). It was assumed that TAv is the 

midpoint between the reaction temperature, TR, and Ti and thus Ti can be 

determined with Equation (25). 

 
𝑘 =  𝑘଴𝑒

ாಲ
ோ் (2) 

 
𝑇஺௩ = −

𝐸஺

𝑅 ln ൬
𝑘஺,ு

𝑘଴
൰

 (24) 

 𝑇௜ = 2𝑇஺௩ − 𝑇ோ (25) 

 The Arrhenius parameters activation energy, EA (J mol-1), and frequency 

factor, k0 (min-1), are evaluated in Section 4.7. The average values for Ti across the 

temperature ranges considered for each solvent system are provided in Table 15. 

Using this value of Ti, it is possible to calculate TAv for any process temperature and 

subsequently kA,H, in order to model the decomposition during the heating phase. 
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In the absence of a catalyst, the reaction does not appear to initiate until 273˚C, 

however, the inclusion of metal chlorides reduces this theoretical temperature by 

as much as 96˚C. As noted in Chapter 3, there appears to be a stronger 

temperature dependence on RD for the MgCl2 catalysed reaction and a similar 

result is shown here: amongst all the weak-Lewis acids, this system has the highest 

calculated initiation temperature of between 198 and 234˚C. These temperatures 

approximately correspond with the Tg of the CFRP of 221 ± 3˚C. Earlier work in this 

field has suggested that the Tg of a polymer is the minimum temperature 

necessary to fully decompose it. Below this temperature, the polymer chains are 

not sufficiently mobile to allow the solvent and / or catalyst molecules to 

penetrate the matrix and subsequently solubilise the resin [239].  

Table 15. Average values for the initiation temperature, Ti, calculated using Equations 
(24) and (25). 

Catalyst Initiation Temperature (˚C) 

None 273 ± 11 

0.05 M ZnCl2 201 ± 13 

0.05 M MgCl2 216 ± 18 

0.005 M AlCl3 211 ± 10 

4.6 Shrinking Core Model (SCM) 

In addition to fitting a first order rate equation to the degradation data 

obtained, a kinetic model can also be developed by applying an SCM. This has been 

used previously to model the degradation of an epoxy resin with pure acetone 
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[264] using similar process conditions to those described in this work. This model 

considers a reaction taking place at the surface of a particle and, as time 

progresses, the reactants permeate into the particle leaving behind a product, or 

“ash” layer. These products are then able to migrate away from the unreacted 

core and into the bulk solution, subsequently reducing the size of the particle 

causing to shrink until it disappears. This process is described in detail by 

Levenspiel (1999) [263] and is illustrated by Figure 43. 

 

Figure 43. Diagram of a shrinking core model (adapted from [263]). 

By considering whether it is the diffusion of the solvent through the bulk 

fluid or film around the particle, the diffusion of the dissolved products away from 

the particle surface or the chemical reaction that is the rate determining step, a 

range of rate equations can be derived for various geometries. Although the 

results presented in Section 4.3 suggest that the solvent is always in excess and 
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Figure 32 and Figure 34 show good mass transfer of the reactants, it is not yet 

certain which of these stages controls the rate of the degradation process. The 

model also relies on the geometry of the particle and it is not immediately obvious 

which one, of three possible geometries, can be best applied to these CFRP 

samples. Firstly, as it is made up of 20 plies of carbon fibre, these samples could 

be thought of as a flat plate with the reaction taking place on the surface of each 

ply. Alternatively, by considering the resin surrounding each fibre, it could be that 

a cylindrical geometry is most suitable. Finally, by studying the XRCT images in 

Figure 32 and Figure 33, it appears that there is a large, approximately spherical, 

volume of resin remaining at the centre of the composite. The model which most 

closely agrees with the experimental values of RD for each set of conditions is that 

of a reaction rate limited SCM for a spherical particle. This equation is first 

introduced in Section 2.8.3 (Equation (5)) and may be described by the expression 

given in Equation (26) [263]. Note that this is only valid for kSCMt ≤ 1: as t 

approaches infinity, so will RD yet this variable is limited to a maximum of 1, which 

is equivalent to 100% decomposition of the matrix.  

 
1 − (1 − 𝑅𝐷)

ଵ
ଷ = 𝑘ௌ஼ெ𝑡 (26) 

As stated in Section 4.5, the decomposition reaction begins at some 

temperature below the minimum process conditions investigated for each solvent 

system. For this reason, it is necessary to include a heating time, tH, as shown by 
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Equation (27). As this is in a linear form, a plot of 1 − (1 − 𝑅𝐷)
భ

య vs. (𝑡ு + 𝑡ோ) will 

give a straight line as illustrated by Figure 44 to Figure 47. Values for kSCM were 

taken as the gradient of the linear regression line and are shown along with the 

corresponding R2 value for each solvent system in Table 16. This rate constant is 

also temperature dependant and will, therefore, be an average over the heating 

and reaction phases. However, as the maximum RD observed at tR = 0 min is < 25 

wt.% for all conditions except at 360˚C, it will be dominated by the reaction phase.  

 
1 − (1 − 𝑅𝐷)

ଵ
ଷ = 𝑘ௌ஼ெ(𝑡ு + 𝑡ோ) (27) 
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Figure 44. Plot of 1-(1-RD)1/3 vs. (tH + tR) for the neat acetone / water solvent in the 
temperature range 300 to 360˚C. 
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Figure 45. Plot of 1-(1-RD)1/3 vs. tH + tR for 0.05 M ZnCl2 acetone / water solvent in the 
temperature range 270 to 300˚C. 
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Figure 46. Plot of 1-(1-RD)1/3 vs. tH + tR for 0.05 M MgCl2 acetone / water solvent in the 
temperature range 270 to 300˚C. 
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Figure 47. Plot of 1-(1-RD)1/3 vs. tH + tR for 0.005 M AlCl3 acetone / water solvent in the 
temperature range 270 to 300˚C. 
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 Table 16. R2 and kSCM values for all solvent systems and temperatures 
investigated. 

Catalyst 
Temperature, TR  

(°C) 
R2 

kSCM  
(x10-3 min-1) 

None 

300 0.984 1.23 

310 0.987 2.27 

320 0.991 4.17 

330 0.960 6.58 

340 0.991 14.0 

360 0.992 35.3 

0.05 M ZnCl2 

270 0.998 2.48 

280 0.995 5.19 

290 0.988 8.78 

300 0.998 16.9 

0.05 M MgCl2 

270 0.986 1.48 

280 0.975 5.28 

290 0.985 7.57 

300 0.99 20.4 

0.005 M AlCl3 

270 0.992 2.09 

280 0.992 5.19 

290 0.975 7.67 

300 0.997 17.5 

Once kSCM is known, Equation (27) can be rearranged to Equation (28). This 

can then be used to predict RD at each of the temperatures investigated as shown 

by the continuous lines in Figure 48 to Figure 51. Upon an initial inspection, the 

SCM appears to provide a good fit to the experimental data, however, the 
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accuracy of this model is also evaluated alongside that of the first order rate 

equation (Equation (23)) in Section 4.8. 

 𝑅𝐷 = 1 − ൫1 − 𝑘ௌ஼ெ(𝑡ு + 𝑡ோ)൯
ଷ
 (28) 
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Figure 48. Experimental and calculated values for RD achieved with a neat acetone / 
water solvent system using a shrinking core model (Equation (28)). Continuous lines 

represent calculated values. 



172 
 

Reaction time, tR (min)

0 20 40 60 80 100 120 140 160

Re
si

n 
de

co
m

po
si

tio
n 

(%
)

0

20

40

60

80

100

290˚C
300˚C
280˚C
270˚C

 

Figure 49. Experimental and calculated values for RD achieved with a 0.05 M ZnCl2 
solution and acetone / water solvent using a shrinking core model (Equation (28)). 

Continuous lines represent calculated values. 
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Figure 50. Experimental and calculated values for RD achieved with a 0.05 M MgCl2 
solution and acetone / water solvent using a shrinking core model (Equation (28)). 

Continuous lines represent calculated values. 
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Figure 51. Experimental and calculated values for RD achieved with a 0.005 M AlCl3 
solution and acetone / water solvent using a shrinking core model (Equation (28)). 

Continuous lines represent calculated values. 

4.7 Analysis of Reaction Kinetics 

Through the application of both a first order rate equation and a shrinking 

core model, rate constants have been calculated across the temperature range 

300 to 360˚C for the neat acetone / water solvent and 270 to 300˚C for the catalytic 

systems. The relationship between the logarithm of the rate constant and the 

inverse of temperature is illustrated by the Arrhenius plots shown in Figure 52 and 

Figure 53. Both figures demonstrate that linear regression lines can be fitted to 

the data points with good R2 values in the range of 0.96 to 0.99. The linearised 

Arrhenius expression is given by Equation (29) and it is, therefore, apparent that 

the frequency factor, k0 (min-1), and activation energy, EA (kJ mol-1), can be 

determined from the y-intercept and gradient of the regression lines respectively. 
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The values of each of these parameters for all solvent systems investigated are 

provided in Table 17.  
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Figure 52. Arrhenius plot for rate constants calculated using a 1st order rate equation 

(Equation (16)). R2 values are shown in Table 17. 
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Figure 53. Arrhenius plot for rate constants calculated using a shrinking core model 

(Equation (27)). R2 values are shown in Table 17. 
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 ln(𝑘) = −
𝐸஺

𝑅𝑇
+ ln(𝑘଴) (29) 

Table 17. R2 values for each of the Arrhenius plots and corresponding activation energy, 
EA, and frequency factor, k0, for each of the solvent systems investigated. 

Catalyst 
1st Order Rate Equation Shrinking Core Model 

R2 
EA         

(kJ mol-1) 
k0          

(min-1) 
R2 

EA             
(kJ mol-1) 

k0        
(min-1) 

None 0.99 222 7.64 x 1017 0.99 183 6.69 x 1013 

ZnCl2 0.99 157 1.34 x 1013 0.99 151 7.87 x 1011 

MgCl2 0.96 250 3.67 x 1021 0.96 225 7.31 x 1018 

AlCl3 0.97 180 2.02 x 1015 0.98 175 1.57 x 1014 

 

EA was verified by re-parameterising Equation (29) to Equation (30) and 

calculating a rate constant at 300˚C. This isothermal rate constant, along with the 

decomposition data, was used to estimate EA using the “Solver” function in MS 

Excel and minimising the sum of the error squared between the calculated values 

of k and those obtained graphically. In all cases, EA obtained using the “Solver” 

function was within 14% of that determined from the Arrhenius plots and it is this 

latter value which is considered in the following analysis.  

 
𝑘஺,ோ = 𝑘଴𝑒

ቆ
ாಲ
ோ బ்

ቀଵି బ்
்

ቁቇ
 (30) 
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EA lies within the range of 157 to 250 kJ mol-1 for the first order rate equation 

and 151 to 225 kJ mol-1 when using values for kSCM. Previous work in this field has 

calculated EA to be 95.6 kJ mol-1 when applying a rate equation with a reaction 

order of 1.5 [242] and 118 kJ mol-1 when using an SCM [264]. Although the values 

determined as part of this research are up to 2.3 and 1.6 times larger for the 

conventional rate equation and SCM respectively, these differences are likely to 

be attributable to the different polymer and solvent systems used.  

 Within this work, two different approaches have been used to calculate 

the Arrhenius parameters in Table 17 from the same data sets. This allows the 

values for EA calculated using the different methods to be directly compared for 

the first time in the open literature. Although EA determined from the SCM is 

consistently lower than that calculated with the first order rate equation, the 

results demonstrate that there is generally close agreement between the two 

techniques: the largest difference is just 17% and occurs with the neat acetone / 

water solvent. This is reduced to a difference of 10% for the 0.05 M MgCl2 system 

and is less than 4% when ZnCl2 and AlCl3 are used as the catalysts.  

The change in EA relative to the neat solvent system due to the inclusion 

of the catalysts are shown in Table 18. It is apparent that the inclusion of 0.05 M 

ZnCl2 and 0.005 M AlCl3 act to reduce both EA and k0 compared to the neat solvent 

mixture. EA decreases by 17 to 29% for the 0.05 M ZnCl2 system and by 4 to 19% 
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when AlCl3 is supplied at a concentration of 0.005 M. Although a 0.05 M MgCl2 

solution facilitated the recovery of clean fibres at lower temperatures and in 

shorter reaction times than the use of the neat acetone / water solvent, an 

increase in EA of 13 to 23% was observed. As noted in Chapter 3, there is a strong 

temperature dependence of this catalyst on RD which results in a steeper gradient 

of the Arrhenius plot and subsequently a higher value of EA.  

The significant variation in EA and k0 between different solvent systems is 

indicative that the use of catalysts results in changing the preferred reaction 

pathways for the degradation reaction. Although the preferred oxidation state of 

zinc is +2, it may also exist as Zn2- and Zn+ whereas Mg will only form Mg2+ ions. 

Similar to zinc, aluminium can also have multiple oxidation states of Al+, Al2+ and 

Al3+ [298]. The ability of Al3+, Al2+ and Zn2+ to gain a single electron may facilitate 

different reactions to those occurring with the MgCl2 catalyst. This may, therefore, 

explain why both Arrhenius parameters are similar in the ZnCl2 and AlCl3 systems, 

yet significantly different to the MgCl2 catalysed reaction. 

Table 18. % change in EA for the catalysed systems compared to the neat acetone / 
water solvent mixture for both the first order rate equation and SCM. 

Catalyst 
1st Order Rate Equation 

(Equation (23)) 
SCM (Equation (27)) 

ZnCl2 -29% -17% 

MgCl2 +13% +23% 

AlCl3 -19% -4% 
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4.8 Model Evaluation 

Although both a first order rate equation and an SCM have been fitted to 

the experimental data, it is useful to evaluate the accuracy of both of these 

approaches.  The residual (the difference between the calculated and 

experimental RD values) can be plotted against the measured RD as shown in 

Figure 54 to Figure 57. For all solvent systems, the data points are randomly 

scattered about the x-axis; the lack of a clearly defined curve is indicative that 

there is no systematic error present and that the standard deviation across each 

data set is constant.  
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Figure 54. Residual plot for the Arrhenius and shrinking core models when using a neat 
acetone / water solvent system. 
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Figure 55. Residual plot for the Arrhenius and shrinking core models when using a 0.05 
M ZnCl2 and acetone / water solvent system. 
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Figure 56. Residual plot for the Arrhenius and shrinking core models when using a 0.05 
M MgCl2 and acetone / water solvent system. 
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Figure 57. Residual plot for the Arrhenius and shrinking core models when using a 0.005 
M AlCl3 and acetone / water solvent system. 

Averages of the absolute value of each residual were taken across each 

temperature and solvent system investigated and are presented along with the 

standard deviation in Table 19. For both models, the average residuals are 

generally less than 5% which is similar to the experimental error, thus indicating 

that both approaches can be used to predict RD. For the first order rate equation, 

the maximum average residual of 5.3% was observed with the neat solvent 

mixture at a temperature of 320˚C. For the SCM, the maximum average residual is 

slightly higher; at 300˚C for both ZnCl2 and AlCl3 systems the value is 6.1% 

suggesting that the first order rate equation is slightly more accurate. For all 

conditions, the standard deviation is similar to the mean demonstrating the wide 

distribution of the data. This suggests that, although on average the models are 
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able to predict RD to within ± 5%, the discrepancy between the calculated and 

measured values may be as large as ± 10% in some cases. 

Table 19. Values of the average absolute residual of RD and standard deviation across 
each temperature and solvent system investigated. 

Catalyst 
Temperature 

(°C) 

1st Order Rate Equation SCM 

Average 
residual 

(%) 

Standard 
deviation 

(%) 

Average 
residual 

(%) 

Standard 
Deviation 

(%) 

None 

300 2.2 1.8 4.0 2.0 

310 1.8 1.6 2.4 1.7 

320 5.3 3.7 1.9 2.5 

330 3.9 5.0 5.3 5.8 

340 2.7 3.5 2.2 2.8 

360 2.3 3.9 0.5 0.6 

0.05 M 
ZnCl2 

270 2.3 1.3 3.4 1.8 

280 3.7 2.4 3.6 2.7 

290 2.4 2.1 5.3 3.6 

300 5.0 4.5 6.1 3.1 

0.05 M 
MgCl2 

270 3.6 1.7 2.4 1.6 

280 4.3 3.5 4.0 3.5 

290 2.4 1.6 4.2 3.3 

300 4.6 3.6 4.6 3.0 

0.005 M 
AlCl3 

270 2.0 1.3 3.4 1.8 

280 3.7 2.4 3.6 2.7 

290 2.4 2.1 5.3 3.6 

300 5.0 4.5 6.1 3.1 
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 In order to determine whether each of the models is likely to under- or 

overestimate RD, Table 20 shows the proportion of the residuals for each catalyst 

system which are positive (the model underestimates RD) and negative (the model 

overestimates RD). Assuming that any errors are random and uniformly 

distributed, it is expected that 50% of the data points are positive and 50% are 

negative.  This occurs in two instances: in the AlCl3 system modelled by the first 

order rate equation and when MgCl2 is used as the catalyst and modelled with the 

SCM. Similar values are observed in the neat acetone / water solvent and for the 

first order rate equation where 53% of the residuals are positive. However, in all 

other cases, there is a greater likelihood that the model either under- or 

overestimates RD. The probability of this inaccuracy is greatest when the ZnCl2 

system is modelled with a first order rate equation: 69% of the residuals are 

negative demonstrating a strong tendency to overestimate RD.  This demonstrates 

that the error is not uniformly distributed in this case, possibly due to an 

exaggeration of the Arrhenius parameters. This may be caused by the 

experimental error associated with long reaction times: the function ln(M) in 

Equation (16) becomes very sensitive as M approaches 0. As only 42% of the 

residuals are negative for the MgCl2 system modelled with this approach, no 

conclusion can be drawn whether the first order rate equation is more likely to 

exaggerate or underestimate RD when considering the different catalyst systems.  
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Table 20. Proportion of residuals which are positive (model underestimates RD), negative 
(model overestimates RD) and within ± 5% of the measured value. 

Catalyst 
1st Order Rate Equation Shrinking Core Model 

% 
positive 

% 
negative 

% within    
± 5% 

% 
positive 

% 
negative 

% within    
± 5% 

None 53 47 82 60 40 73 

ZnCl2 31 69 81 62 38 77 

MgCl2 58 42 77 50 50 77 

AlCl3 50 50 77 62 38 69 

Average 48 52 79 59 41 74 

 With the exception of the 0.05 M MgCl2 system, there is a higher 

proportion of positive residuals when using the SCM which indicates a tendency 

for this approach to underestimate RD. By inspection of Figure 48 to Figure 51 and 

Figure 54 to Figure 57, it can be seen that for short reaction periods (and therefore 

small experimental RD values) the calculated RD is generally lower than that 

measured experimentally. However, for longer reaction times this model begins 

to exaggerate the degradation. Equation (27) shows that RD is proportional to the 

cube of tR and, therefore, small increases in process time will lead to a large change 

in the predicted decomposition. For this reason, the SCM is also only valid within 

the reaction times investigated: for kSCMtR > 1, RD will rapidly increase above 100%, 

as mentioned earlier.  
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Table 20 also shows that across all solvent systems, the first order rate 

equation predicts RD to within ± 5% in 79% of the cases studied. The SCM, 

however, only predicts RD to within the same margin in 74% of the conditions 

investigated.  Analysis of the residuals presented in Table 19 also demonstrates 

that the first order rate equation is slightly more accurate than the SCM: the 

average residuals for each method are 3.31 ± 1.99 and 3.80 ± 2.31 respectively. 

For long reaction times, the first order rate equation will also tend towards 100%, 

rather than increasing proportionally to the cube of tR as in the SCM. For these 

reasons, it appears that the former approach is most suited to modelling the 

decomposition reaction, however, this is slightly more complex due to the 

calculation of two rate constants, kR and kH. 

Table 21. Rate constants used in predicting RD at temperatures in the range of 315 to 
345˚C (tR = 30 min) using the neat acetone / water solvent mixture. Values for kH and kR 

were calculated using Equation (2) and the parameters given in Table 17. 

Temperature (˚C) kH (x10-3 min-1) kR (x10-3 min-1) kSCM (x10-3 min-1) 

315 2.70 14.5 3.71 

325 4.08 31.0 6.93 

335 6.11 64.7 12.7 

345 9.10 131.7 22.8 

The models developed in this chapter were further evaluated by conducting 

additional experiments with the neat acetone / water solvent at 315, 325, 335 and 

345˚C. This also assesses the ability of the Arrhenius expression (Equation (2)) to 
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determine reliable values for kR and kSCM and whether Equations (24) and (25) can 

be used to calculate a suitable value for kH. Values for the rate constants used at 

each of these temperatures are provided in Table 21. The reaction time, tR, for all 

experiments was 30 min and the initiation temperature, Ti, was taken as 273˚C. 

Under these conditions, the experimental RD observed was in the range of 36.3 to 

36.4%. The values predicted using both the first order rate equation and SCM are 

shown alongside the measured RD in Figure 58. 
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Figure 58. Comparison of experimental and calculated RD using the first order rate 

equation (Equation (23)) and the SCM (Equation (28)) in the temperature range of 315 to 
345˚C (tR = 30 min). Decomposition conducted with neat acetone / water solvent system.  

In all cases, both models overestimate RD, however, the difference between 

the experimental and calculated value is within 5% for all temperatures; similar to 

the margin of experimental error and the same as the majority of the data points 
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shown in Figure 54. The average discrepancy between the measured and 

calculated RD for the first order rate equation and SCM is 1.89 ± 1.00% and 2.66 ± 

1.47% respectively. The largest discrepancy between the experimental and 

predicted values of 4.1% also occurs when using the SCM. Although the first order 

rate equation relies on the use of a theoretical initiation temperature, it appears 

that this is the most accurate of the two methods when considering alternative 

temperatures.  

4.9 Concluding Remarks 

 The reaction kinetics of the decomposition of a carbon fibre reinforced 

epoxy resin have been investigated. Additional experiments were conducted in 

order to identify the rate determining step and, by increasing the concentration 

of resin within the reactor, it is apparent that the solvent and metal chlorides are 

always in excess under the conditions investigated. Imaging partially degraded 

samples using XRCT also highlighted the existence of randomly orientated 

diffusion pathways. As the cracks observed are random, it appears that the solvent 

molecules exploit defects within the polymer rather than moving into the 

composite in the same direction as the fibres. The solvent penetrates in between 

the plies of fibre as the pathway through each carbon fibre tow is tortuous. 

Although samples were imaged after a relatively short reaction time of 30 min, 

cracks in the resin were visible at the centre of the composite suggesting that the 

mass transfer of the solvent and catalyst is fast relative to the rate of the reaction. 
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 For the neat acetone / water solvent and ZnCl2, MgCl2 and AlCl3 systems, a 

first order rate equation was fitted to the decomposition data obtained. Although 

the inclusion of metal chlorides may alter the reaction mechanism and, therefore, 

influence the order of reaction, it was still possible to fit a first order equation to 

each of the catalysts considered which enabled direct comparison to the neat 

solvent mixture. As the reaction began at some temperature below the minimum 

conditions investigated, it was necessary to model the decomposition during the 

heating phase separately to the reaction phase. This was also assumed to be first 

order and a rate constant over the heating time, kH, was calculated in order to 

characterise this stage of the process.  This value of kH was also used to calculate 

a theoretical initiation temperature, which is necessary when predicting RD at 

alternative reaction temperatures. 

 In addition to a first order rate equation, a shrinking core model was also 

fitted to the data. Although multiple expressions can be derived depending on the 

geometry and rate determining step, the only equation which could be 

successfully implemented was that for a reaction rate limited spherical particle. To 

account for the mass loss of the resin during the heating phase, a heating time, tH, 

was included in the rate equation. The value of the rate constant in this model, 

kSCM, is therefore, an average over the heating and reaction phases. 
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 The rate constants calculated were used to draw Arrhenius plots for each 

solvent system and subsequently calculate the parameters EA and k0. For the neat 

acetone / water mixture, EA calculated from the first order rate equation and SCM 

was 222 and 183 kJ mol-1 respectively. The inclusion of 0.05 M ZnCl2 and 0.005 M 

AlCl3 reduced this by up to 29%. 0.05 M MgCl2, however, increased EA by 13 to 23% 

due to the strong temperature dependence of this catalyst.   

 Upon comparing the first order rate equation and SCM to the data 

obtained, it is apparent that both approaches can be used to model RD to within 

a reasonable degree of accuracy. All calculated values are within ± 10% of the 

measured degradation and the majority of the data points (79% for the first order 

rate equation and 74% for the SCM) are within ± 5% which is similar to the margin 

of experimental error. Both models are also able to predict RD at alternative 

reaction temperatures to a similar accuracy.  

 Although novel solvent / catalyst systems and the conditions necessary to 

recover carbon fibres have been identified, it is necessary to evaluate the quality 

of the recovered fibres. Chapter 5, therefore, aims to characterise the fibres and 

thereby assess the impact of the process conditions on the surface and mechanical 

properties.  

 

3 HEADING 1 
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CHAPTER 5. 
FIBRE CHARACTERISATION 

5.1 Introduction 

As part of the research presented in Chapter 3, a set of eleven process conditions 

have been identified as capable of decomposing the RTM6 epoxy resin within the CFRP 

investigated. Previous work, as described in Section 2.8.5, has characterised fibres which 

have been subjected to similar temperatures, pressures and reaction times, with results 

demonstrating that the mechanical properties can be retained, although there is usually 

a loss in the concentration of oxygen at the fibre surface [117], [242], [248], [249]. 

However, the influence of the conditions investigated as part of this work on the quality 

of the recovered fibres is not yet known. For this reason, this chapter aims to 

characterise fibres processed at the minimum conditions necessary to fully decompose 

the resin in order to limit their degradation and assess their suitability for re-use in a 

new composite material.  

In this chapter, the materials used and characterisation techniques employed are 

first described, following which the data obtained is presented and discussed. Scanning 

electron microscopy (SEM) is used as the primary imaging tool in order to inspect the 

fibre surface. Within the same analyses, it was possible to perform elemental analysis 

using energy dispersive X-ray spectroscopy (EDX). The fibre surface was further analysed 

by X-ray photoemission spectroscopy (XPS) in order to assess any changes in the surface 

functional groups which may influence adhesion to a new polymer matrix. The 
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mechanical integrity of the recovered fibres was also investigated with single fibre 

tensile testing (SFTT). Similar to previous work, each of these data sets were analysed 

through the application of a Weibull distribution in order to calculate a scale factor, 

rather than relying on an average; the reasons for this are discussed in Section 5.5. This 

chapter concludes by identifying which of the eleven suggested process conditions have 

the least impact on the virgin carbon fibre and thus are recommended as most suitable 

for recovering carbon fibre from composite materials.  

5.2 Experimental Methodology 

5.2.1 Materials 

 All reagents used to process the fibres for analysis are the same as those 

described in Chapter 3. After each reaction was completed, fibre samples recovered 

from the CFRP were rinsed with acetone at ambient conditions and the organic residue 

remaining on the fibre surface was qualitatively assessed using scanning electron 

microscopy (SEM). In order to decouple the influences of manufacturing the CFRP, the 

lifetime wear of the composite and the recycling process on the fibre properties, virgin 

Toray T700S fibres were processed at each of the conditions described in Table 22. 

Although the CFRP was reinforced with T700S fibres, this approach also allows a direct 

comparison of the mechanical and surface properties to be made between the 

processed fibres with virgin material from the same batch, rather than relying solely on 

the manufacturer’s data sheets. The virgin Toray T700S fibre was supplied on a 

continuous yarn and was cut into lengths measuring 50 ± 5 mm. A single length was 

included in the reactor alongside samples of the CFRP in order to expose the fibre 
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surface to the degradation products in addition to the solvents and additives. According 

to the manufacturer’s data sheet, the fibre diameter is 7 µm, the average fibre tensile 

strength is 4.90 GPa and the modulus is 230 GPa [299].  

 In addition to the virgin material, the Toray T700S fibres recovered from the CFRP 

were also subjected to single fibre tensile tests in order to verify the SFTT method by 

comparing the data obtained to the tensile strength quoted by the manufacturer.  This 

also examines the impact of being used in a composite and the recycling conditions. The 

data from these tests is provided in Appendix 3.  

5.2.2 Fibre Processing 

 From the results presented in Chapters 3 and 4, multiple different process 

conditions were identified as achieving an RD of more than 92%. The 11 conditions 

which achieved this in the minimum reaction time and temperature were selected to 

process fibres for characterisation. These conditions are listed in Table 22. 

 As the virgin carbon fibre was supplied with a polymeric layer of sizing on the 

surface, it is desirable to also analyse the fibres with this sizing removed. Earlier work 

was consulted in order to develop an appropriate procedure [116]. This consisted of 

soaking the fibres in a 100 mL acetone bath at room temperature for 7 days before 

washing the fibres with fresh acetone 3 times, also at ambient conditions. These fibres 

were dried in a fume cupboard overnight and then refluxed for 48 h using Soxhlet 

extraction apparatus and 150 mL of tetrahydrofuran (THF). Fibres were placed in a paper 
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crucible before being loaded into the sample chamber of the Soxhlet equipment.  Each 

50 min cycle consisted of the sample chamber gradually filling with hot (approximately 

60˚C) condensed THF before discharging to a round-bottomed flask where the solvent 

was reheated. After reflux, samples were removed from the crucible and dried in a fume 

cupboard for 3 days before being analysed. The removal of the sizing was confirmed by 

following TGA Method 1 (described in Chapter 3). Thermograms obtained for both the 

as-received carbon fibre and the fibres with the sizing removed following this method 

(hereafter referred to as sCF) are provided in Appendix 2.  

Table 22. Reaction conditions used to process virgin Toray T700S carbon fibre for 
characterisation with X-ray photoemission spectroscopy (XPS) and single fibre tensile testing 

(SFTT). 

Catalyst 
Sample 

Reference 
Temperature, 

TR (˚C) 
Pressure, p 

(MPa) 
Reaction time, tR 

(min) 

None 

N-320 320 19.7 120 

N-330 330 22.0 90 

N-340 340 23.5 45 

N-360 360 27.0 15 

N-380 380 30.0 0 

0.05 M ZnCl2 
Z-290 290 14.5 90 

Z-300 300 16.0 45 

0.05 M MgCl2 
M-290 290 14.5 90 

M-300 300 16.0 45 

0.005 M AlCl3 
A-290 290 14.5 90 

A-300 300 16.0 45 
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5.2.3 Environmental Scanning Electron Microscopy (ESEM) 

 Fibres recovered from the CFRP using the process conditions described in Section 

5.2.2 were imaged with environmental scanning electron microscopy (ESEM) using a 

Philips XL30 FEG ESEM (Philips, Netherlands). A 10 ± 2 mm length was cut from a single 

tow and loaded onto adhesive mounting discs before being coated with gold using an 

EMSCOPE SC500 low-vacuum sputter coater (Quorum Technologies, UK). Although 

carbon fibres are electrically conductive, this metallic coating is able to improve the 

quality of the micrographs obtained. The samples were loaded individually into the 

vacuum chamber of the ESEM which was subsequently evacuated. All images were 

taken using an acceleration voltage of 20 kV. Depending on the surface features of 

interest, the working distance (WD) was varied between 9.6 and 11.7 mm and images 

were captured at a magnification of between 1200 and 12,000 times.   

5.2.4 Energy Dispersive X-Ray Spectroscopy (EDX) 

 Elemental analysis of any deposits observed on the fibre surface was carried out 

using energy dispersive X-ray spectroscopy (EDX) using an Inca X-Sight (Oxford 

Instruments, UK). Analysis was conducted while samples were imaged with ESEM. 

Although this is a non-destructive technique, it was not possible to recover these 

samples for further analysis due to sputter coating the carbon fibre samples prior to 

imaging. 
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5.2.5 X-Ray Photo-emission Spectroscopy (XPS) 

 In order to improve adhesion between the carbon fibres and polymer matrix, the 

functional groups on the fibre surface are carefully controlled during the manufacturing 

process. However, the recycling conditions identified may alter this surface chemistry 

and, therefore, X-Ray photo-emission spectroscopy (XPS) was used to monitor any 

changes between the virgin and processed fibres.  The virgin Toray T700S fibres were 

used as the control, however, the sizing applied to the surface is likely to alter the 

spectra obtained. For this reason, sCF fibres were also analysed at this stage.  

 The samples for analysis by XPS were prepared by applying a double-sided 

adhesive tape to the surface of stainless steel stub mounts. A tow of carbon fibre 

processed at each of the conditions in Table 22 was cut to a length of 20 ± 2 mm and 

placed across the tape.  Analysis was conducted using a Thermo Scientific K-Alpha X-Ray 

photo-emission spectrometer (Thermo Fisher Scientific, USA) which was equipped with 

a mono-chromated aluminium kα X-ray source. The emission current and acceleration 

voltage was set to 3 mA and 12 kV respectively and the system was calibrated using a C-

C peak at 284.8 eV. The samples were loaded into the vacuum chamber and the pressure 

reduced to 5 x 10-7 mbar. All spectra were measured using a take-off angle of 90˚. Survey 

spectra in the range of 0 – 1350 eV were recorded for each fibre sample using a pass 

energy of 200 eV, a step size of 1 eV and a dwell time of 10 ms. High resolution scans 

around the O1s and C1s peak were also performed using a pass energy of 50 eV, a step 

size of 0.1 eV and a dwell time of 50 ms.  
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 The atomic composition of the fibre surface was calculated using Thermo 

Advantage software and Schofield sensitivity factors: the value of each of these factors 

is provided in Table 23. Curve fitting of the XPS spectra was also conducted using the 

Thermo Advantage software and a Powell fitting algorithm.  

Table 23. Emission energy and Schofield sensitivity factors for C1s, O1s and N1s electron 
emission [300]. 

Element and electron shell Binding Energy (eV) Schofield Sensitivity Factor 

C1s 284.8 1.00 

O1s 532.9 2.93 

N1s 400.0 1.80 

5.2.6 Single Fibre Tensile Testing (SFTT) 

 In order to quantify the impact of the recycling conditions on the tensile strength 

and modulus of the carbon fibres, single fibre tensile tests were conducted according to 

the British Standard ISO 11566 (1996) [114]. An individual filament was isolated, 

mounted across a paper frame and secured in place by applying a small amount of 

Araldite 2012 epoxy resin (Huntsman International, UK) to points 1 and 2 in Figure 59; 

this ensured that the gauge length of each specimen was 25 ± 1 mm. The resin was cured 

at room temperature overnight and the presence of a single fibre was confirmed with 

optical microscopy using a Zeiss Axioscope 10 (Zeiss, Germany) set to a magnification of 

40 times.  
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Figure 59. Single fibre tensile testing (SFTT) paper frame template. 

 Upon completing the preparation of all samples, each specimen was aligned with 

the vertical axis of an Instron 5566 tensile testing machine and clamped in place with 

the grips. One side of the paper frame was cut away and an incision made on the 

opposite side to leave the fibre suspended as shown in Figure 60. Each tensile test was 

conducted using  a  10 N  load cell with a resolution of 10-4 N and a strain rate of 0.2 mm 

min-1. The fibre was loaded until failure and the force-displacement curve recorded 

using Bluehill software. A minimum of 30 successful samples were examined for each of 

the reaction conditions specified in Table 22. Occasionally, the force-displacement 

curves showed signs of elastic deformation due to fibre pull-out and, in these instances, 

the data obtained was not included in the final analysis. The strength of each fibre, σ 

(Pa), was calculated using Equation (31). 

 
𝜎 =  

𝐹௠௔௫

𝐴௙
=  

4𝐹௠௔௫

𝜋𝑑௙
ଶ  (31) 

Where Fmax = Maximum recorded load (N), Af = Fibre cross-sectional area (m2), and df = 

Fibre diameter (m). 
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Figure 60. Images of before and after a single fibre tensile test (red outline shows carbon fibre). 

 The diameter of the virgin carbon fibre according to the manufacturer’s data was 

7 µm which was confirmed through optical microscopy. 20 samples of virgin fibres, sCF 

fibres and fibres processed at each of the conditions specified in Table 22, were imaged 

with optical microscopy using a magnification of 40 times. Analysis was conducted using 

ImageJ software and an average was taken from across the 20 measurements to give 

the diameter of the fibres recovered from each set of conditions. This average was 
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subsequently used to calculate the fibre strength. The diameter measurements were 

confirmed by imaging a single fibre processed at each set of conditions using SEM, 

however, due to time restrictions, it was not possible to image twenty fibres for each of 

the eleven different process conditions, de-sized fibres and virgin fibres using this 

technique. Optical microscopy was also used to investigate any variation in the diameter 

along a length of the virgin Toray T700S fibre. five randomly selected fibres were imaged 

at 5 arbitrary points along a 50 mm length. For a single fibre, the greatest recorded 

variation along its length was 0.17 µm which is equivalent to an error of 2.45% and a 

standard deviation of 0.06 µm. This variation is, therefore, considered to be very small 

compared to the range of strengths which it is expected to be observed. Across the 

entire data set, the mean diameter of the virgin carbon fibre was 6.95 ± 0.1 µm which is 

similar to that quoted by the manufacturer [299]. The recorded diameters of the 

processed carbon fibres are provided in Section 5.5.  

 As the failure of each specimen is likely to initiate at one of the randomly 

distributed internal or external surface flaws along its gauge length, it is expected that 

there is a large variation in failure load. Due to the random nature of the distribution of 

these flaws, characterising the data set using a normal distribution and calculating a 

mean is considered insufficient. Alternatively, Weibull analysis may be used to 

determine the scale factor, σ0 (GPa), for each batch of processed fibres. This is the 

maximum tensile strength that 63% of the weakest fibres in each population can 

achieve. The 3-parameter method has been previously shown to lead to unrealistic 

results [115] and, therefore, the 2-parameter model (Equation (32)) has been more 
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commonly applied to the analysis of brittle materials [116], [117], [301]. In addition, to 

ensure that a Weibull distribution fits each data set, MINITABTM (version 18) statistical 

software was used to calculate the Anderson-Darling statistic and subsequent p-value. 

This test relies on the property that, if a data set follows a given distribution, the 

cumulative distribution function of the data set can be assumed to follow a uniform 

distribution. The Anderson-Darling statistic then tests the distance between each data 

point and the expected value based on the distribution [302]. The significance level 

chosen for the carbon fibre tensile strengths was 0.05 and all p-values were in the range 

of 0.288 to 0.432. As all p-values were much higher than the significance level, it was 

assumed that a Weibull distribution can be used to characterise each population; this is 

also described in earlier work [116], [117]. 

Fibres were sorted by order of magnitude and assigned a rank value from 1 to n 

where n is the total number of fibres investigated. The probability of fibre failure, P, is 

calculated with Equation (33).  A complete description of this statistical distribution is 

provided by Weibull (1951) [303].  

 
𝑃(𝜎) =  

𝑤𝜎(௪ିଵ)

𝜎଴
௪ 𝑒

ିቀ
ఙ
ఙబ

ቁ
ೢ

 (32) 

 
𝑃 =  

𝑖 − 0.3

𝑛 + 0.4
 (33) 

Where w = shape parameter and i = rank value (1, 2, 3 … n). The shape parameter is used 

to characterise the spread; a higher value is indicative of a narrower distribution. σ0 was 
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considered to be the tensile strength of the fibres recovered from each of the process 

conditions investigated. Two methods were used to calculate the two Weibull 

parameters (σ0 and w). The first considered a graph of the linearised form of the 2-

parameter  Weibull  distribution (described by Equation (34)). The functions 

ln൫−ln൫1 − 𝑃(𝜎)൯൯ and ln(𝜎) were plotted on the y- and x-axes respectively. σ0 and w 

were taken as the intercept with the x-axis and the gradient of the regression line 

respectively. The second method involved estimating these parameters using the 

statistical software MINITABTM (version 18).  

 ln൫−ln൫1 − 𝑃(𝜎)൯൯ = 𝑤 ln ൬
𝜎

𝜎଴
൰ (34) 

 In addition to the tensile strength, it is also useful to quantify the fibre stiffness 

by calculating the tensile modulus, Ef (GPa) using Equation (35) [117].  
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𝐴௙

൰ ቀ
𝐿

∆𝐿
ቁ

1 − 𝐾 ቀ
∆𝐹
∆𝐿

ቁ
 (35) 

Where ∆F = the difference in force (N) between a strain limit of 0.1 and 0.6%, L = gauge 

length (25 mm), ∆L = the difference in length between a strain limit of 0.1 and 0.6% and 

K = system compliance (taken as 2.5 x10-5 mm N-1 from [304]). As K is taken from the 

manufacturer’s data, this value is for the equipment only and does not include the 

compliance of the grips, paper mount of adhesive holding the fibre in place. However, 

as a large number of samples (> 30) were tested using the same technique, it is thought 
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that any difference in modulus due to a difference in compliance is averaged out across 

the data set. Furthermore, the moduli of recycled fibres are directly compared to that 

of virgin and fibres de-sized using Soxhlet extraction and so changes in this mechanical 

property due to the recycling conditions should be identifiable.  

5.3 Scanning Electron Microscopy & Energy Dispersive X-Ray Spectroscopy  

 In order to qualitatively assess the fibre surface and verify the diameter 

measurements taken from optical microscopy, SEM was used to image virgin carbon 

fibre and fibres recovered from the CFRP at each of the process conditions specified in 

Table 22. Where there were any visible features of interest, elemental analysis was 

performed using EDX. Micrographs of the virgin Toray T700S fibres are shown in Figure 

61 and there is evidence of the sizing used to hold the individual filaments into a tow; a 

residue, visible as lighter patches, can be seen on the fibre surface in both images. In 

addition, the diameter of a single virgin fibre is shown to be 6.89 µm in Figure 61b, which 

is similar to the average taken over the twenty samples imaged with optical microscopy 

of 6.93 ± 0.15 µm. This is also close to the manufacturer’s quoted diameter of 7 µm 

[299].  
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a) 

 
b) 

Figure 61. Micrographs of virgin Toray T700S carbon fibre at a) magnification = 1200x, WD = 
9.9; and b) magnification = 3500x, WD = 9.7. 

 In addition to the virgin material, sCF fibres were also imaged using SEM. 

Micrographs for these fibres are shown in Figure 62 and it is apparent that, not only are 

these fibres free from any dust or other residue, the thin layers of sizing have been 

completely removed. Diameter measurements also showed a slight decrease compared 

to the virgin fibres. Figure 62b shows a filament with a diameter of 6.82 µm and the 

average across the twenty samples imaged was 6.88 ± 0.11  µm. Although this is within 

the margin of error, it is consistent with the approximate thickness of the sizing 

previously reported in the literature [305].  
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a) 

 
b) 

Figure 62. Micrographs of virgin Toray T700S carbon fibre with sizing removed via Soxhlet 
extraction at a) magnification = 2500x, WD = 10.0; and b) magnification = 3500x, WD = 10.0. 

 The SEM images shown in Figure 63 have been used to qualitatively establish the 

relationship between temperature and resin decomposition and also give some 

indication of any surface defects which may have been caused by the recycling process. 

At 320˚C, the measured RD was 92% after processing the CFRP for 120 min and, despite 

fully extracting the fibres from the polymer matrix, it is clear from Figure 63a that there 

is a layer of resin surrounding the fibre surface. Although this may not impact the 

integrity of the fibres, it may influence the adhesion of the recovered fibres to a new 

layer of sizing or polymer when considering their subsequent reuse in a new composite 

material.  
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

Figure 63. Micrographs of Toray T700S carbon fibre recovered from the CFRP at a 
magnification of 2500x and WD of 10.0 to 10.2 after processing with the neat acetone / water 
solvent mixture at a) 320˚C for 120 min; b) 330˚C for 90 min; c) 340˚C for 45 min; d) 360˚C for 

15 min and e) 380˚C for 0 min. 
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 Upon increasing the temperature by just 10˚C to 330˚C, the surface of the 

recovered fibres was significantly cleaner: Figure 63b shows that only very minor 

fragments of residue remain on the fibre surface. Similarly, fibres recovered after 

processing at 340˚C (Figure 63c) and 360˚C (Figure 63d) also confirm the degradation 

data presented in Chapter 3 by demonstrating that the resin has been completely 

decomposed. At 380˚C, however, there does appear to be a light layer of residue on 

some fibres and there is evidence of pitting due to the appearance of small, circular 

shadows on the fibre surface. Higher magnification of fibres recovered after processing 

at 340 and 380˚C (Figure 64) shows the surface defects present in fibres which have been 

subjected to these higher reaction temperatures. These images suggest that under these 

conditions, the solvent may also begin to attack the fibre surface in addition to the 

polymer matrix. As fibres are likely to fail at an existing defect, it is possible that these 

process conditions lead to a reduction in the tensile strength: this hypothesis is explored 

in Section 5.5. 

 
a) 

 
b) 

Figure 64. Micrographs of Toray T700S carbon fibre recovered from the CFRP at a 
magnification of 12,000x and WD of 9.6 after processing with the neat acetone / water solvent 

at a) 340˚C for 45 min; and b) 380˚C for 0 min. 
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 After processing the CFRP with a 0.05 M ZnCl2 solution (samples Z-290 and 

Z-300), a light blue sheen was visible on the surface of the fibres recovered from the 

composite. Closer inspection with SEM revealed the presence of a solid deposit as 

shown in Figure 65. As the key difference between these fibres and those shown in 

Figure 63 and Figure 64 is the presence of ZnCl2, it is suspected that the catalyst has 

deposited onto the fibre surface. The presence of ZnCl2 was confirmed with EDX, the 

spectrum of which is also provided in Figure 65b. The relative amounts of each element 

identified is also shown in Table 24 and, as expected, the ratio of zinc to chlorine shows 

good agreement with the expected stoichiometric proportion of 1:2.  

 
a) 

 
b) 

Figure 65. a) Micrograph of Toray T700S carbon fibre recovered from the CFRP after processing 
with a 0.05 M ZnCl2 solution at 290˚C for 90 min (magnification = 2500x, WD = 10.1); and b) 

EDX spectra of the solid deposit (Au from sputter coater). 

 There was no observable discolouration of the fibre surface after processing the 

CFRP with the 0.05 M MgCl2 and 0.005 M AlCl3 solvent systems, however, traces of the 

catalyst were still observable on the fibre surface upon inspection with SEM. Compared 

to ZnCl2, these deposits were generally less widespread, but larger in diameter as 
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illustrated by Figure 66 and Figure 67. Although the use of the metal chloride catalysts 

resulted in contaminating the fibre surface, the images obtained demonstrate that 

polymer matrix had been completely solubilised, thereby confirming the decomposition 

data presented in Chapter 3. Table 24 also shows the relative molar quantities of Mg, Al 

and Cl which were determined by EDX and all are present in the expected stoichiometric 

quantities. Other elements which were identified primarily consisted of carbon, oxygen 

and gold, the presence of which can be explained by the composition of the fibres and 

pre-treatment process. Trace metals such as iron and nickel were also detected, both of 

which may be present due to contamination of the fibres by the basket they were held 

in within the reactor. 

 
a) 

 
b)  

Figure 66. a) Micrograph of Toray T700S carbon fibre recovered from the CFRP after processing 
with a 0.05 M MgCl2 solution at 290˚C for 90 min (magnification = 2500x, WD = 9.9); and b) 

EDX spectra of the solid deposit (Au from sputter coater). 
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a) 

 
b)  

Figure 67. a) Micrograph of Toray T700S carbon fibre recovered from the CFRP after processing 
with a 0.005 M AlCl3 solution at 290˚C for 90 min (magnification = 2500x, WD = 9.9); and b) 

EDX spectra of the solid deposit (Au from sputter coater). 

Table 24. Relative quantity of each element present in the EDX spectra shown in Figure 65 to 
Figure 67 (M : Cl shows ratio of metal to chlorine). 

Catalyst Figure 
Proportion of element (mol%) 

C Cl Zn Mg Al Other 
Ratio 

(M : Cl) 

ZnCl2 64 99.52 0.315 0.160 - - - 1: 1.97 

MgCl2 65 98.04 1.36 - 0.48 - 0.12 1: 1.94 

AlCl3 66 92.43 1.83 - - 0.60 5.13 1: 3.03 

 The deposition of the catalysts on to the fibre surface gives rise to some concern 

as, similar to the resin residues, they may influence the adhesion of sizing and / or 

polymer in the manufacture of a new composite material. However, as ZnCl2, MgCl2 and 

AlCl3 are all highly soluble in water, rinsing the recovered fibres at room temperature 

resulted in completely removing the deposits as shown by Figure 68. When compared 

to the neat acetone / water solvent mixture, the use of these catalysts therefore 

requires an additional processing step. Despite this, the catalytic solvent systems 
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facilitated a reduction in the minimum necessary process temperature of 40˚C and, 

therefore, the energy savings achieved are still likely to be beneficial when considering 

an industrial scale process.  

 
a) 

 
b) 

 
c) 

Figure 68. Micrographs of Toray T700S carbon fibre recovered from the CFRP at a 
magnification of 2500x after processing at 290˚C for 90 min with an acetone / water solvent 

and a) 0.05 M ZnCl2 (WD = 11.7); b) 0.05 M MgCl2 (WD = 9.9) and c) 0.005 M AlCl3. Fibres were 
rinsed with water at room temperature after processing to remove the catalyst deposit. 

 Micrographs similar to those shown in Figure 65 to Figure 68 were obtained for 

fibres recovered using the ZnCl2, MgCl2 and AlCl3 systems and a process temperature of 

300˚C: these are provided in Appendix 4. As the influence of the reaction conditions on 

both the surface functional groups and the mechanical properties are as yet unknown, 
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the remainder of this chapter is focussed on characterising processed virgin fibres using 

XPS and SFTT.  

5.4 X-Ray Photoemission Spectroscopy (XPS) 

In order to facilitate good adhesion between carbon fibres and the polymer 

matrix, the fibre surface is functionalised using two different techniques. During the 

manufacture of the fibres, the degree of surface oxidation is controlled by maintaining 

a specific proportion of nitrogen and oxygen within the furnace. Fibres are also coated 

with a polymer sizing, the chemical formulation of which is likely to differ between 

manufacturers and is not readily disclosed. A description of the process used to 

manufacture carbon fibre is provided in Chapter 2. As the developed recycling processes 

may change the functionality of the fibre surface, XPS was used to identify and hence 

assess which of the conditions in Table 22 are most able to recover fibres with surface 

properties similar to those of the virgin material.  The survey spectra of the as-received 

virgin carbon fibre is shown in Figure 69; similar spectra were obtained from each of the 

fibres processed at the conditions listed in Table 22.  
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Figure 69. XPS survey spectra of the as-received virgin Toray T700S carbon fibre. 

 As the binding energy (BE) is specific to each bond type, it is possible to identify 

which elements and functional groups are present on the surface of the fibres. Figure 

69 demonstrates that there is a significant quantity of carbon and oxygen on the fibre 

surface due to peaks at 284.8 (C1s) and 532.9 (O1s) eV respectively. Small amounts of 

nitrogen (BE = 400.0 eV) and silicon (BE = 99.4 eV) were also detected. In order to further 

investigate the bond types present, high resolution spectra across the peaks of the O1s 

and C1s binding energies were also recorded for each fibre type. The high resolution 

spectra obtained from the analysis of the virgin carbon fibre are shown in Figure 70 and 

Figure 71. The binding energies for each element and bond type are also provided in 

Table 25.  
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Figure 70. High-resolution XPS carbon spectrum of the as-received virgin Toray T700S carbon 
fibre. 
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Figure 71. High-resolution XPS oxygen spectrum of the as-received virgin Toray T700S carbon 
fibre. 
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Table 25. Binding energies of various functional groups detected on the surface of carbon 
fibres. 

Element Functional group Binding energy (eV) 

C 

C-C 284.8 

C-O-C 286.0 

O-C=O 288.5 

O -C-OH 532.9 

N C-NH2 400.0 

Si Elemental Si 99.4 

 By inspection of Figure 70, it can be seen that there are 3 carbon species present 

on the surface of the virgin carbon fibre. Since the largest peak occurs at a BE of 284.8 

eV, it is apparent that the majority of these constitute C-C bonds which is to be expected 

for carbon fibre. The two additional peaks at BE = 286.0 and 288.5 eV represent carbonyl 

groups which appear to occur as two distinct species of both C-O and C=O bonds. 

Although this may be attributable to the sizing applied, both groups were still detectable 

after removing the sizing following the procedure described in Section 5.2.2 and after 

processing the fibres after all conditions described in Table 22. The O1s bond shown in 

Figure 71 represents an aliphatic C-OH functional group and is, therefore, thought to be 

a constituent of the sizing. This was also not detected on the surface of any other fibres 

after processing which in turn suggests that the sizing was removed by all the conditions 

investigated.  
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By integrating the area under the curve for each peak, it is possible to determine 

the relative abundance (RA) of each of the elements and functional groups present on 

the fibre surface. Figure 72 demonstrates how the RA of oxygen changed compared to 

that of the virgin material.  
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Figure 72. Relative abundance of oxygen present on the surface of the Toray T700S fibres after 
processing at each of the conditions in Table 22. 

With the exception of the 0.005 M AlCl3 solvent system at 290˚C, all fibres showed 

a reduction in the concentration of oxygen on the fibre surface compared to the virgin 

and unsized (sCF) material. As oxygen is highly electronegative, the C-O-C and O-C=O 

moieties facilitate a strong interaction with other polar bonds, such as those present in 

acetone, water and metal chlorides. It has been previously suggested that this 

interaction may lead to hydrolysis of the carboxylic groups [248]. The loss of surface 

oxygen, may reduce the adhesion to a new polymer matrix; an effect which has been 
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noted in previous work [116], [117], [248], [249]. It is apparent from Figure 72 that, for 

the neat solvent mixture, both long reaction times and high temperatures lead to a 

reduction in the RA of oxygen. Compromise reaction conditions of 340˚C and 45 min 

meant the RA of oxygen was just 1.7% lower for fibres processed at this temperature 

than the sCF fibres. This compares to a reduction of up to 4.0% when using 380˚C, 0 min 

and 7.7% when using 320˚C, 120 min.  

Of all solvent systems considered, a 0.005 M solution of AlCl3 resulted in fibres 

with the highest RA of oxygen of up to 20.3%. This may be due to the very dilute 

concentration of the catalyst, which was supplied at an order of magnitude lower than 

the ZnCl2 and MgCl2 systems,  coupled with a relatively low reaction temperature. For 

the MgCl2 and AlCl3 systems, the RA of oxygen decreased with temperature while the 

opposite was observed for the ZnCl2 catalysed reaction. For this system, the reductions 

in the RA of oxygen, compared to the sCF fibres, were 7.9 and 5.4% for 290 and 300˚C 

respectively, meaning this had the greatest negative influence on the RA of oxygen at 

the fibre surface. In order to assess the impact of this change in oxygen concentration, 

further research may be focussed on micro-droplet shear strength tests or the 

manufacture and characterisation of a new composite material. 

As the presence of amide and nitrate groups also support good adhesion to 

polymer matrices, particularly in thermoplastic resins [116], [306], it is also useful to 

monitor any changes in the concentration of nitrogen on the fibre surface as illustrated 

by Figure 73.  
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Figure 73. Relative abundance of nitrogen present on the surface of the Toray T700S fibres 
after processing at each of the conditions in Table 22. 

For all reaction conditions, there is a significant increase in nitrogen abundance 

compared to the as-received virgin fibre. Upon dissolving the sizing using Soxhlet 

extraction, the RA of nitrogen approximately doubles from 0.79% to 1.73%. Similar 

findings have been reported elsewhere [116], [307], [308] and is thought to be due to 

the exposure of the fibre surface: incomplete carbonisation of the PAN pre-cursor used 

in the carbon fibre manufacturing process results in the presence of nitrogen containing 

groups. However, the concentration of nitrogen detected is 0.6 to 3.9% higher than the 

sCF fibres for all fibres processed at the conditions described in Table 22, with the largest 

increase observed for the 0.05 M MgCl2 system at 290˚C. As the epoxy resin used in the 

CFRP is likely to contain amines or amides, it is possible that small quantities of 

decomposition products chemically bond to the fibre surface and cannot be removed 

with a simple acetone wash at room temperature. For this reason, further investigation 
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is needed to determine the effect of this change in the functionality of the fibre surface 

by using the recovered fibres to manufacture and test a new composite material.    

 In addition to elemental analysis, high resolution spectra were also obtained in 

order to quantify changes in the functional groups C-O-C and O-C=O. The RA of each are 

shown in Figure 74 and Figure 75 respectively. The concentration of C-O-C is constant 

between the virgin material and sCF fibres, however, there is an increase in the RA of 

the O-C=O moiety. This suggests that the latter functional group is bonded to the fibre 

surface, rather than being part of the sizing and is, therefore, a more reliable indicator 

of any changes to the chemical structure at the surface. Previous research characterising 

fibres recovered from a composite material using supercritical propanol has noted a 

reduction in RA of C-OH and C=O bonds of 6.45 and 1.07% respectively [117]. This 

change is of a comparable magnitude to all of the findings presented as part of this work. 

The overall abundance of oxygen is reduced after processing the fibres at all conditions 

with the neat acetone / water solvent, and a similar effect is seen here in the change of 

the C-O-C group (Figure 74). Comparing across the fibres with the sizing removed, there 

is very little change observed in the RA of O-C=O groups with a maximum reduction of 

just 1.2% for the fibres processed at 340˚C. There was also an increase of 1.2% in this 

functional group for fibres recovered from a reaction temperature of 380˚C. It is possible 

that this higher temperature results in a greater degree of surface oxidation, which has 

been noted in earlier work, especially in the presence of water.  
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Figure 74. Relative abundance of C-O-C functional groups. 
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Figure 75. Relative abundance of O-C=O functional groups. 

Upon increasing the temperature of the ZnCl2 solvent system from 290 to 300˚C, 

there is an increase in the abundance of both the C-O-C and O-C=O moiety of 6.6 and 
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5.0% respectively. Compared to the fibres with the sizing removed, the ZnCl2 system 

more than halves the concentration of O-C=O groups at 290˚C, while the higher 

temperature of 300˚C effectively maintains RA at approximately 8%. This suggests that 

the carbon fibre surface is more sensitive to reaction time than temperature with this 

catalyst system. The opposite is true for the fibres processed with 0.05 M MgCl2 and 

0.005 M AlCl3 solutions where increasing the temperature by 10˚C results in a reduction 

of the O-C=O functional group by 4.2 and 2.3% respectively. For both of these catalysts, 

the RA of O-C=O was similar to that of the unsized fibres after processing at 290˚C. There 

was, however, an increase in C-O-C by between 6 and 12% depending on the conditions 

studied. In view of both of these functional groups, the solvent systems which result in 

the least change to the surface chemistry, when compared to the unsized fibres, appears 

to be the neat solvent mixture at 360˚C, 0.05 M ZnCl2 at 300˚C and 0.05 M MgCl2 at 

290˚C. These findings suggest that both of these metal chlorides are suitable catalysts 

when considering the impact of the recycling process on the surface properties of the 

recovered carbon fibre. If an increase in the RA of C-O-C of 12% can be tolerated, the 

0.005 M AlCl3 system may also be suitable when supplied at 290˚C as the abundance of 

O-C=O groups are similar to that of the sCF fibres. As a result of this XPS analysis, four 

sets of conditions have been identified which do not result in significant changes to the 

surface properties of the fibres. It is, therefore, likely that material recovered from these 

recycling conditions will adhere well to a new layer of sizing. 
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5.5 Single Fibre Tensile Testing (SFTT) 

Single fibre tensile tests were conducted according to ISO 11566 (1996) [114] in 

order to determine the influence of the recycling process on the tensile strength and 

modulus of the Toray T700S carbon fibres. The fibre diameter was determined using 

optical microscopy. Figure 76 demonstrates that the software was sufficiently calibrated 

whilst Figure 77 shows a fibre diameter measurement being taken. Typical force-

displacement curves are also provided in Figure 78 for a range of conditions and the 

maximum load supported was used to calculate the strength of each individual fibre 

using Equation (31). These force-displacement curves are characteristic of brittle 

materials and in each case, there is a linear elastic deformation region before the failure 

point is reached. No plastic behaviour, which is indicative of more ductile materials, was 

observed.  

 
Figure 76. Optical microscopy image of calibration slide (magnification = x40). 
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Figure 77. Optical microscopy image of carbon fibre showing diameter = 6.984 µm 

(magnification = x40). 
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Figure 78. Typical force displacement curves for Toray T700S carbon fibres processed with the 

neat acetone / water solvent mixture at a range of conditions. 

 Using 2-parameter unimodal Weibull analysis (Equations (32) and (33)), it is 

possible to calculate a scale factor which is a more useful indicator of the strength of the 
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whole population than the mean. The tensile strength of each fibre was used to draw 

Weibull plots for fibres processed with each of the conditions investigated; the scale 

factor (σ0, GPa) was taken as the intercept of the linear regression line with the x-axis 

(i.e. at ln൫−ln൫1 − 𝑃(𝜎)൯൯ = 0). The distributions obtained for virgin fibres and those 

processed at 360˚C (tR = 15 min) are shown in Figure 79 and the Weibull plots for all 

fibres tested are provided in Appendix 4. For all populations, there is good agreement 

between the data set and the corresponding Weibull fit: R2 values are in the range of 

0.934 to 0.988 which confirms the result of the Anderson-Darling statistic described in 

Section 5.2.6 that these data can be described by this particular distribution.  
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Figure 79. Linearised Weibull plots obtained for virgin Toray T700S carbon fibre and fibres 
processed with a neat acetone / water solvent at 360˚C for 15 min. 

In addition to the Weibull plots, the scale and shape factor for each data set was 

also estimated in MINITABTM (2018). The values for σ0 calculated using both approaches 
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are shown in Figure 80 and there is generally very close agreement between the two 

different methods. Across all populations, the average difference in σ0 is 1.19% with the 

largest of 4.17% occurring for fibres processed at 330˚C (tR = 90 min). The spread of each 

data set is also shown by the error bars in Figure 80. This is discussed in detail below, 

but initial analysis shows that, within each data set, there is generally a large range in 

fibre strength with the maximum observed up to 40% larger than σ0. This is not 

unexpected due to the random distribution of surface defects which act as failure 

initiation points. Similar ranges in single fibre tensile strength have also been previously 

reported [116], [117], [309].  
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Figure 80. Scale factor for Toray T700S carbon fibres processed at each of the conditions 
investigated (grayscale = calculated from Weibull plot, blue = estimated in Minitab 18.0). 

As expected, the virgin carbon fibres were the strongest tested with a scale 

factor of 2.26 GPa, however, this differs from the manufacturer’s data by a factor of 2 
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[299]. This is not thought to be due to error in the experimental technique as the Toray 

T700S fibres recovered from the CFRP demonstrated a strength in the range of 3.8 to 

4.7 GPa (see Appendix 3) and is, therefore, similar to that quoted by the manufacturer. 

Furthermore, the T700S fibres characterised in this chapter were investigated as part of 

previous research and the average tensile strength was shown to be 2.0 ± 0.3 GPa [111]. 

It is thus possible that the batch of the as-received carbon fibres investigated did not 

conform to the required specification.  

Upon removing the sizing via the Soxhlet extraction process (sCF fibres), the 

tensile strength was reduced by 25.3% despite only being subjected to relatively mild 

temperatures of 60˚C. As the solvents are unlikely to damage the fibres under these 

conditions, it is possible that the sizing on virgin fibres could cover some surface defects 

thereby limiting the number of failure points within the gauge length. Compared to 

these fibres, processing at temperatures between 320 and 340˚C with the neat acetone 

/ water solvent demonstrates a slight increase in strength to between 1.75 and 1.89 

GPa. A small decrease in fibre diameter was also observed of between 0.03 and 0.21 

µm, which is similar to that recorded by Burn [116]. As this is an order of magnitude 

larger than the typical thickness of the sizing [305], it is possible that the outer layer of 

each fibre is also removed during the recycling process. This layer consists of highly 

orientated graphitic planes which are up to 1.5 µm thick [310], yet remain relatively 

weak [311]. Removal of some, or all, of this layer can also reduce the number of surface 

defects and subsequently leads to an increase in the tensile strength [272].  
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Despite shorter processing times, there is a clear temperature effect on the 

tensile properties of the fibre. Fibres processed at 320 and 330˚C exhibited a strength 

7.1 and 9.6% more than that of the sCF fibres, yet increasing the reactor temperature to 

360 and 380˚C resulted in a reduction in fibre strength of up to 12.4%. Previous work 

has suggested that higher temperatures increase the risk of fibre damage [242], [248], 

[249], although differences in solvent system, fibre type and process conditions make it 

difficult to directly compare these findings to earlier research. To ensure recovered 

material can be reused in high-value applications, lower reaction temperatures of 

between 320 and 330˚C are recommended for the recycling of CFRPs when using a neat 

acetone / water solvent mixture.  

The choice of catalyst supplied in the reaction has a strong influence on the 

tensile properties of the carbon fibre recovered. The scale factor for M-290 and M-300 

fibres was 1.80 and 1.71 GPa respectively and is, therefore, similar to that of the N-320 

and N-330 fibres. The use of 0.005 M AlCl3, however, resulted in a reduction in strength 

of up to 10% compared to the sCF fibres. Although the concentration of this catalyst was 

supplied at an order of magnitude lower than the ZnCl2 and MgCl2 systems, it appears 

that the Al3+ ions also attack the carbon fibre as well as resin. Unless this reduction in 

strength is tolerable when considering a new composite material, it is suggested that 

alternative weak-Lewis acids are used to lower the necessary reaction temperature of 

this recycling process. Of all the solvent systems considered, the presence of ZnCl2 

appeared to be the most beneficial in terms of fibre strength. Fibres processed at both 

290 and 300˚C displayed a similar scale factor in the range of 2.11 to 2.17 GPa and are, 
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therefore, the strongest of all fibres recovered and up to 22% stronger than the sCF 

fibres. This does correlate to a slight reduction in fibre diameter, but this alone does not 

account for the increase in strength. It is thus hypothesised that the Zn2+ ions are 

particularly effective at removing the weaker graphitic planes on the carbon fibre 

surface which may correlate to the reduction in the RA of oxygen observed with XPS. 

However, further research is required to confirm the mechanism behind this 

strengthening effect.  

In addition to considering the scale factor, the distribution of each data set can 

be characterised through the Weibull shape factor which was taken as the gradient of 

each Weibull plot and estimated in MINITABTM. The magnitude of w calculated from 

both methods is illustrated by Figure 81. Compared to σ0, there is a larger deviation in 

the values obtained from the two techniques of between 2.44 and 15.79%, with the 

Weibull plot more likely to give the higher value. Despite these differences, similar 

trends are observed across the different process conditions employed: the shape factor 

of the virgin fibres is very similar to those with the sizing removed via Soxhlet extraction 

and those processed with the neat solvent mixture at all temperatures considered. For 

all catalyst systems, an increase in the temperature from 290 to 300˚C results in a 

reduction in w thus suggesting that this higher temperature results in a greater spread 

of data. Fibres processed with 0.005 M AlCl3 had a similar shape factor to the virgin 

material, although there is a significant decrease in the spread of the distribution when 

using the ZnCl2 and MgCl2 catalysts. The 0.05 M ZnCl2 system resulted in the strongest 

fibres and the greatest value of w. Compared to the sCF fibres, the shape factor of the 
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Z-290 fibres increased by 66 to 94% when determined from the Weibull plot and in 

Minitab respectively. This suggests that ZnCl2 also acts to homogenise the strength of 

the fibres. However, as fibres are used in tows, it would be beneficial to manufacture 

and characterise a new CFRP with fibres recovered with this solvent system in order to 

ensure the recovered material can be used in high performance applications.  
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Figure 81. Shape factor for Toray T700S carbon fibres processed at each of the conditions 
investigated (grayscale = calculated from Weibull plot, blue = estimated in Minitab 18.0). 

The tensile modulus is a measure of the stiffness of a material and was calculated 

using Equation (35). All fibres demonstrated brittle behaviour and a high level of 

stiffness which was largely unchanged from the virgin fibres as demonstrated by Figure 

82. The modulus of the unsized (sCF) carbon fibre was measured to be 133 ± 38 GPa and, 

after processing at 330˚C for 90 min and 380˚C for 0 min, this was reduced by 2.2 and 

15% respectively. This is similar to the trend observed in the change of tensile strength 
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of the fibres shown in Figure 80: there is a decrease in the mechanical properties of the 

fibres with an increase in process temperature when using a neat acetone / water 

solvent. Also similar to Figure 80, is the influence of the chloride catalysts with the 0.005 

AlCl3 solution causing the greatest degradation of the fibre properties: the reduction in 

the modulus compared to the sCF fibres was 23 and 26% after processing at 290 and 

300˚C respectively.  
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Figure 82. Tensile modulus for Toray T700S carbon fibres processed at each of the conditions 

investigated (calculated using Equation (35)). 

For both temperatures investigated, the MgCl2 system gave values similar to that 

of the neat acetone / water mixture under a reaction temperature of 340˚C. This in turn 

suggests that this Lewis acid also influences the modulus as more severe process 

conditions (320 and 330˚C) resulted in the recovery of fibres with greater stiffness. Of 

all conditions studied, the use of the ZnCl2 solution enabled the recovery of fibres with 
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the highest modulus with an increase of 8.3% (TR = 290˚C) and 22% (TR = 300˚C) when 

compared to the sCF fibres. As this catalyst and acetone / water solvent system 

facilitates the recovery of clean fibres and may improve the mechanical properties, a 

0.05 M ZnCl2 acetone / water solvent mixture is recommended for the recycling of this 

CFRP and may also be suitable for the recovery of carbon fibres from alternative polymer 

matrices.  

5.6 Concluding Remarks 

Fibres processed at 11 different recycling conditions have been characterised in 

order to assess their suitability for reuse in a new composite material. To directly 

compare the influence of the recycling processes on the fibre quality, virgin Toray T700S 

carbon fibres and fibres with the sizing removed using Soxhlet extraction were also 

analysed.  The characterisation techniques employed include SEM to visually confirm 

the removal of all resin and XPS to study the change in functional groups on the fibre 

surface. The mechanical properties were also investigated through single fibre tensile 

tests which allowed both the changes in tensile strength and modulus to be determined. 

SEM micrographs demonstrated that with the neat acetone / water solvent, it was 

possible to obtain fibres completely free of resin at temperatures above 330˚C and a 

process time of 90 min. However, upon increasing the temperature to 340˚C, small 

fissures were visible on the surface of fibres which may act as failure points and, 

therefore, reduce the tensile strength of the material. Although relatively low 

concentrations of ZnCl2, MgCl2 and AlCl3 were used, there was evidence of the catalyst 
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depositing on to the surface of the fibres. Elemental analysis using EDX confirmed the 

presence of zinc, magnesium, aluminium and chlorine in the stoichiometric proportions 

expected. As these salts may influence the properties of a new composite material, it is 

desirable to remove them from the fibre surface. This was easily achieved by rinsing the 

fibres with water at ambient conditions due to their high solubility in this medium and 

confirmed using EDX. The findings in this chapter therefore confirms the results 

presented in Chapters 3 and 4: the metal chlorides investigated do facilitate the recovery 

of clean fibres at lower operating temperatures and in shorter process times than those 

necessary for a neat acetone / water solvent mixture.  

XPS identified significant changes in the functionality of the fibre surface when 

compared to both virgin fibres and fibres with the sizing removed via Soxhlet extraction.  

All process conditions increased the RA of nitrogen detected at the fibre surface, 

possibly due to the removal of the sizing and / or outer graphitic planes of the fibre thus 

exposing the nitrile groups present within the PAN based fibres. Compared to the neat 

acetone / water solvent, the catalyst systems considered generally resulted in a greater 

increase in the abundance of nitrogen and may, therefore, improve the interfacial 

properties of the fibres. There was, however, no obvious correlation between the 

relative abundance of oxygen and process conditions. With the exception of the AlCl3 

system at 290˚C, all processes resulted in a reduction in the surface concentration of 

oxygen: the largest and smallest changes of 9.0 and 2.8% were observed for the ZnCl2 

solution at 290˚C and the neat solvent mixture at 340˚C respectively. When also 

considering changes in the C-O-C and O-C=O moiety, it appears that the conditions 
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which are most similar to the SCF fibres (and, therefore, most likely to adhere to a new 

sizing material) are those processed with the neat solvent mixture at 360˚C, the 0.05 M 

ZnCl2 solution at 300˚C and the 0.05 M MgCl2 system at 290˚C.  

 The mechanical properties of the fibres were quantified through single fibre 

tensile tests and the resulting data sets were fitted to a Weibull distribution in order to 

calculate the scale and shape parameters. The values of these parameters determined 

from a linear regression line showed good agreement with the estimates found from 

MINITABTM and thus suggests that both approaches are suitable. At 320 and 330˚C, the 

neat acetone / water solvent is able to maintain a similar tensile strength to that of the 

virgin fibre with the sizing removed, although higher process temperatures result in a 

reduction of strength by up to 12.4%. A similar decrease is observed in the presence of 

AlCl3, while MgCl2 appears to have little influence on the quality of the recovered fibres 

under the conditions investigated. The inclusion of ZnCl2 at a concentration of 0.05 M 

has a positive effect on the strength and modulus with both properties increasing by up 

to 22%. By considering the RA of the surface functional groups, it is apparent that a 0.05 

M ZnCl2 solution heated to 300˚C for 45 min is able to obtain the highest quality fibres 

of all the recycling conditions investigated.  

 The research presented thus far has identified novel solvent / catalyst systems 

and the conditions necessary for the recovery of carbon fibres. This chapter has also 

quantified the changes in the surface and mechanical properties of the fibre as a result 

of the recycling processes, however, the action of the solvent and the catalysts is not yet 
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well understood. In order to address this, chapter 6 describes the analysis of the organic 

liquid products (OLPs) with the aim of identifying the compounds and chemical bonds 

present. 
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CHAPTER 6.  
ORGANIC PRODUCT ANALYSIS 

6.1 Introduction 

One of the key advantages of solvolytic recycling techniques over pyrolytic 

processes is the retention of a potentially useful mixture of valuable organic compounds. 

Depending on the polymer matrix used in the composite material, these organic 

products are likely to differ when processing different CFRPs and thus need to be 

identified before a suitable separation process can be designed. This chapter aims to 

analyse the organic liquid products (OLPs) which were recovered from the reactor after 

processing the CFRP investigated at each of the minimum conditions necessary to fully 

degrade the epoxy resin. These conditions are listed in Table 22, Chapter 5. As the initial 

formulation of this resin is held in commercial confidence, it is not possible to use the 

resulting data to confirm the action of the solvent and catalysts. For this reason, this 

chapter also describes the synthesis of a typical thermoset epoxy resin and identifies the 

key products obtained following its decomposition, also using the conditions listed in 

Table 22, Chapter 5.  

This chapter is structured using a similar approach to Chapters 3 and 5 where the 

methodology used to manufacture and characterise a typical epoxy is first described, 

followed by the analytical techniques employed to analyse the OLP recovered from both 

the model resin and the CFRP. Although two different materials are considered in this 

chapter, the methods used for the analysis are the same and are described in Section 
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6.2. Section 6.3 considers the key products that were obtained from the CFRP while 

Sections 6.4 and 6.5 relate to the characterisation of the model epoxy and its 

decomposition products.  

6.2 Experimental Methodology 

6.2.1 Materials 

The epoxy prepolymer selected to synthesise a model resin was a high purity 

diglycidyl ether of bisphenol A (DGEBA), Dow D.E.R 332 (Dow Chemical Company, USA) 

with an epoxy equivalent weight of 171 to 175 g eq-1. This means that in every 171 to 

175 g of DGEBA, there is 1 mol of reactive epoxy groups.  The stoichiometry of the curing 

reaction with diamine 4,4’-diamonodiphenyl sulphone (DDS) is 1:1. To ensure that there 

is no excess or surplus of either component which leads to a reduction in mechanical 

properties as described in section 2.3.2, it is desirable to mix the two compounds 

together in the ratio 0.58 : 0.42 w/w DGEBA : DDS. The molecular structure of each 

compound is shown in Figure 2, Chapter 2 and is repeated overleaf. Both materials were 

supplied by Sigma Aldrich (UK) and used as delivered. These precursors were chosen to 

manufacture the model epoxy resin as they are commonly used to manufacture 

thermoset composite materials as well as the relative simplicity of their bonding 

network. A resin based on this formulation has also been investigated in previous work 

[252] thus allowing for direct comparison with this research. In addition to the polymer 

precursors, a PVA Mould Release Agent was supplied by Easy Composites (UK) to 

facilitate easy removal of the resin from the mould. 
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a) 

 

b) 

Figure 2. Molecular structure of a) DGEBA; and b) DDS [252]. 

 The solvent systems used in the degradation experiments comprised of the same 

acetone / water solvent mixture described in detail in Chapter 3. This was supplied neat 

and in the presence of 0.20 M KOH and NaOH, 0.05 M ZnCl2 and MgCl2 and 0.005 AlCl3.  

6.2.2 Model Resin Synthesis 

DGEBA is a highly viscous liquid at ambient conditions and was, therefore, gently 

warmed in an oven to 70˚C before pouring 79.25 g into a glass beaker. This was heated 

to 115 ± 5˚C on a magnetic hot-plate (Fisher Scientific, UK) and stirred at 340 rpm. While 

stirring, 61.64 g of DDS was added, giving a proportion of DGEBA : DDS of 0.56 : 0.44 

w/w resulting in a slight excess of DDS. The temperature and mixing speed were 

maintained for 60 min, after which a colourless solution was obtained. This mixture was 

poured into an aluminium tray which had been coated beforehand with the PVA Mould 

Release agent. The tray was placed in a Lenton WF120 oven (Lenton, UK) to thermally 
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cure the resin by heating from 30 to 250˚C at a rate of 1˚C min-1 and holding at the 

maximum temperature for 70 min. The mixture was allowed to cool inside the oven 

overnight and, when the temperature had returned to approximately 25˚C, the tray was 

removed. The molecular structure of the cured resin was provided in Figure 2, Chapter 

2 and is also shown below. In preparation for experimentation, samples measuring (18 

± 2) x (13 ± 2) x (5 ± 1) mm were cut using a diamond-edge rotary saw.  

 

Figure 2. c) Molecular structure of cured DGEBA-DDS resin [252]. 

6.2.3 Model Resin Characterisation 

The model resin was thermally analysed using TGA Method 1 and DSC Method 

1, both of which are described in detail in Chapter 3, Section 3.2.2. For both techniques, 

3 samples in the mass range 10 to 15 mg were investigated and used to determine the 

peak degradation and glass transition temperatures. DGEBA, DDS and the cured resin 
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were also analysed using Fourier-Transform Infrared Spectrometry (FTIR) as described 

in Section 6.2.6.  

6.2.4 Resin Decomposition 

A single piece of the model resin was placed into a stainless steel basket before 

being loaded into the reactor system described in Section 3.2.3. The methodology 

followed for the decomposition of this model resin is the same as that used for the 

investigation of the CFRP as detailed in Chapter 3. The conditions investigated for the 

degradation of the CFRP and the model epoxy resin are listed in Table 26. These are the 

minimum necessary reaction time and temperature which gave an RD of > 92% for the 

CFRP when using the neat acetone / water solvent, 0.05 M ZnCl2, 0.05 M MgCl2 and 

0.005 M AlCl3 solvent systems. In addition, samples of the OLP obtained following the 

partial decomposition of the CFRP using 0.20 M KOH and NaOH solutions were also 

analysed. These conditions were selected for investigation as they resulted in the 

highest RD for the basic additives.  
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Table 26. Reaction conditions used to process the CFRP and model epoxy resin to generate an 
OLP mixture for GC-MS and FTIR analysis. 

Additive 
Sample 

Reference 
Temperature, TR 

(˚C) 
Pressure, p 

(MPa) 
Reaction time, tR 

(min) 

None 

N-320 320 19.7 120 

N-330 330 22.0 90 

N-340 340 23.5 45 

N-360 360 27.0 15 

N-380 380 30.0 0 

0.20 M KOH K-300 300 16.0 60 

0.20 M NaOH Na-300 300 16.0 60 

0.05 M ZnCl2 
Z-290 290 14.5 90 

Z-300 300 16.0 45 

0.05 M MgCl2 
M-290 290 14.5 90 

M-300 300 16.0 45 

0.005 M AlCl3 
A-290 290 14.5 90 

A-300 300 16.0 45 

6.2.5 Gas Chromatography – Mass Spectrometry (GCMS) 

Gas chromatography coupled with time-of-flight mass spectrometry (GC-TOF 

MS) is a common analytical technique used to separate, and subsequently identify, a 

wide range of compounds. The OLP was recovered from the reactor after processing 

both the CFRP and the model epoxy resin at the conditions specified in Section 6.2.4. 

Prior to analysis, the OLP was diluted at a ratio of 1:30 v/v using the same acetone / 

water solvent mixture used in the reaction (ratio of 80:20 v/v). Assuming complete 
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decomposition of the resin, this gave a solution with a concentration of the OLP of 

approximately 1 mg mL-1.  

GCMS analysis was conducted using a Waters Micromass GCT Premier (Waters 

Corporation, USA) in conjunction with a ZB-WAX column (Phenomenex, USA). The 

heating rate was set to 10˚C min-1 up to a maximum temperature of 300˚C and the 

system was held at this temperature for 30 min; this heating profile is referred to as 

GCMS Method 1 and is illustrated by Figure 83. Each peak in the chromatogram obtained 

represented a different compound, the identity of which was confirmed by comparing 

the mass spectrometry fragmentation pattern with that found in MassLynx software 

provided by the National Institute of Standards and Technology (NIST, USA). This 

comparison is automated with the software providing a probability of the suggested 

molecule being present in the mixture, although each spectrum was also checked 

manually.   
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Figure 83. Heating profile for GCMS Method 1. 

6.2.6 Fourier-Transform Infra-red Spectrometry 

To gain further insight into the reaction mechanism, the change in the chemical 

bonds present in the OLP was observed through Fourier-Transform Infra-red 

Spectrometry (FTIR). Samples of the OLP characterised with this technique were 

recovered from the same experiments as those analysed with GC-MS. In addition to 

these, samples of the DGEBA pre-polymer, DDS cross-linking agent and the cured model 

resin were also investigated. FTIR was carried out using a Jasco FTIR-6300 spectrometer 

(Jasco Corporation, USA) which was equipped with an Attenuated Total Reflectance 

(ATR) or “Golden Gate” accessory (Specac, UK). As the OLP contained water and there is 

a strong absorption band in the range of 3700 – 3100 cm-1 due to the presence of O-H 

bonds [312], samples were dried at 100˚C overnight in a Gallenkamp OVL570 vacuum 

oven (Sanyo Gallenkamp, UK). This ensured that any O-H groups detected will be 
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associated with the degradation products and not due to any residual solvent within the 

sample. It also means that any volatile components will be lost, however, these 

compounds should be identified through analysis of the OLP using GC-MS. FTIR 

spectroscopy data was obtained using wavenumbers over the range of 4000 to                

800 cm-1 with a resolution of 4 cm-1, 128 accumulations per sample and an aperture of 

3.5 mm. The spectra obtained were processed using Spectra Analysis software provided 

by Jasco. Each curve was smoothed using the Savitzky-Golay method and a convolution 

width of 19. The peaks observed were identified and labelled within the software and 

analysis was carried out using Larkin, 2018 [312]. 

6.3 Analysis of Organic Products from the CFRP 

6.3.1 Gas Chromatography – Mass Spectrometry 

Analysis of the OLP recovered after processing the CFRP at the conditions listed 

in Table 26 identified the presence of a wide range of organic compounds, mostly 

comprising aryls and amine derivatives. Peaks with an intensity of less than 10% of the 

maximum were not considered to represent major decomposition products and are, for 

this reason, excluded from the analysis presented in this chapter. A complete set of the 

chromatograms obtained following the GC-MS of the OLP recovered after processing 

the CFRP at each of the conditions considered (shown in Table 26) is provided in 

Appendix 5.  

The chromatogram for the OLP recovered following a reaction with the neat 

acetone / water solvent at 320˚C is shown in Figure 84 and the compounds are named 
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in Table 27. When using this solvent system, the product mixture obtained was similar 

at all conditions investigated with the most abundant compound identified in all cases 

as 4-methyl-3-penten-2-one (10.88 min). However, it is not thought that this compound 

is a result of the decomposition reaction and may be due to the self-condensation of the 

acetone used as part of the solvent mixture. Although this reaction, illustrated by Figure 

85,  normally requires the presence of a basic [313] or metal oxide [314] catalyst, it is 

possible the high temperatures and pressures used resulted in its formation.  

 

Figure 84. GC-MS chromatogram of the OLP recovered after processing the CFRP at 320˚C for 
120 min with the neat acetone / water solvent.  

 
Figure 85. Self-condensation of acetone to form 4-methyl-3-penten-2-one and water. 
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Table 27. Summary of organic compounds identified in the OLP recovered after processing the 
CFRP at 320˚C for 120 min with the neat acetone / water solvent. Probability from NIST 

MassLynx library software. Compounds in italics thought to originate from reaction of the 
solvent. 

Peak no. Compound Probability 

1 4-methyl-4-penten-2-one 63.6 

2 4-methyl-3-penten-2-one 54.7 

3 Trimethyl benzene 72.7 

4 2,6-diethyl-benzenamine 93.4 

5 3,5,5-trimethyl-2-cyclohexen-1-one 48.3 

6 1,2,3,4-tetrahydro-2,2,4,8-tetramethyl-quinoline 72.1 

The major products from the decomposition of the resin have been identified as 

trimethyl benzene (13.94 min), 2,6-diethyl-benzenamine (18.11 min) and 1,2,3,4-

tetrahydro-2,2,4,8-tetramethyl-quinoline (31.74 min). 3,5,5-trimethyl-2-cyclohexen-1-

one was also identified at 23.69 min and may be due to the further reaction of 4-methyl-

3-penten-2-one with acetone [315]. The structure of each molecule is also shown within 

Figure 84. Attention is drawn in particular to the presence of trimethyl benzene as it was 

not possible to determine the exact position of the methyl branches. 1,3,5- , 1,2,3- and 

1,2,4- isomers all have similar mass spectrometry fragmentation patterns and the NIST 

Library software gave the same probability that each molecule was present in the OLP. 

Due to time and budget constraints, it was not possible to compare GCMS data of each 

of the pure compounds with Figure 84. As amines are frequently used as cross-linking 

agents in epoxy resins, it is unsurprising that numerous nitrogen-containing compounds 

have been identified.  
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Although all chromatograms obtained when using the neat acetone / water 

solvent were similar, it should be noted that additional molecules such as aniline and 

pyrazoles were also identified at higher reaction temperatures. For this reason, it 

appears that temperatures in the range of 340 to 380˚C do not act to reduce the number 

of different products in the organic mixture and it is, therefore, preferable to lower the 

reactor temperature when considering the downstream processing that is necessary to 

separate the mixture into high purity products. 

The chromatograms of the OLP recovered from experiments using a 0.20 M KOH 

acetone / water solvent is shown in Figure 86 and is very similar to that obtained using 

a NaOH additive. A summary of the compounds identified and the associated probability 

of that molecule identified is listed in Table 28. 4-methyl-3-penten-2-one (Figure 86, 

Peak 2) was again detected in both cases, however the presence of OH- ions also 

resulted in the formation of 4-hydroxy-4-methyl-pentan-2-one (Figure 86, Peak 8) and, 

compared to the neat solvent mixture, there is a greater abundance of 3,5,5-trimethyl-

2-cyclohexen-1-one (Figure 86, Peak 5). Under alkaline conditions, acetone more readily 

undergoes aldol condensation [289] and it is, therefore, unsurprising that both 

compounds were present in the OLP. Although the results presented in Chapter 3 

demonstrated that alkaline catalysts do not accelerate the decomposition reaction, the 

carbon atom adjacent to the oxygen within the epoxy functional group can undergo 

nucleophilic substitution under basic conditions. This results in the cleavage of the C-O 

bond and liberates the local R-groups [313]. A compound unique to the alkaline systems 

however, was 3,5-dimethyl phenol (Figure 86, Peak 10) and it is possible that one of the 
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methyl groups of the trimethyl benzene detected in the neat solvent has undergone 

nucleophilic substitution due to the presence of OH- ions.  

 
Figure 86. GC-MS chromatogram of the OLP recovered after processing the CFRP at 300˚C for 

60 min using a 0.20 M KOH acetone / water solvent. 

Table 28. Summary of all organic compounds identified in the OLP recovered after processing 
the CFRP at 300˚C for 60 min with the 0.20 M KOH acetone / water solvent. Probability from 

NIST MassLynx library software. Compounds in italics thought to originate from reaction of the 
solvent. 

Peak no. Compound Probability 

2 4-methyl-3-penten-2-one 64.9 

5 3,5,5-trimethyl-2-cyclohexen-1-one 50.3 

7 3-Methylene-1,5,5-trimethylcyclohexene 68.2 

8 4-hydroxy-4-methyl-pentan-2-one 93.7 

9 Z-1-(3,5,5-trimethyl-2-cyclohexen-1-ylidene)-2-propanone 71.7 

10 3,5-dimethylphenol 65.1 

11 3,4-dihydro-3,3,6,8-tetramethyl-1(2H)-Naphthalenone 59.6 
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The chromatogram obtained for the NaOH system is provided in Appendix 5 and, 

although this additive achieved a higher value of RD, the range of products obtained is 

significantly smaller. This suggests that KOH facilitates a number of additional side 

reactions which may result in more complex downstream processing if considering the 

use of an alkaline catalyst in an alternative solvent system. 

For all conditions investigated, ZnCl2, MgCl2 and AlCl3 all resulted in a similar 

product mixture. Example chromatograms for the products obtained from each solvent 

system after processing the CFRP at 300˚C for 45 min are shown in Figure 87 to Figure 

89. A summary of all the compounds identified when using these catalysed systems is 

provided in Table 29.  

 
Figure 87. GC-MS chromatogram of the OLP recovered after processing the CFRP at 300˚C for 

45 min using a 0.05 M ZnCl2 acetone / water solvent. 
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Figure 88. GC-MS chromatogram of the OLP recovered after processing the CFRP at 300˚C for 

45 min using a 0.05 M MgCl2 acetone / water solvent. 

 
Figure 89. GC-MS chromatogram of the OLP recovered after processing the CFRP at 300˚C for 

45 min using a 0.005 M AlCl3 acetone / water solvent. 
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Table 29. Summary of all organic compounds identified in the OLP recovered after processing 
the CFRP at 300˚C for 45 min with 0.05 M ZnCl2, 0.05 M MgCl2 and 0.005 M AlCl3 acetone / 

water solutions. Probability from NIST MassLynx library software. 

Peak no. Compound 
Probability 

ZnCl2 MgCl2 AlCl3 

3 Trimethyl benzene 81.6 86.7 82.5 

12 2-methoxy-furan 58.4 54.5 64.2 

13 2-methyl-2-hexanol 75.4 40.4 57.1 

14 N'-[3-(1-hydroxy-1-phenylethyl)phenyl] 
hydrazide acetic acid 52.4 48.2 - 

15 5'-amino-5'-deoxy-adenosin 88.6 44.2 - 

16 1,7-Trimethylene-2,3-dimethylindole - 52.9 - 

17 2,6-dimethyl-2,5-Heptadien-4-one - - 85.5 

18 Butyl-[2-(3,3-dimethyl-cycloprop-1-
enyl)-1-phenyl-ethylidene]-amine - - 49.8 

19 8-ethyl-4,5,6,7-tetrahydro-10-isopropyl-
Azepino[3,2,1-hi]indole - - 71.9 

As previously identified in Figure 84 and Figure 86, trimethyl benzene (Peak 3) 

was also obtained as the major degradation product. Peak 12 in Figure 87 represents 2-

methoxy-furan, the presence of which may be explained by the Diels-Alder reaction. 

Dienes, originating from the resin, readily react to form hetero-aromatic compounds, 

such as furan (and its derivatives) in the presence of weak Lewis acids [316]. 2-methyl-

2-hexanol is the third most abundant compound identified and was possibly formed due 

to the cleavage of branched groups from the cyclic structures. The smaller peaks 

(numbered 14 and 15 in Figure 87) are due to the much larger compounds N'-[3-(1-

hydroxy-1-phenylethyl)-phenyl]-hydrazide acetic acid and 5’-amino-5’-adenosin. As 
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trimethyl benzene has been identified, it is apparent that these molecules are liberated 

due to the cleavage of bonds within the benzene skeleton, thereby leaving the amine 

groups from the cross-linking agent bonded to benzene. This therefore suggests that, 

although solvolysis can recover a mixture of potentially useful organic compounds, it is 

unlikely that the original monomers used to manufacture the thermoset resin can be 

obtained.   

The use of MgCl2 and AlCl3 as catalysts yielded higher concentrations of 

molecules with much higher molecular weight. These are identified in Figure 88 as Peak 

16 and in Figure 89 as Peaks 18 and 19. This suggests that 0.05 M ZnCl2 more effectively 

cleaves the bonds within the epoxy network which, therefore, results in smaller 

compounds. However, it should be noted that AlCl3 was supplied at a concentration an 

order of magnitude lower and, as shown by the results presented in Chapter 3, was able 

to achieve a similar RD to the ZnCl2 system under the same reaction conditions. The 

presence of the hetero-aromatic compounds 1,7-trimethylene-2,3-dimethylindole 

(Peak 16) and 8-ethyl-4,5,6,7-tetrahydro-10-isopropyl-Azepino[3,2,1-hi]indole (Peak 19) 

in the product mixture is likely formed as a branched amine group bonded to the 

benzene ring was closed as a result of the presence of the weak Lewis acids. This also 

explains how the hetero nitrogen atom came to be included within the cyclic structure 

[316].  
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6.3.2 Fourier-Transform Infra-red Spectrometry 

The dried OLP recovered from selected conditions were characterised through 

FTIR, the spectra of which are shown in Figure 90 and Figure 91. Peaks were analysed 

using Larkin, 2018 [312]. In all cases, there is a broad band between wavenumbers of 

3650 to 3150 cm-1 which is indicative of the stretching of O-H bonds. Although this may 

be due to some residual solvent, the GCMS data demonstrated the presence of 

compounds containing hydroxy and amino functional groups. It is, therefore, not 

surprising that there is a strong infrared absorption in this region. A doublet, which 

would confirm the presence of the secondary amines identified by GCMS, is not 

observed. However, this is a relatively weak signal and may be lost in the more intense 

band caused by O-H bonds. Also not visible in the FTIR spectra are peaks between 3060 

to 2990 and 1200 to 1245 cm-1 which would highlight the presence of an epoxy 

functional group. This suggests that the resin in the CFRP investigated was fully cured.  

The doublet identified at 2960 and 2865 cm-1 in both Figure 90 and Figure 91 are 

likely due to the out-of-phase and in-phase stretching of methyl groups while the 

additional peaks at 1455 and 1377 cm-1 are representative of the bending vibrations of 

the C-H bonds. The FTIR spectra also confirm the presence of the cyclic compounds 

which were identified by GCMS: the peak at 2920 cm-1 is characteristic of aryl CH2 groups 

while the peaks at 1620, 1500 and 1450 cm-1 are typical of the stretching of C-C rings. 

Furthermore, all spectra indicate the presence of olefins due to the peak at 1690 cm-1 

which is indicative of the stretching of C=C double bonds [312]. 
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One of the most significant differences between the spectra is the presence of a 

large peak at 1660 and 1500 cm-1 only when KOH or NaOH is added to the solvent 

system. These peaks are highlighted in Figure 90 and are due to the presence of C=N and 

C-NH respectively [312]. These results suggest that temperatures in excess of 320˚C or 

metal chlorides at a temperature of above 290˚C are capable of cleaving the C=N double 

bonds which are commonly present in an epoxy resin. Figure 91 does demonstrate 

evidence of an aryl N-H group, thus supporting the GC-MS results obtained after the 

decomposition reaction with all three weak Lewis acids. If these compounds are not 

present as part of the epoxy matrix, it is possible that they can form through the 

nucleophilic substitution of amines into existing cyclic compounds [317], thereby 

explaining the presence of C-N bonds despite the effective cleavage by the metal ions.  
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Figure 90. FTIR spectra of the dried OLP recovered after the decomposition of the CFRP with a 
neat acetone / water solvent mixture (TR = 320˚C, tR = 120 min), a 0.20 M KOH solution ((TR = 

300˚C, tR = 60 min) and a 0.20 M NaOH solution (TR = 300˚C, tR = 60 min). 
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Figure 91. FTIR spectra of the dried OLP recovered after the decomposition of the CFRP with a 
0.05 M ZnCl2, 0.05 MgCl2 and 0.005 M AlCl3 acetone / water solvent (TR = 300˚C, tR = 45 min). O. 

Ph = out-of-phase; I. Ph = In-phase. 

6.4 Characterisation of Model Resin 

After curing the DGEBA-DDS mixture, the model resin was characterised using 

TGA, DSC and FTIR. Example TGA and DSC thermograms are shown Figure 92 and Figure 

93 respectively. TGA demonstrated that this resin was very thermally stable and did not 

show any significant mass loss before reaching 320˚C. Peak degradation was reached at 

404 ± 2˚C and, typically, there was 90% mass loss after TGA Method 1 was completed. 

The residual mass remaining was likely due to the formation of pyrolytic char following 

the thermal degradation of the resin. DSC demonstrated that the Tg of the resin is 198 ± 

5˚C which is within the temperature range reported in previous work [252] and is 

indicative of a high degree of cross-linking of approximately 0.95 [318]. 
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Figure 92. Example TGA thermogram of the model resin (sample mass = 12.220 mg). 
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Figure 93. Example DSC curve for the model epoxy resin. 
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 FTIR was used to analyse the as-received DGEBA and DDS and the cured resin in 

order to identify the major functional groups present. The spectra of all three 

compounds are shown in Figure 94 and act as a reference when comparing the change 

in the chemical structure as a result of the decomposition reaction. The spectra obtained 

for DGEBA and DDS are very similar to those available in the open literature [319] with 

strong peaks at 1615 and 1500 cm-1 which represent stretching of the aromatic C=C and 

C-C bonds respectively [312]. Furthermore, there is also evidence of the expected 

carbonyl functional group at 1230 cm-1. Somewhat surprisingly, the singlet and doublet 

between 2975 and 2870 cm-1 which indicate the presence of aromatic and aliphatic C-H 

bonds are only prevalent in the spectra for DGEBA. It is possible that these relatively 

weak signals are overshadowed by the stretching of N-H bonds in the DDS. As a primary 

amine, this is represented by the doublet at 3300 cm-1 and a second peak at 1625 cm-1 

due to the bending vibration. Also unique to DGEBA is a small peak at 3057 cm-1 which 

is characteristic of the stretching of the C-H group within an oxirane ring. Further 

evidence of an epoxy functional group is shown by the small, sharp peak at 909 cm-1 due 

to the stretching of the C-O bond [319]. The sharp peak at 1060 cm-1 present in both 

DDS and the cured resin is indicative of sulphinyl (S=O) bonds. As previous work has 

noted a characteristic smell of hydrogen sulphide following the degradation of this 

epoxy resin [252] it is hypothesised that this peak will not be visible in the spectra 

obtained from the dried OLP recovered following the decomposition reaction.  



255 
 

Wavenumber (cm-1)

1000200030004000

Tr
an

sm
is

si
on

DGEBA DDS Cured resin

Primary
N-H

Oxirane
C-H

Aromatic &
aliphatic C-H

Aromatic
C=C and C-C S=OC=O

 
Figure 94. FTIR spectra of as-received DGEBA and DDS and the cured epoxy resin. 

6.5 Analysis of Organic Products from Model Resin 

6.5.1 Gas Chromatography – Mass Spectrometry 

A set of 11 different reaction conditions were selected for the decomposition of 

the DGEBA-DDS resin based on their ability to fully degrade the CFRP. Each condition 

considered was also able to fully solubilise this model resin as there were no solids 

remaining in the reactor following each of the reactions. The GC-MS chromatograms of 

the OLP obtained for all cases are similar and examples for each solvent system 

considered are provided in Figure 95 to Figure 98. Table 30 and Table 31 also provides a 

summary of each of the compounds present in the OLP following the decomposition of 

the model epoxy.  
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Figure 95. GCMS chromatogram of the OLP recovered after processing the model DGEBA-DDS 

resin at 320˚C for 120 min with an acetone / water solvent. 

Table 30. Summary of all organic compounds identified in the OLP recovered after processing 
the model epoxy resin at 320˚C for 120 min with the neat acetone / water solvent. Probability 
from NIST MassLynx library software. Compounds in italics thought to originate from reaction 

of the solvent. 

Peak no. Compound Probability 

3 Trimethyl benzene 81.9 

5 3,5,5-trimethyl-2-cyclohexen-1-one 54.7 

12 2-methoxy-furan 57.4 

13 2-methyl-2-hexanol 80.0 

20 Phenol 48.4 

21 4-(1-methylethyl)-phenol 53.2 
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Figure 96. GCMS chromatogram of the OLP recovered after processing the model DGEBA-DDS 

resin at 300˚C for 45 min with an acetone / water solvent and 0.05 M ZnCl2 catalyst. 

 
Figure 97. GCMS chromatogram of the OLP recovered after processing the model DGEBA-DDS 

resin at 300˚C for 45 min with an acetone / water solvent and 0.05 M MgCl2 catalyst. 
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Figure 98. GCMS chromatogram of the OLP recovered after processing the model DGEBA-DDS 

resin at 300˚C for 45 min with an acetone / water solvent and 0.005 M AlCl3 catalyst. 
 

Table 31. Summary of all organic compounds identified in the OLP recovered after processing 
the model epoxy resin at 300˚C for 45 min with 0.05 M ZnCl2, 0.05 M MgCl2 and 0.005 M AlCl3 

acetone / water solutions. Probability from NIST MassLynx library software. Compounds in 
italics thought to originate from reaction of the solvent. 

Peak no. Compound 
Probability 

ZnCl2 MgCl2 AlCl3 

3 Trimethyl benzene 71.6 79.2 75.9 

5 3,5,5-trimethyl-2-cyclohexen-1-one 48.2 58.5 - 

12 2-methoxy-furan 81.4 62.4 54.1 

13 2-methyl-2-hexanol 42.8 76.4 64.3 

17 2,6-dimethyl-2,5-Heptadien-4-one - - 76.5 

20 Phenol 78.3 47.6 72.7 

21 4-(1-methylethyl)-phenol 76.4 62.8 65.4 

22 4-ethyl-phenol 62.4 - - 

23 5-Phenyl-o-anisidine 78.8 - - 

24 p-Isopropenylphenol - 84.5 - 
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 Two classes of compounds were identified, the first of which are believed to be 

due to a reaction of the solvent. Peaks 5 and 12 which represent 3,5,5-trimethyl-2-

cyclohexhen-1-one and 2-methoxy-furan respectively were identified when considering 

the degradation of both the model epoxy and the RTM6 resin in the CFRP. Their 

presence is explained in Section 6.3.1. It is, however, surprising that 2-methoxy-furan 

(Peak 12, Figure 95) was identified as a result of the decomposition of the model resin 

using the neat acetone / water solvent mixture; this compound was not present 

following the degradation of the CFRP using the same conditions. As the experiments 

with the model epoxy were carried out after all of the reactions with the CFRP, it is likely 

that there was some contamination by the weak Lewis acids used in the reactor. These 

low concentrations of metal chlorides are still able to facilitate the Diels-Alder reactions 

of dienes [317].  

Products from the decomposition reaction predominantly consist of trimethyl 

benzene (Peak 3), phenol (Peak 20) and its derivatives (Peaks 21 to 24) as illustrated by 

Figure 95 to Figure 98. Considering the structure of the epoxy resin (Figure 2), it 

therefore appears that the neat solvent mixture and weak Lewis acids act in a similar 

way and effectively cleave both C-C and C-O bonds which liberates the local cyclic 

structures. Although the mixture of organics is complex, it does appear that all solvent 

systems considered preserve these cyclic groups well. A similar result was noted when 

analysing the OLP recovered following the decomposition of the CFRP. Although any 

gaseous products were not collected, there was also a characteristic smell of hydrogen 

sulphide gas upon opening the reactor. This explains the absence of sulphur-containing 
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compounds within the GCMS chromatograms despite the thiol moiety in the chemical 

structure of the matrix. Both of these findings have been previously reported following 

the decomposition of a resin with the same formulation and different solvents [252].  

Although the chromatograms obtained from the catalysed systems (Figure 96 to 

Figure 98) are similar, it is apparent that the different additives favour the production of 

different phenol derivatives. The use of ZnCl2 (Figure 96) results in a wider range of 

different products compared to MgCl2 and AlCl3. With the former catalyst, 4-ethyl-

phenol (Peak 22) was produced in a similar quantity as phenol. A low concentration of 

5-phenyl-o-anisidine (Peak 23) was also detected as a result of the reaction of diethyl 

aniline with another cyclic compound. 

Both MgCl2 and AlCl3 appear to homogenise the OLP mixture with just five 

products identified which appear to have originated from the resin, rather than the 

solvent. Unlike the OLP obtained from the CFRP, there was no indication of higher 

molecular weight compounds which demonstrates that, with this resin formulation, 

MgCl2 and AlCl3 are equally effective at accelerating the decomposition reaction when 

compared to the 0.05 M ZnCl2 catalyst. MgCl2 is the only additive which yields a 

significant proportion of p-isopropenyl-phenol which suggests that this catalyst may 

favour the generation of unsaturated hydrocarbons. Although the resin formulations of 

the CFRP and the model epoxy are highly likely to be different, 2,6-dimethyl-2,5-

Heptadien-4-one (Peak 17 in Figure 89 and Figure 98) was identified following the 

decomposition of both materials. It was also not observed when using any other solvent 
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/ catalyst system and may, therefore, be a result of the condensation of three acetone 

molecules which occurs more readily in the presence of Al3+ ions than the other weak 

Lewis acids investigated [289]. 

6.5.2 Fourier-Transform Infra-red Spectrometry 

The FTIR spectra of the dried OLP obtained following the solubilisation of the 

model epoxy resin using the neat solvent mixture, 0.05 M ZnCl2, 0.05 M MgCl2 and 

0.005 M AlCl3 are shown in Figure 99. Each sample contains a broad peak centred around 

3350 cm-1 due to the stretching of O-H bonds. This is expected as phenol and its 

derivatives were identified by GCMS as major products of the degradation reaction. 

Although this broad peak may mask the vibrations of N-H bonds, there is also no peak 

visible at 1650 cm-1 (due to N-H bending) or at 1340 cm-1 which would indicate the 

presence of amines. These FTIR spectra, therefore, suggest that the concentration of 

amines is very low and the C-N bonds present in the polymer network are effectively 

cleaved during the reaction. Previous work has demonstrated that metal ions do 

facilitate this process [277], [293], however, the data presented also suggests that the 

action of the acetone / water solvent is similar. It is, therefore, hypothesised that 

nitrogen is oxidised during the reaction and may be released as a gas upon opening the 

reactor. 
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Figure 99. FTIR spectra of the dried OLP recovered after the decomposition of the model epoxy 
resin with a neat acetone / water solvent (TR = 320˚C, tR = 120 min) and 0.05 M ZnCl2, 0.05 M 

MgCl2 and 0.005 M AlCl3 catalysts (TR = 300˚C, tR = 45 min). 

 Similar to the spectra shown in Section 6.3.2, a triplet is also visible for each of 

the curves shown in Figure 99 between 2970 and 2860 cm-1 due to the out-of-phase and 

in-phase stretching of C-H bonds. As suggested by the chromatograms in Section 6.5.1, 

organic cyclic structures are the most abundant class of compound present in the OLP. 

This is also demonstrated by the sharp peaks visible at 1600 and 1500 cm-1 which are 

due to the stretching of aromatic C=C double bonds. All of the spectra analysed also 

indicate the presence of C-O bonds, however, there is a significant difference between 

the products obtained from the neat solvent mixture and when using the metal chloride 

catalysts. All spectra (including that of the cured resin as shown in Figure 94) display a 

peak at 1270 cm-1. This is likely due to an aromatic carbonyl functional group as these 

bonds are present in both the resin network and in the phenolic degradation products. 
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The second peak at 1140 cm-1, however, is only visible in the OLP recovered following a 

reaction with metal chlorides and correlates to the aliphatic ether bonds which are 

present in 2-methoxy-furan. This is a product of a side reaction of the solvent and, 

therefore, the peak at 1140 cm-1 is not due to changes in the chemical structure of the 

resin.   

 In the cured epoxy resin, there is a strong peak at 1060 cm-1 due to the stretching 

of the sulphinyl (S=O) bonds and it is this peak, or lack thereof, which represents the 

most significant difference in the OLP obtained from using the four different solvent 

systems. There is no evidence of a peak at this wave number from the neat acetone / 

water mixture and the intensity is significantly lower when ZnCl2 is supplied when 

compared to the MgCl2 and AlCl3 catalysts. These spectra therefore suggest that the 

higher temperatures used with the neat solvent and Zn2+ ions facilitate the cleavage of 

the S=O functional group whereas the other metal ions considered do not. It should, 

however, be noted that upon opening the reactor following all experiments, there was 

a strong smell of hydrogen sulphide. Sulphur containing compounds were also not 

identified in any of the GCMS chromatograms presented in Section 6.5.1. For this 

reason, the concentration of sulphurous material in the OLP appears to be very low, 

despite the strong peak identified at 1060 cm-1 for the MgCl2 and AlCl3 systems in Figure 

99. 
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6.6 Concluding Remarks 

The results presented in this chapter demonstrate that the compounds present in 

the OLP are dependent on the resin used as the matrix material in the CFRP as well as 

the solvent system used for the degradation. Although the proportion of the compounds 

appear to differ, the process temperature and reaction time do not have a significant 

influence on the products generated. Analysis of the OLP recovered from the CFRP and 

the model epoxy revealed that trimethyl benzene is a major decomposition product for 

all conditions studied. In both resin systems, the metal chlorides also facilitated the 

production of 2-methyl-2-hexanol. While the decomposition of the model epoxy resin 

yielded a range of phenolic derivatives for all solvent systems, the degradation of the 

CFRP resulted in the generation of different compounds depending on the solvent 

system used. In the neat acetone / water mixture, 2-6-diethyl-benzenamine and 1,2,3,4-

tetrahydro-2,2,4,8-tetramethyl-quinoline were identified, however, the use of different 

metal chlorides resulted in the production of much larger compounds, each unique to 

the catalyst system investigated. The number of different species present across the two 

polymers and four solvent systems considered does highlight the challenge of further 

processing this, at present, waste material. However, the identification of these 

potentially valuable compounds represents an advantage of chemical recycling methods 

when compared to pyrolysis. The latter technique tends to generate only a low-value 

gaseous mixture which is suitable for use only as a fuel in the process.  

Characterisation of the OLP recovered from both polymers using FTIR confirmed 

some of the GCMS findings. The broad band in the range of 3650 to 3150 cm-1 is 
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indicative of O-H bonds due to the presence of phenol and its derivatives. There were 

also sharp peaks representing methyl groups and cyclic C-C bonds, largely due to 

trimethyl benzene and, again, phenolic compounds. Compared to the model epoxy 

resin, CFRP material appeared to contain a greater proportion of nitrogen in the polymer 

matrix. FTIR of the OLP recovered from the latter material using KOH and NaOH solutions 

revealed the presence of C=N and C-NH bonds. These were not present in the spectra 

obtained for reactions where RD > 92% due to effective scission of these bonds by the 

neat solvent and metal chlorides. Although there are two amine groups per molecule of 

DDS (used as the curing agent in the manufacture of the model epoxy resin), it was not 

possible to identify C-N or N-H bonds in the FTIR of the OLP recovered after the 

decomposition of this material. Sulphinyl functional groups were identified and it is 

apparent that the high temperatures used with the neat solvent mixture and ZnCl2 

effectively cleave the S=O bond. As this moiety is present when considering MgCl2 and 

AlCl3 systems, it is possible that these catalysts act in a slightly different way to ZnCl2, 

despite demonstrating similar decomposition characteristics. 

The results presented in this chapter also demonstrate that the solvent itself 

reacts at the conditions investigated. Acetone undergoes aldol condensation meaning 

4-methyl-3-penten-2-one was identified in the OLP. This further reacts to form 3,5,5-

trimethyl-2-cyclohexen-1-one and, especially in the presence of basic media, 4-hydroxy-

4-methyl-pentan-2-one. Similarly, the presence of weak-Lewis acids resulted in ring 

closure and the formation of 2-methoxy-furan. As some of the solvent is eliminated from 

the reaction, it will need to be replaced if recovering the remainder in an industrial scale 
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process which may lead to increased operating costs. Additional work could aim to 

quantify the loss of the solvent, and the concentration of the resinous products, by 

developing a series of calibration curves through further GC-MS analyses.  

Although dependent on the polymer matrix and solvent system, it is possible to 

recover a mixture of potentially valuable molecules when using this solvolytic process 

to recycle CFRPs. If an effective separation process can be developed, the recovery and 

reuse of these compounds have the potential to improve resource efficiency and 

generate additional revenue when compared to commercialised pyrolysis techniques. 

Development of this separation process or identification of methods to homogenise the 

reaction mixture from multiple types of polymer therefore represents an important area 

for future research. 
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CHAPTER 7.  
CONCLUSIONS & FUTURE WORK 

5.1 Research Outcomes 

As a result of the research presented in this thesis, it has been demonstrated that 

a supercritical mixture of acetone and water is capable of fully decomposing a thermally 

stable, RTM6 epoxy resin thus liberating carbon fibres as a valuable product. A 

temperature of 320˚C was necessary to obtain a resin decomposition (RD) of more than 

92 wt.% in a reasonable reaction time of 120 min. A strong temperature dependence of 

this reaction was highlighted by further experiments conducted at 330 and 340˚C; under 

these conditions, the reaction time required for near-complete decomposition of the 

RTM6 epoxy resin was reduced by 25.0 and 62.5% respectively.  

Contrary to previous research, the inclusion of the alkaline salts NaOH and KOH 

does not accelerate the decomposition of the resin. It was apparent that these alkaline 

salts favour the aldol condensation of acetone over a reaction with the epoxy matrix and 

thus renders them incompatible with this solvent system.  

For the same reaction time as with the neat acetone / water solvent, the inclusion 

of various metal chlorides facilitated the recovery of clean fibres whilst reducing the 

necessary process temperature by 40˚C. AlCl3 was identified as the most effective 

catalyst: a concentration of 0.005 M had the same effect on RD as 0.05 M solutions of 

ZnCl2 and MgCl2. Although different concentrations of these catalysts were necessary, 
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all three weak-Lewis acids significantly enhanced the degradation of the matrix. Within 

an industrial process, the high temperatures and pressures necessary when using the 

neat acetone / water solvent system are likely to lead to costly processing equipment: a 

significant barrier to the commercialisation of this technology. The reduction in 

operating conditions achieved by the implementation of these metal chloride catalysts 

will not only reduce the capital expenditure of the process equipment, but also minimise 

the operating costs. It is, therefore, hoped that this research contributes to the 

successful development of an industrial CFRP recycling process. In order to further the 

understanding of the degradation reaction, the reaction kinetics of these systems were 

investigated alongside that of the neat solvent mixture.  

 Two independent approaches were taken in order to study the reaction kinetics: 

a conventional first order rate equation and a shrinking core model were both 

considered which have not, until this research, been applied to the same data set. Even 

when increasing the reactor loading, it was apparent that the solvent and catalyst were 

always in excess and the decomposition rate was, therefore, not dependent on the 

concentration of resin in the solvent. As the reaction rate decreased as the 

decomposition progressed, it was assumed that the rate was proportional to the mass 

fraction of the polymer remaining within the composite material. Based on this, a 

conventional first order rate equation was successfully fitted to the degradation data 

obtained for the pure acetone / water mixture and the three metal chlorides 

investigated in detail. A reaction-rate limited, shrinking core model (SCM) for a spherical 

particle could also be applied to the same data set. Analysis of these models 
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demonstrated that both were able to predict RD to within a reasonable degree of 

accuracy: the majority of the calculated values were within 5% of the experimental data.  

Rate constants were calculated at various temperatures for both the first order 

rate equation and the SCM applied. Through this, it was possible to determine the 

Arrhenius parameters activation energy, EA, and frequency factor, k0, for each solvent 

system. Dependent on which model was fitted to the data, EA and k0 were 183 to 

222 kJ mol-1 and 6.69 x1013 to 7.64 x1017 min-1 respectively for the neat acetone / water 

mixture. It was apparent that ZnCl2 resulted in the greatest reduction of these 

parameters, however, it was supplied at a concentration an order of magnitude higher 

than AlCl3. Calculation of these Arrhenius parameters may also aid in the design of an 

industrial scale process. 

 As a result of the decomposition experiments described in Chapters 3 and 4, a 

set of 11 conditions were identified as capable of recovering clean carbon fibres from 

an RTM6 epoxy matrix. In order to decouple the influences of the CFRP manufacturing 

process, service life and recycling process on the quality of the fibres, virgin material was 

placed in the reactor alongside the CFRP investigated. This also meant that the 

mechanical and surface properties of the virgin fibres, both with and without the layer 

of sizing, could be independently verified. It was demonstrated that upon processing 

fibres at up to 330˚C with the neat solvent mixture, the tensile strength and modulus of 

the fibres showed a slight increase of up to 9.6%. At higher temperatures, however, 

there was a continuous reduction in both of these properties of up to 12.4% when 
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processed at 380˚C. AlCl3 effectively degraded the polymer matrix, however, it was 

apparent that this catalyst also attacks the fibres as the tensile strength and modulus 

were significantly reduced, possibly due to the loss of carbon from the surface. Although 

ZnCl2 and MgCl2 were supplied at a higher concentration, there was little change in 

mechanical properties when using the latter catalyst but an increase in strength and 

modulus of 6.8 and 11.0% respectively in the presence of ZnCl2. 

 Characterisation of the fibre surface demonstrated a significant change in the 

functional groups present after processing the virgin carbon fibre. With the exception of 

the AlCl3 system at 290˚C, all conditions investigated resulted in a reduction in the 

concentration of oxygen at the surface and an increase in nitrogen, possibly due to the 

removal of the outer fibre surface and subsequent exposure of the nitrile groups within 

the PAN-based fibres. Based on the mechanical and surface properties, it can be 

concluded that ZnCl2 supplied at a concentration of 0.05 M in an acetone / water solvent 

mixture and heated to 300˚C was able to recover the highest quality fibres. SEM 

micrographs, however, did reveal the presence of a deposit on the fibre surface and EDX 

confirmed the presence of ZnCl2. Due to its high solubility in water, this was easily 

removed upon rinsing the fibres, although it is worth noting that the catalysts 

investigated may influence adhesion to a new polymer matrix. As the fibres 

characterised as part of this research project often demonstrate similar, or even 

improved, properties compared to virgin material, it is hoped that the data presented 

within this thesis mitigates concerns manufacturers may have regarding the use of 

carbon fibre recycled from a commercial solvolysis process within secondary CFRPs. 
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By comparing the infrared spectra of the dried organic liquid products (OLP) 

recovered from each of the solvent systems, it was apparent that both the neat acetone 

/ water mixture and metal chlorides effectively cleaved the C-N bonds within the CFRP 

matrix. Interestingly, the action of the neat solvent and ZnCl2 on the model epoxy resin 

resulted in the scission of the sulphinyl functional groups, whereas MgCl2 and AlCl3 did 

not. Although all systems fully decomposed the model resin under the reaction 

conditions investigated, this suggests that they follow different reaction mechanisms. 

 Analysis of the OLP using gas chromatography with mass spectrometry (GCMS) 

identified trimethyl benzene as a major degradation product from both the CFRP and 

the model epoxy resin. This latter material also yielded phenolic derivatives for all 

solvent systems considered, whereas the product mixture of the decomposed CFRP was 

dependent on the presence and type of catalyst. The wide range of compounds present 

does highlight the challenge of further processing this, currently, waste material, 

although the identification of these organic products also represents a potential 

advantage over pyrolytic recycling technologies. If an effective separation process can 

be developed, this mixture of organic compounds may generate an additional revenue 

stream thereby enhancing the economic feasibility of an industrial scale process. 

6.2 Future Work 

Based on the key findings presented in this thesis, research within the field of 

recycling high performance composite materials may be directed into a number of 

different areas. Some suggestions for these future directions are outlined below.   
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1. Through the use of metal chlorides, the necessary process temperature for 

the recovery of clean fibres was significantly decreased. Further investigation 

of higher catalyst concentrations at lower temperatures than those 

investigated in this work may allow even greater reductions to be achieved 

thus minimising the environmental burden and economic cost of the 

recycling process developed as part of this thesis. 

 

2. A comprehensive life cycle analysis (LCA) of this recycling technology should 

be conducted. However, as economies of scale would be achieved with an 

industrial process, analysis of the lab-scale process described in this thesis 

would lead to unrealistic results. It would, therefore, first be necessary to 

design a process capable of handling a similar quantity of material which is 

currently recycled commercially using pyrolytic techniques. The necessary 

equipment could then be specified and suitable mass and energy balances 

for this theoretical process may then be conducted. This would allow the 

environmental impact of manufacturing equipment and transport, use and 

disposal of materials to be quantified and compared to that of other CFRP 

disposal routes, namely landfilling and pyrolysis. 

 
3. Although the results presented demonstrate that the recycling process has 

little influence on the properties of the fibres under certain conditions, 

certain characteristics, such as interfacial shear strength, have not yet been 

quantified. It would also be useful to manufacture a secondary CFRP from 
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recovered fibres in order to further prove the capability of this recycling 

technology. 

 

4. As a wide and varying range of organic products are produced, further 

research may wish to focus on developing suitable separation techniques in 

order to maximise the value of this resource. Alternatively, it would be useful 

to investigate to what proportion the OLP can be used directly in a new 

composite material without any deterioration in its mechanical 

performance. Doing so may not only generate an additional source of 

revenue, but also help close the loop of the supply chain and thereby further 

improve resource efficiency. 

 

5. The recycling techniques investigated in this thesis has only been conducted 

at lab scale and with a limited range of polymers. As a consequence, it would 

be useful to study the scale up of this process and evaluate its ability to 

handle a mixture of both thermoplastic and thermoset waste. If successful, 

the completion of such an investigation would be a significant step towards 

the commercialisation of this technology. 

Through the weight reduction of vehicles, increased service life of structural 

components and the manufacture of high-capacity wind turbines, CFRPs have enormous 

potential to facilitate the drive towards a sustainable future, yet, at present, their 

disposal options remain severely limited. By developing and analysing a novel recycling 

process, together with characterisation of the fibrous and organic liquid products, it is 
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hoped that this research project makes a significant contribution towards the efficient 

recycling of these high-performance composite materials.  
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APPENDIX 

A.1     Measurement of Real Reactor Volume 

The batch reactor used for all decomposition experiments had a nominal volume 

of 100 mL, however, this does not take into consideration the pipework and fittings 

mounted to the reactor lid which would increase the volume, nor the space taken up 

inside the vessel by the thermocouple. The actual volume of the reactor may be 

determined using the pressure – temperature (p-T) relationship of a particular 

substance. Water was selected as the working fluid due to the abundance of 

thermodynamic data widely available. Deionised (DI) water was degassed by heating to 

60˚C in a water bath and sonicating for 30 min. This was subsequently sealed in a jar, 

the lid of which had been modified to include a steel dip pipe and valve connected to 

rubber tubing. A high vacuum pump was connected to the reactor lid and the vessel and 

associated pipework was evacuated. The pump was isolated and a small quantity of 

water allowed to be drawn into the vessel through the rubber tubing. The water storage 

jar was then similarly isolated and any water in the rubber tubing was allowed to drain 

back. The quantity of water in the vessel, determined by a difference in mass, was found 

to be 6.24 g. The system was then heated from room temperature to 390˚C and the 

pressure measured. The pressure – density relationship for water over a range of 

temperatures was taken from the NIST website. This data is shown in Figure A1 and the 

experimentally recorded pressure is overlaid on to the curves.  
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Figure A1. Pressure density relationship for water at a range of temperatures. Data taken from 

NIST, 2019. 

Extrapolating a line of best fit through to the x-axis of Figure A1 gives a density of 

the system of 58.08 kg m-3. Dividing the mass of water in the vessel (6.24 x10-3 kg) by 

this density gives a volume of 1.074 x10-4 m3, which is equivalent to 107.4 mL. It is worth 

noting, therefore, that under normal operation, there will be some solvent in the 

pipework outside the reactor. This will be cooler than the temperature measured in the 

vessel but, as it was not in contact with the CFRP, is not thought to significantly alter the 

reaction. The volume of the reactor was also verified by sealing it and pumping water 

through the reactor lid. When the pressure started to increase, the pump was stopped 

and isolated. A relief valve mounted to the reactor lid was then opened and water under 

pressure was removed. The remaining water was then collected and the volume 

measured to give a value of 104 mL.  
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A.2     Sizing Removal of Carbon Fibre 

The thermogram shown in Figure A2 demonstrates that the as-received virgin 

carbon fibre contained approximately 1 wt.% of sizing. The mass loss of the fibre which 

had been processed using the Soxhlet extraction method was less than 0.1% thus 

demonstrating that more than 90% of the sizing had been removed. 
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Figure A2. TGA thermogram of the as-received virgin carbon fibre and carbon fibre with the 
sizing removed via Soxhlet extraction. 

A.3     Supplementary Tensile Test Data 

Weibull plots for each of the virgin Toray T700 fibres processed with the neat 

solvent and weak-Lewis acid systems are shown in Figure A3 to Figure A7. Tensile test 

data for the fibres recovered from the RTM6 epoxy resin at various conditions is 

provided in Figure A8. 
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Figure A3. Weibull plots for virgin carbon fibres with the sizing removed via Soxhlet extraction 
and after processing with the neat acetone / water solvent at 320 and 330˚C. 
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Figure A4. Weibull plots for virgin carbon fibres after processing with the neat acetone / water 
solvent at 340, 360 and 380˚C. 
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Figure A5. Weibull plots for virgin carbon fibres after processing with the 0.05 M ZnCl2 solvent 
system at 290 and 300˚C. 
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Figure A6. Weibull plots for virgin carbon fibres after processing with the 0.05 M MgCl2 solvent 
system at 290 and 300˚C. 
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Figure A7. Weibull plots for virgin carbon fibres after processing with the 0.05 M AlCl3 solvent 
system at 290 and 300˚C. 
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Figure A8. Scale factor for the tensile tests conducted with Toray T700S carbon fibres recovered 
the RTM6 epoxy resin using a range of conditions (grey = Weibull plot, blue = estimated in 

Minitab 2017). 
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A.4     Supplementary Scanning Electron Microscopy (SEM) Micrographs 

SEM micrographs for fibres recovered using the catalyst systems (0.05 M ZnCl2, 

0.05 M MgCl2 and 0.005 M AlCl3) are provided in Figure A9 to Figure A11. For fibres 

recovered from each set of conditions, two images are shown: one without rinsing with 

water and one after rinsing with water. 

  

a) b) 

Figure A9. SEM micrographs of carbon fibre recovered from an RTM6 epoxy resin using a 0.05 
M ZnCl2 acetone / water solvent at 300˚C a) before rinsing with water and; b) after rinsing with 

water. 

  

a) b) 

Figure A10. SEM micrographs of carbon fibre recovered from an RTM6 epoxy resin using a 0.05 
M MgCl2 acetone / water solvent at 300˚C a) before rinsing with water and; b) after rinsing 

with water. 
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a) b) 

Figure A11. SEM micrographs of carbon fibre recovered from an RTM6 epoxy resin using a 
0.005 M AlCl3 acetone / water solvent at 300˚C a) before rinsing with water and; b) after 

rinsing with water. 

A.5     Supplementary Gas Chromatography-Mass Spectrometry (GC-MS) Chromatograms 

All additional gas chromatography-mass spectrometry (GCMS) chromatograms for 

the organic liquid products recovered after processing the CFRP and model epoxy resin 

are supplied in Figure A12 to Figure A26 below. Table A Lists all compounds identified.  

 

Figure A12. GC-MS chromatogram for the organic liquid products recovered after processing 
the CFRP with the neat acetone / water solvent at 330˚C for 90 min. 
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Figure A13. GC-MS chromatogram for the organic liquid products recovered after processing 
the CFRP with the neat acetone / water solvent at 340˚C for 45 min. 

 

Figure A14. GC-MS chromatogram for the organic liquid products recovered after processing 
the CFRP with the neat acetone / water solvent at 360˚C for 15 min. 



313 
 

 

Figure A15. GC-MS chromatogram for the organic liquid products recovered after processing 
the CFRP with the neat acetone / water solvent at 380˚C for 0 min. 

 

Figure A16. GC-MS chromatogram for the organic liquid products recovered after processing 
the CFRP with the 0.20 M NaOH, acetone / water solvent at 300˚C for 0 min. 
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Figure A17. GC-MS chromatogram for the organic liquid products recovered after processing 
the CFRP with the 0.05 M ZnCl2 acetone / water solvent at 290˚C for 90 min. 

 

Figure A18. GC-MS chromatogram for the organic liquid products recovered after processing 
the CFRP with the 0.05 M MgCl2 acetone / water solvent at 290˚C for 90 min. 
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Figure A19. GC-MS chromatogram for the organic liquid products recovered after processing 
the CFRP with the 0.005 M AlCl3 acetone / water solvent at 290˚C for 90 min. 

 

Figure A20. GC-MS chromatogram for the organic liquid products recovered after processing 
the model epoxy resin with the neat acetone / water solvent at 330˚C for 90 min. 
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Figure A21. GC-MS chromatogram for the organic liquid products recovered after processing 
the model epoxy resin with the neat acetone / water solvent at 340˚C for 45 min. 

 

Figure A22. GC-MS chromatogram for the organic liquid products recovered after processing 
the model epoxy resin with the neat acetone / water solvent at 360˚C for 15 min. 
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Figure A23. GC-MS chromatogram for the organic liquid products recovered after processing 
the model epoxy resin with the neat acetone / water solvent at 380˚C for 0 min. 

 

Figure A24. GC-MS chromatogram for the organic liquid products recovered after processing 
the model epoxy resin with the 0.05 M ZnCl2 acetone / water solvent at 290˚C for 90 min. 



318 
 

 

Figure A25. GC-MS chromatogram for the organic liquid products recovered after processing 
the model epoxy resin with the 0.05 M MgCl2 acetone / water solvent at 290˚C for 90 min. 

 

Figure A26. GC-MS chromatogram for the organic liquid products recovered after processing 
the model epoxy resin with the 0.005 M AlCl3 acetone / water solvent at 290˚C for 90 min. 
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Table A1. Summary of all compounds identified in the organic liquid product recovered after 
processing the CFRP and model epoxy resin. 

Peak no. Compound 

1 4-methyl-4-penten-2-one 

2 4-methyl-3-penten-2-one 

3 Trimethyl benzene 

4 2,6-diethyl-benzenamine 

5 3,5,5-trimethyl-2-cyclohexen-1-one 

6 1,2,3,4-tetrahydro-2,2,4,8-tetramethyl-quinoline 

7 3-Methylene-1,5,5-trimethylcyclohexene 

8 4-hydroxy-4-methyl-pentan-2-one 

9 Z-1-(3,5,5-trimethyl-2-cyclohexen-1-ylidene)-2-propanone 

10 3,4-dimethylphenol 

11 3,4-dihydro-3,3,6,8-tetramethyl-1(2H)-Naphthalenone 

12 2-methoxy-furan 

13 2-methyl-2-hexanol 

14 N'-[3-(1-hydroxy-1-phenylethyl)phenyl] hydrazide acetic acid 

15 5'-amino-5'-deoxy-adenosin 

16 1,7-Trimethylene-2,3-dimethylindole 

17 2,6-dimethyl-2,5-Heptadien-4-one 

18 Butyl-[2-(3,3-dimethyl-cycloprop-1-enyl)-1-phenyl-ethylidene]-
amine 

19 8-ethyl-4,5,6,7-tetrahydro-10-isopropyl-Azepino[3,2,1-hi]indole 

20 Phenol 

21 4-(1-methylethyl)-phenol 

22 4-ethyl-phenol 

23 5-Phenyl-o-anisidine 

24 p-Isopropenylphenol 

25 2-isopropyl-6-methylaniline 

26 1,1-dioxide-2-methyl-thianaphthene 

 


