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ABSTRACT 

 

This work involves the limited use of human tissue samples. These samples were 

obtained through body donation and under full ethical approval from the University 

of Strathclyde ethics committee. Products generated through pyrolysis of common 

materials can act as background compounds, interfering with the analysis and 

identification of potential human remains. The development of a robust methodology 

for the generation and analysis of volatile products from biological (porcine and 

human tissues) and non-biological (textile materials) sources stands at the core of 

this study, combined with examining various factors that causes these profiles to 

deviate. This process began with the validation of porcine samples as a substitute of 

human samples through the identification of similar key indicators, characteristic to 

both tissues. Interestingly, different temperature ranges (pre- and post-ignition) and 

type of porcine tissues utilised were found to effect the type of key indicators 

detected; and as such, has convincingly resolved key indicators reported in previous 

research literature. In addition, key indicators of pure and blended textiles were also 

established and the effects of blended fibres towards the overall thermal properties of 

the textile, highlighted. Alterations to the key indicators of individual porcine and 

textile samples were examined, subjectively and objectively, when both samples 

were burnt together (combined samples). Subjective analysis involved the scrutiny of 

the chromatographic output, revealing the dominance of key indicators of porcine 

samples over textiles for majority of the combined samples. EIC and EIP proved to 

be a beneficial tool in extracting key indicators of porcine samples in the presence of 

contamination (textiles). At 70% presence, SOFM provided an objective and 

successful classification and discrimination of pyrolytic data according to the type of 

pyrolysis product detected across textiles, porcine bones and also in the combined 

textile-bone samples while underlining meaningful associations amongst similar 

groups. Overall, although this work suggests that pyrolytic data can be unpredictable, 

such as its dependence on various factors, with suitable analytical and statistical 

techniques, it has revealed pertinent information on the key indicators of porcine, 

human and textiles samples and the inter- and intra-molecular changes that occur to 

them during pyrolysis. 
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THESIS OUTLINE 

  

Chapter one of this thesis presents an introduction to the main topic, focusing on the 

process of combustion and pyrolysis, and the effects of interfering pyrolysis products 

in the extraction, analysis and interpretation of fire debris. The chapter also gives an 

overview on the structures of bone and its reaction towards heat.  

 

Chapter two provides an in depth description of the techniques employed to validate 

instrumentation. It also outlines the first stage of this work which presented the 

methods used for optimising and validating the parameters in the methodology in 

which pyrolysis products are generated from porcine tissue utilising passive 

headspace extraction with activated carbon strip (ACS) coupled with GC-MS. 

 

Chapter three involves validating the use of n-aldehydes as key indicators of 

biological remains by identifying the presence and absence of n-aldehydes across 

different temperatures, exposure durations, and across different types of porcine 

tissue. The work then examines the pyrolysis products generated from human and pig 

tissue, to identify their similarities and differences. 

 

Chapter four presents the pyrolysis products for a variety of pure and blended textiles 

(natural, synthetic and semi-synthetic) and in particular, examines the thermal 

behaviour of each textile and the reproducibility of the production of these pyrolysis 

products. 

 

Chapter five presents the pyrolysis products generated from textiles in the presence 

of porcine samples and the subsequent pattern recognition techniques using extracted 

ion chromatogram (EIC), extracted ion profile (EIP) and chemometric analysis using 

self-organising feature maps (SOFM) for separating and categorising the pyrolysis 

products generated from burning both porcine and textile samples together. 

 

Chapter 6 provides the overall conclusions of the study and also recommendations 

for future work. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Fires and Human Remains 

 

The purpose of this work was to develop a robust in-house laboratory methodology 

that emulates real life fire scenarios (as far as possible) for the generation, extraction, 

analysis and identification of key indicators of human tissue samples and, to test 

various factors that cause the profile to deviate. The literature in terms of the work 

conducted to identify pyrolysis products from human remains is poor. In criminal 

burning, fires are often used as a tool to destroy evidence, prevent recovery, 

detection and identification of human remains [1]. The extent of fragmentation and 

damage exerted by heat towards the body are known to cause thermal alterations that 

can render the body unrecognisable to the human eye, particularly if majority of the 

remains have been consumed with the remaining hard tissues rendered into pieces 

and left unrecognisable and obscured by the severely charred scene, a common 

situation that occurs during flashover conditions (simultaneous ignition of fuel load 

in compartmental fires to form a fully developed fire [2]) [3-5].  

 

If knowledge of the pyrolysis products and the presence of key indicators of human 

remains are identified, as has been studied and developed in detail for a range of 

ignitable liquid residues (ILR) [6], the analyst can then be made aware of the 

chromatographic patterns that specifically indicate the presence of human remains in 

fire debris. This can indefinitely facilitate the proper examination, analysis and 

distinction of fire debris samples, particularly for cases where human remains are not 

suspected to be present or have been totally consumed by the fire. In the presence of 

contaminating pyrolysis products, that can come from a range of fuel load in the fire 

scene, the identification of these key indicators of human remains would not only 

prevent any misinterpretation and misidentification, but to also avoid any false 

positive or false negative conclusions from the examination of unknown patterns 

from fire debris samples containing human remains.  
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According to the National Fire Protection Association (NFPA) report in 2012, a 

staggering 1,375,000 fires were reported in the United States (U.S.), out of which 

2,855 led to death [7]. In the United Kingdom (U.K.), the Department for 

Communities and Local Government mentioned in their annual Fire Statistics Great 

Britain 2011-2012 that 272, 000 fires were reported and from these, 11,300 caused 

injuries and 380 deaths [8]. Across both continents, arson remains to be the single 

most abundant cause of fires. The NFPA’s annual survey (Fire Loss in the United 

States) reported that each year in the U.S., an estimated 267,000 fires are attributed 

to arson, which caused over 2,000 injuries and 475 deaths [9]. In the U.K., arson is a 

significant cause of fire cases in England and Wales with 27,208 cases recorded 

across the U.K. in 2011-2012 [10]. In Scotland, 15,061 deliberate fires were 

documented in the year 2012-2013 that resulted with 14 deaths [11]. Buyuk and 

Kocak [12] also mentioned that out of 70% of fire deaths, 10% are found to be 

deliberately caused to conceal crimes. 

 

1.2 Bone  

 

Across the tissues in the human body, teeth and bones are the most resilient and are 

most often encountered intact when a body is recovered from a fire scene. Bone is 

classified as hard tissue as it exhibits incredible durability and tensile strength, and is 

resistant to many kinds of decay [9]. Since bones are the last layer to be exposed to 

heat, they are often encountered in a scene after a fire. 

 

1.2.1 Macroscopic and Microscopic Components of Bone 

Bones are the basis of the skeletal structure in the human body and perform diverse 

physical and metabolic functions, such as provision of structural support and levers 

for movement and locomotion, protection of visceral organs, storage of marrow cells 

and mineral ion reservoirs, and homeostasis [13-15].  

 

Being an organ that is only found in vertebras [16], bones can come in various forms: 

long, short, flat and irregular [17]. It is a tissue that allows growth and remodelling, 

and facilitates constant changes in its composition and microscopic structure to 
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accommodate external stresses and injuries [9, 18, 19]. A living bone is basically a 

vascularised connective tissue that contains water, blood, fat and a composite of 

nanometre-sized bioapatite mineral crystals (calcium phosphate) deposited in an 

organic matrix of collagen fibres [8, 20, 21].  

 

To simplify this, bones are predominantly made up of three major parts: water, 

organic matrix and inorganic minerals [22], in proportion; 50% to 70% are minerals, 

20% to 40% are organic matrix, 5% to 10% are water and less than 3% are lipids 

[15]. The amount of water present in bone, either existing freely or bonded to other 

molecules, varies, and is said to hold the power that dictates a bone’s mechanical 

behaviour [16, 18].  

 

Comprising 90% of the organic matrix is type I collagen, a structural fibrous protein 

that undergoes mineralisation and covalent cross-linking to provide bone with its 

flexibility / elasticity and tensile / mechanical strength [9, 13, 18, 20, 23]. Type I 

collagen molecules are highly organised, comprising three helical amino acids 

twisted into a triple helix, which are then grouped into bundles [24]. Elastin and 

other non-collagenous protein make up the rest of the 10% in the matrix [16, 25].  

 

The inorganic salts, responsible for impregnating and enclosing the cross-linked 

collagen, are mainly calcium and phosphate although other impurities such as 

hydrogen phosphate, sodium, magnesium, potassium, citrate and carbonate also exist 

in minute amounts [26]. Having high binding affinity towards each other, calcium 

and phosphate combine and, in turn, form plate-shaped [27] microscopic 

hydroxyapatite crystals, Ca10(PO4)6(OH)2 [9, 28], that arrange themselves traversely 

to the collagen fibres [29]. The term carbonated apatite (dahllite) has also been used 

sparingly to describe these crystals as it has been documented that minor amounts of 

phosphate in the crystals are displaced by carbonate [16, 30]. These crystals provide 

bones with their compressive, load-bearing strength and hardness [8, 18].  

 

Figure 1.0 demonstrates the assembly of collagen fibres and hydroxyapatite crystals 

in bone.  
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Figure 1.0: Assembly of collagen fibres and hydroxyapatite crystals in bone [13] 

 

Both the organic and inorganic constituents are in close association with each other, 

forming a two-phase composite that affords bones their remarkable properties, 

without which bones would not be as strong, resistant and thermally stable as 

presumed [20, 31-33].  

 

1.2.2 Macroscopic and Microscopic Structure of Bone 

Macroscopically, a long bone can be sectioned into four parts: epiphysis (rounded 

ends of long bones), diaphysis (long hollow central shaft), metaphysis (cone-shaped 

area below the growth plate at both ends of the bone) and the epiphyseal plate (plates 

of cartilage).  

 

A cross-section of the bone illustrates two very different types of bone tissue, namely 

cortical (compact) bone and trabecular (cancellous / spongy) bone. About 80% of the 

bones in the human body are compact bones and the remaining 20% are cancellous 

bones; both are primarily made up of osteons [15], arranged in a lamellar pattern [15, 

34]. These bones are readily distinguishable based on their degree of porosity / 

density [35]. Bones that have a density of less than 70% are categorised as trabecular 

whereas bones with a density of more than 70% are categorised as cortical [36]. 

Figure 1.1 illustrates the different macroscopic sections of a bone. 
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Figure 1.1: Macroscopic structure of long bone [37] 

 

With its dense and compact structure, cortical bone forms a cortex around the 

circumference of cancellous bone, and is the primary component of the diaphysis 

[13, 15]. Thus, it is not surprising that this cortical structure is attributed to providing 

mechanical strength to bone. Having a porosity of 5% to 10%, cortical bone only 

allocates space for cells, blood channels (Haversian canal and Volkmann’s canal) 

and erosion cavities [16, 18]. In contrast, trabecular bone is extremely porous (75% 

to 95%) in order to accommodate the bone marrow [18]. Trabecular bone is made up 

of a honeycomb network of rods, interspersed in the bone marrow compartment and 

is the main component of the epiphysis [15, 16, 18, 36]. 

 

The components and structure of bone vary from one individual to another and also 

within the same individual [38]. This can be attributed to diet, development, genetics 

and many other factors [39]. This is clearly seen in Forbes et al. [40] and Mitchell et 

al.’s [38] studies. They discovered that different types of bone (long bone: ulna, 

tibia; and flat bone: rib) varied in their chemical composition, especially in their fat 

and water content. Ribs possessed the highest water and protein content, whereas the 

ulna had the highest mineral content (calcium and phosphorous). 
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1.3 The Combustion Process 

 

Fire is an exothermic oxidation reaction between a fuel and an oxidiser (most often 

oxygen in the surrounding air) that proceeds at such a rate as to be self-sustaining 

and yields detectable heat and light [41-43]. Robert Boyle was the first scientist to 

discover combustion and highlighted the need of an element in air required for 

combustion to occur [44]. Antoine-Laurent Lavoisier, went on to identify this 

element as oxygen and mentioned that fire was indeed a chemical reaction that 

converts matter while releasing energy in the form of heat and light [45]. It is made 

up of a number of chemical reactions that are occurring not only concurrently but 

together with a series of oxidative reactions [8] that are expressed physically in the 

form of flame and heat [10]. This process can also be referred to as combustion [17]. 

The production of heat and flames characterises an exothermic (heat releasing) 

reaction [8, 9]. 

 

1.4 Pyrolysis / Thermal Decomposition Process 

 

Heat generated from a fire can induce the degradation and decomposition of a 

particular material, be it natural or synthetic. Thermal degradation and thermal 

decomposition are two different terms and should not be used interchangeably [46]. 

According to the American Society for Testing and Materials (ASTM) E176-13 [47], 

thermal degradation refers to the process of heat application that affects the 

material’s physical and mechanical structure, whereas thermal decomposition refers 

to the various chemical changes the material experiences at elevated temperatures 

[46]. The latter is also referred to as pyrolysis, the process of vaporisation of a 

particular material by heat. The volatile products generated will burn and produce 

more volatile and combustion products [48]. In a fire scenario, pyrolysis is depicted 

to be the main force that drives the spread of fire as it dictates the rate of heat release 

generated by the fire [49]. Numerous views over the definition of pyrolysis can be 

observed across the literature [8, 43, 50]. 
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The word ‘pyrolysis’ is taken from the Greek-derived word, where pyro refers to fire 

and lysis means separating [8]. Pyrolysis is defined as a thermochemical 

decomposition of organic material (solid or liquid) into smaller compounds at 

elevated temperatures (heat) above ambient temperature [51] in the absence of 

oxygen [52, 53] or any other oxidants, that is necessary for almost all solids (or 

liquids) to burn / combust [54]. Jones and De Neve [53] mentioned in their study that 

pyrolysis involves a great deal of physical and chemical modifications of the fuel, 

with the formation of numerous by-products. They went on to propose a figurative 

means of demonstrating pyrolysis as a whole and this is illustrated in Figure 1.2. 

 

 

Figure 1.2: Pyrolysis model [53] 

 

Although pyrolysis refers to a process that does not involve oxygen, the degradation 

process that precedes pyrolysis, and combustion, requires and is accelerated in the 

presence of oxygen [55]. The presence of oxygen induces oxidation, a reaction in 

which an element / fuel combines with oxygen; a vital chemical process that occurs 

in order for flames to exist [8]. In the presence of an ignition source, oxygen and fuel 

absorbs energy from heat and becomes activated. Once this occurs, a redox reaction 

takes place (oxidation and reduction) as the oxygen and fuel loses and gains 

electrons. Because electrons are neither created nor destroyed in a chemical reaction, 

oxidation and reduction are linked and it is not possible to have one without the other 

[56, 57]. In order for flames to form, enough volatiles have to be generated by the 

fuel (generated when an ignition source is applied to the fuel to cause pyrolysis) and, 

when mixed with adequate amounts of oxygen, combustion is facilitated and 

http://en.wikipedia.org/wiki/Greek_language
http://en.wikipedia.org/wiki/Morpheme
http://en.wikipedia.org/wiki/Lysis
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sustained. With increasing oxygen levels, more free radicals are formed, that 

facilitates increasing attacks to the polymer’s structure and integrity, and in turn 

generates more heat to fuel pyrolysis. 

 

Generally, heat from the fire causes the macromolecule fuel structure to undergo 

devolatilisation as bonds that hold the molecules together are subjected to distress. 

As a result, depolymerisation, vaporisation and cross-linking of the fuel matrix 

occurs and causes the fuel to decompose into simpler compounds, namely liquid 

(tar), vapours and gases, and residual solid (char) [9, 10, 58]. The residual solid that 

is left behind is basically a charred residue and is primarily made up of carbon. It is 

the gaseous vapour formed during pyrolysis that is ultimately combusted in a flaming 

fire, not the solid / liquid fuel [54].  

 

The energy needed to break two bonds in order to release a volatile compound would 

depend on the thermal stability and energy of the bonds within the polymer [59]. 

Bonds that are the weakest undergo breakdown first, before other sites in the 

polymer, that in turn dictates the polymer’s subsequent decomposition pathways 

[55]. Polymers that are of high molecular weight and / or contain ring structures and 

cross-links are relatively harder to pyrolyse as these features make it possible for two 

bonds in the polymer to break apart closer in a chain without the release of a volatile, 

increasing their stability [55, 59]. Table 1.0 illustrates the various bonds and energy 

required to break these bonds (bond enthalpy). 

 

Table 1.0: Bond and bond energy. Adapted from [60]. 

Bond Bond enthalpy 

(kJ/mol) 

Bond Bond enthalpy  

(kJ/mol) 

Single bonds Multiple bonds 

H-H 436 C=C 619 

H-N 393 C=N 615 

H-O 460 C=O 724 

H-S 368 C=S 477 

C-H 414 N=N 418 

C-C 347 P=P 490 

C-N 276 S=S 351 

C-O 351 O=O 499 

C-S 255 O=S 469 

N-N 393 C≡C 812 

N-O 176 C≡N 891 

O-O 142 N≡N 941 
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The rate of pyrolysis is predominantly a function of temperature and therefore heat – 

mainly heat flux. Heat flux refers to the rate at which heat is transferred per unit area 

upon or through a particular surface and is measured in W/m
2
 [41]. With increasing 

heat, more pyrolysis products are generated as the rise in temperature facilitates the 

generation of smaller and more volatile molecules, as compared to heating at lower 

temperatures [54, 61]. Nonetheless, the rate of pyrolysis is also governed by other 

factors such as surface area of fuel, vapour pressure, and the presence of oxygen, 

hydrogen and water vapour [62, 63].  

 

Besides temperature and heat flux, another important determinant of pyrolysis is 

thermal inertia (I). Thermal inertia refers to the measure of ignitability or 

responsiveness of a material to temperature variations [64]. It provides a quantitative 

value as to the amount of heat that must be added to a material to increase its 

temperature [10], and is influenced by three main factors; thermal conductivity (the 

quantity of heat transmitted through a unit thickness of a material), density (mass per 

unit volume of a material) and specific heat capacity (the amount of heat required to 

raise the temperature of a material by one degree) [9, 64, 65]. Equation 1.0 expresses 

the formula that determines thermal inertia in relation to the three factors mentioned 

above. If the value of (I) is high, it translates that the material in question is more 

resistant to ignition, thus higher amounts of heat and longer durations of exposure is 

required to heat up the material, and vice versa. 

 

I = √𝑘𝑝𝑐 

 

where, 

k is the thermal conductivity  

p is the density  

c is the specific heat capacity, and 

I is the thermal inertia 

 

 

 

Equation 1.0 
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Pyrolysis is said to occur at temperatures above 250 
o
C, commonly occurring within 

a temperature range of 500 
o
C to 800 

o
C [51]. As it is a function of heat and therefore 

temperature, thermal degradation and pyrolysis can be classified into three phases 

based on their temperature profiles [51, 54]: 

 

 thermal degradation – 100 
o
C to 300 

o
C 

 mild pyrolysis – 300 
o
C to 500 

o
C 

 vigorous pyrolysis – above 500 
o
C 

 

As temperatures and duration of exposure to heat flux in a fire typically fluctuate 

across these temperature ranges, this could in turn affect the chemical properties of 

the remaining fuel which is present after the fire. This is supported by DeHaan et 

al.’s [66] findings upon subjecting subcutaneous fat to various temperatures: samples 

exposed to 300 
o
C did not generate any pyrolysis products whereas temperatures 

reaching 500 
o
C were suggested to be the optimal temperatures to generate these 

products. Temperatures exceeding 700 
o
C were excessive and found to have caused 

the decomposition of volatile products. In the case of cadaveric remains in a fire, 

variation in temperatures and durations of exposure to heat to which the body is 

exposed could potentially alter the chemical composition, analytical profile and 

ultimately the presence of potential key volatile indicators of human remains [66].  

 

Compounds subjected to pyrolysis undergo breakdown in three main ways, through: 

random scission, side-group scission and monomer reversion [54, 61, 67]. These 

three mechanisms are responsible for majority of the pyrolysis products generated in  

a fire, and, with the increase in temperature, they generate even smaller radicals and 

volatile molecules [54]. Other mechanisms such as cross-linking or char formation 

do not significantly affect the resulting pyrolysis products; thus, they don’t play an 

important role in forensic fire analysis [61]. It is also important to note that a 

particular combustible material can go through more than one type of breakdown 

mechanism simultaneously, depending on polymer size and susceptibility of the 

polymer chain to a certain type of pyrolysis mechanism [54]. 
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1.4.1 Mechanisms of Pyrolysis 

1.4.1.1 Random Scission 

Random scission occurs when a long chain hydrocarbon undergoes breakage at 

random locations on the carbon-to-carbon backbone that supports the molecular 

structure, producing smaller molecules of varying chain lengths [54, 61, 67]. The 

scission occurs at random as the carbon-to-carbon bonds are all of similar strengths 

at any location. The scission produces free radicals that will later form oligomers 

such as alkanes, alkenes and alkadienes of varying sizes as illustrated in Figure 1.3. 

 

 

 

Figure 1.3: Polyethylene random scission mechanism [61, 68]
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1.4.1.2 Side Group Scission / Side Group Elimination / Chain Stripping 

The side group scission mechanism refers to when scission occurs to groups attached 

to the side of the backbone (carbon-to-side) rather than the backbone itself (carbon-

to-carbon), causing the backbone to become polyunsaturated with double bonds [54]. 

Figure 1.4 illustrates the side group scission of polyvinylchloride where the lower 

energy carbon-to-chlorine bond is broken first to generate a chlorine radical, 

followed by the carbon-to-hydrogen bond that generates a hydrogen free radical. 

Both these by-products combine to form hydrogen chloride while the 

polyunsaturated backbone reforms itself to yield aromatic compounds such as 

benzene, toluene, ethyl-benzene, styrene, naphthalene and other polycyclic aromatic 

hydrocarbons (PAHs) [50, 61]. 

 

 

 

Figure 1.4: Polyvinylchloride side group scission mechanism [54, 68] 
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1.4.1.3 Monomer Reversion / Depolymerisation / Unzipping 

Monomer reversion involves the depolymerisation (reversing the polymerisation 

process) and breaking of chains to return the polymer to its monomer form [50, 61]. 

Using polymethylmethacrylate (PMMA) as an example for monomer reversion 

(Figure 1.5), beta scission (thermal cracking of a hydrocarbon at the C-C bond to 

generate radicals) occurs at every other carbon-to-carbon bond to generate its 

monomer, methylmethacrylate [61]. This mechanism does not always occur 

independently in a typical fire scene as it is only capable of generating a singular end 

product, a highly unlikely event in a complex fire. Usually, monomer reversion 

occurs simultaneously with a number of other pyrolysis mechanisms [54]. 

 

 

 

Figure 1.5: Polymethylmethacrylate monomer reversion mechanism [68]
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1.4.2 Pyrolysis and Combustion of Polymers 

Cellulose is one of the most common natural polymers encountered in fire scenes, as 

it is the building block for materials such as wood, carpets, upholstery and textiles.  

 

Made up of repetitive glucose units, cellulose undergoes both physical and chemical 

changes through combustion and pyrolysis [69]. During combustion, heat is applied 

to the cellulose molecule that causes molecular decomposition into smaller 

compounds and, at the same time, producing enough heat to generate volatile 

products through pyrolysis [69, 70]. These volatile products include aldehydes, 

ketones, furans, levoglucosan, acid, acid esters and aromatics [69, 71, 72].  

 

The pyrolysis of cellulose occurs by two different pathways (experiencing three 

different stages: initial, main and char decomposition), depending on the temperature 

applied to the material during the heating process [69]. At the initial stage, 

(temperatures below 300 
o
C but above 80

 o
C), marked physical changes are 

noticeable with damage occurring predominantly in the amorphous region of the 

material. Cellulose undergoes cross-linking and dehydration, generating H2O and 

CO2, and leaving behind a carbon backbone commonly known as char [73]; at 

temperatures above 300 
o
C where main pyrolysis occurs, pyrolysis and char 

decomposition are apparent at the crystalline region of the molecule.  

 

The majority of the pyrolysis products are generated within the range of 300 
o
C to 

380 
o
C, where the dehydrated chain undergoes random scission of the C-O bond, 

unzipping the chain to form levoglucosan and L-glucose, that will in turn generate 

volatiles, oxygenates and flammable gases that fuel combustion [46, 70, 73, 74]. At 

temperatures above 380 
o
C to 450 

o
C, char decomposition occurs, whereby the 

remaining char releases more H2O and CO2 and becomes even more dehydrated, 

releasing carboxyl and carbonyl products in the process [69, 75]. Figure 1.6 provides 

a schematic illustration of cellulose pyrolysis and the type of products generated 

across the temperatures.  
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Figure 1.6: Pyrolysis pathways for cellulose [76] 

 

Besides natural polymers like cellulose, other major synthetic polymers such as 

polyolefins, styrene, vinyl and acrylate are also commonly encountered in fire scenes 

[77]. According to Waste Watch 2003 [78], the building and construction sector in 

the UK utilised a staggering 800,000 tonnes of plastic in their industry, out of which 

480,000 tonnes were of polyvinylchloride (PVC), a type of vinyl polymer. Other 

common polymers used included polyurethane, polystyrene, polyesters, 

polyethylene, polyamide, rubber, polycarbonates and polyacrylonitrile [77-79]. 

These synthetic polymers can be classified into three groups; thermoplastic 

(polyester, acrylic, nylon), thermosets (epoxy, vinyl ester, phenolic resin) and 

elastomers (isoprene) [55, 79]. Thermoplastics are a group of polymers that soften 

and melt when heated whereas thermosets do not melt, instead they release volatiles 
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and forms infusible and insoluble char as their end product while elastomers refer to 

a group of rubber-like polymers.  

 

When heated, each of these polymers undergo various pyrolysis mechanisms 

depending on which group of polymers they belong to [55], generating a variety of 

pyrolysis products as explained in Table 1.1. Knowledge of the types of pyrolysis 

products generated from these commonly encountered materials is essential for the 

forensic scientist to prevent a false positive or false negative conclusion in a fire 

investigation, as these products can act as interfering products in the identification of 

ignitable liquid residues (ILR) and potentially human or animal remains. 

 

Table 1.1: Common polymers encountered in fire scenes, including their decomposition mechanisms and 

pyrolysis products generated. Adapted from [77]. 

Polymers Decomposition 

Mechanisms 

Pyrolysis Products 

Polyolefins 

Polyethylene random scission n-alkanes, n-alkenes, n-alkadienes 

Polypropylene random scission branched alkanes, branched alkenes, 

branched alkadienes 

Polyisobutylene random scission  

monomer reversion 

branched alkanes, branched alkenes, 

branched alkadienes 

Syrene 

Polystyrene monomer reversion 

side-group scission 

styrene, aromatics 

Poly(α-methylstyrene) monomer reversion 

 

α-methyl-styrene 

Vinyl 

Polyvinylchloride side-group scission aromatics, chlorinated compounds 

Polyvinylidenechloride side-group scission aromatics, chlorinated compounds 

Polytetrafluoroethylene  monomer reversion tetrafluoroethylene 

Polyvinylacetate side-group scission aromatics, acetic acid 

Polyvinylalcohol side-group scission aromatics 

Acrylate 

Polymethylacrylate  random scission methanol, oxygenated compounds 

Polymethylmethacrylate monomer reversion methylmethacrylate 

Polyamide 

Nylon 6 random scission 

cross-linking 

oxygenated compounds 

Nylon 6-6 random scission 

cross-linking 

oxygenated compounds 

Polyesters 

Polyethyleneterephthalate random scission (CO 

bonds) 

oxygenated compounds 

Polyethylenaphthalate random scission (CO 

bonds) 

oxygenated compounds 
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 Table 1.1 continued 

Rubber 

Polybutadiene monomer reversion 

(followed by dimerisation) 

butadiene, alkene 

Polyisoprene monomer reversion 

(followed by dimerisation) 

dipentene, alkene 

Polyacrylonitrile and Copolymers 

Polyacrylonitrile side-group scission aromatics 

Styrene-acrylonitrile 

(SAN) 

side-group scission aromatics 

 

1.4.3 Pyrolysis and Combustion of Hydrocarbons 

Hydrocarbon materials, the resultant products from the combination of hydrogen and 

carbon, make up most of the important fuel packages encountered in fires. The basic 

form of this is methane, CH4, the key component in natural gas. Upon oxidation, 

methane undergoes over 100 intermediate reactions before producing carbon dioxide 

and water [9, 42].  

 

The first step involves the loss of hydrogen atoms, generating ethane and acetylene 

together with free radicals (unstable molecular species) such as –OH, –CH2O and –

CHO. However, these free radicals require high temperatures to exist; thus, upon the 

expiration of fire they condensate to form pyrolysis products, noticeable on surfaces 

after the fire has been extinguished [8]. It is important to note that, when dealing with 

more complex hydrocarbons, a whole range of free radicals can be generated, 

proportional to the increase in intermediate reactions [8].   

 

Hydrocarbons can be classified into a number of groups [8], namely: 

 

 straight chain /  normal / n-alkanes 

 branched / iso / aliphatic/ paraffinic alkanes 

 aromatics  

 cycloparaffins 
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Straight chain or n-alkanes are normal chains of carbon and hydrogen bonded 

together through their valency in a straight molecular structure. Butane, C4H10 is an 

example and is represented in Figure 1.7. 

 

Figure 1.7: Molecular structure of butane 

 

These carbon chains can branch at a variety of locations without causing any change 

in the empirical formula of the molecule, and as such, they are called iso / aliphatic / 

paraffinic structures. This is illustrated in Figure 1.8 with isobutane, which has the 

same empirical formula as butane (Figure 1.7) but with a different molecular 

structure. 

 

Figure 1.8: Molecular structure of isobutane 

 

Hydrocarbons that have a six-membered ring of carbon atoms, with alternating single 

and double bonds are referred to as aromatics as they exhibit characteristic odour 

specific to their compound. The simplest form of this class is known as benzene, 

C6H6 (Figure 1.9). 

 

Figure 1.9: Molecular structure of benzene 

 

Ring compounds can undergo substitutions of one or more of the hydrogen atom(s). 

An example of this is a substituted benzene ring, commonly known as toluene, C7H8 

(Figure 1.10). 

 

Figure 1.10: Molecular structure of toluene 
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The final class of hydrocarbons that are frequently encountered are the 

cycloparaffins. They are made up of rings consisting of five, six or seven carbons but 

without the double bonds that characterise aromatics; cyclohexane, C6H12 (Figure 

1.11), is an example. 

 

Figure 1.11: Molecular structure of cyclohexane 

 

1.4.4 Pyrolysis and Combustion of Carbohydrates and Fats 

In most countries, extensive use is made of wood, especially in building structures 

[80], making them one of the most common fuels encountered in structural fires. The 

main constituent of wood is cellulose, a carbohydrate. The monomer of any 

carbohydrate is glucose, with a molecular formula of C6H12O6. Cellulose (C6H10O5) is 

basically a network of glucose units which, when subjected to heat, exhibits the same 

burning profile of glucose, as illustrated below [8]: 

 

Glucose: C6H12O6  +  6O2               6CO2 + 6H2O 

Cellulose: C6H10O5 + 6O2               6CO2 + 5H2O 

 

The molecules in carbohydrates are large and complex, and they contain high levels 

of oxygen, indicating that they are partially oxidised to begin with [8]. Like other 

fuels, not all of the carbon undergoes complete oxidation to form carbon dioxide as 

oxygen is not always readily available in a typical fire scenario [9]. The residual 

carbon undergoes incomplete combustion and releases a variety of volatile products 

instead. 

 

Besides cellulose, vegetable and animal fats also play a significant role in fuelling 

fires. Fats are basically composed of glycerol and fatty acids; a fatty acid is a long 

hydrocarbon chain with a terminal carboxyl group [8, 9]. Their monomers are known 

as triglycerides, a molecule composed of three fatty acids adhered to a glycerol 

molecule as illustrated in Figure 1.12. 
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                         (a)                                                                                            (b) 

 

Figure 1.12: Chemical structure of (a) glycerol and (b) triglyceride 

 

When fat is burnt, it melts at relatively low temperatures [81] and the vapours have 

been documented to ignite at temperatures around 250 
o
C [82]. The auto-ignition 

temperature (AIT) of fat has been documented to be within the range of 350 
o
C to 

355 
o
C [17, 66]. When fat is heated at low temperatures for extended durations, 

charcoal is formed, and, when subjected to higher temperatures under moderate 

heating durations (300
 o

C to 500 
o
C for more than 30 minutes), a range of 

hydrocarbons, acids, aromatics, oxygenates and alkadienes have been detected [83, 

84]. However, when pyrolysed at high temperatures of 400
 o

C to 1000
 o

C for short 

durations (10 seconds), fats have been documented to decompose to generate n-

aldehydes and a number of straight and branched hydrocarbons [83, 85].  

 

Previous experiments have shown that animal fat (pig fat) and, by extension, human 

body fat have similar burning profiles and are impossible to tell apart; thus, pig fat is 

a good model for human fat [81, 86]. The National Fire Protection Association 

Handbook cited that animal fat outputs a high heat of combustion of 39.8 kJ/g [87]. 

In order for fats to actively contribute in a fire, the dermis layer of the body has to 

undergo splitting upon contact with an external flame to facilitate the rendering of 

the subcutaneous fat layer [88]. Once fat ignites, it will readily burn, generating 

flames of 700
 o

C to 800 
o
C [88], given that there is a steady supply of melted fat and 

significant amounts of heat are generated from the initial flames. The availability of a 

porous and carbonaceous wick (clothing, carpets, drapes, bedding) for the rendered 

fat to be absorbed onto, will facilitate the continuous combustion of fats once the 

initial heat source / flames is removed, failing which the flames will not self-sustain 

[81, 88]. According to Stryer [89], an average 70 kg male stores energy reserves of 



21 

 

100,000 kcal in tryglycerols (fats), 25,000 kcal in protein and only 640 kcal in 

carbohydrate. A case study conducted by DeHaan [88] and DeHaan et al. [86] also 

corroborated this as they found the best fuel in the human body to be subcutaneous 

fat, generating heat of 120-130 kW from 26 kg of fat. From this, it is evident that fats 

will play the leading role in the combustion of a human body and, for certain cases, 

contribute actively in a fire [90]. 

 

1.5 Thermal Alterations to Bone 

 

Once heat penetrates soft tissues in the body and reaches the bones, it will 

substantially alter the bones’ chemical and structural integrity. Bone starts to lose its 

collagen cross-link stability together with the minerals that hold its structure together 

[20]. Crystallisation of bone minerals [91], consumption of organic matrix and loss 

of water will all cause bones to calcinate, dehydrate, fracture and shrink [8, 9, 92]. 

 

1.5.1 Stages of Heat-Induced Modification in Bone 

One of the first few researchers that identified the stages of heating to bone, in terms 

of the changes to its microscopic morphology was Shepard in the 1950s [93]. He 

classified six progressive stages of heating damage, further refined by Shipman et al. 

[94] into five stages and by Mayne Correia [95]. A holistic and robust approach to 

the categorisation of heat-induced modification to bone was proposed by Thompson 

[96], having adopted and modified the main work of Mayne Correia. He suggested 

that all heat-induced changes to bone fall into one of four main categories, based on 

the temperature exposure (Figure 1.13), and in a sequence following dehydration, 

decomposition, inversion and fusion (Table 1.2) [97]. 
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Figure 1.13: Relationship between temperature and heat-induced changes to bone. Adapted from 

Thompson [97]. 

 

Table 1.2: The four stages of heat-induced modification to bone. Adapted from [97]. 

Temperature Range 

(
o
C) 

Stage of Transformation Observation 

100 - 600 Dehydration Fracture patterns 

Weight loss 

300 - 800 Decomposition Colour change 

Weight loss 

Reduction in mechanical strength 

Changes in porosity 

500 - 1000 Inversion Increase in crystal size 

Above 700 Fusion Reduction in dimension 

Increase in crystal size 

Increase in mechanical strength 

Changes in porosity 

 

Dehydration is the first thermal decomposition stage that bone undergoes, caused by 

the loss of physisorbed (adsorbed) or chemisorbed (bonded) water [95, 98], and also 

from the breakage of hydroxyl bonds in the apatite crystals [94]. Loss of water 

occurs as water molecules adhered to the crystal’s surface and organic material 

disperses, causing widespread of cracks and warping of the bone [94, 99].  

 

Upon dehydration, and with increasing temperatures typically between 350 
o
C to 525 

o
C, bone undergoes significant thermal decomposition, where the organic 

components of bone are pyrolysed and burned off, decreasing the organic content in 

bone that lead to the loss of mass [94, 95, 99].  

       -changes in strength 

        -recrystallisation 

        -porosity change 

1000 oC and 
above 

-weight loss 

-colour change 

-fracture formation 

-changes in strength 

-recrystallisation 

-porosity change 

-dimensional change 

750 oC - 1000 oC 

-weight loss 

-colour change 

-fracture 
formation 

550 oC - 750 oC 

-weight loss 

300 oC - 550 oC 
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Inversion is attained when changes in the crystal size occur as hydroxyapatite 

crystals begin to convert to β-tricalcium phosphate Ca3(PO4)2 with the elimination of 

carbonates [96] to form carbon dioxide and calcium oxide [95]. Although the 

conversion process results in the formation of smaller crystals, recrystallisation also 

occurs concurrently, fusing the smaller crystals to form larger crystals, resulting in a 

range of crystal morphology [91, 94, 100]. 

 

At temperatures above 700 
o
C [94], the apatite crystals will begin to melt and cohere 

in the crystal matrix to fill up spaces left by the diminished water and organic 

compounds [7]. This is when bone enters the fusion phase. As a result, there is 

significant shrinkage and reduction in bone size. Although shrinkage occurs at all 

four stages, it is most evident and substantial at the fusion stage [96].  

 

1.6 Interfering Pyrolysis Products and Their Implication in Forensic Fire 

Analysis 

 

As discussed previously, a fire scene can be presented with a variety of fuels, natural 

or synthetic, which, when pryolysed, generate volatiles and products that can cause 

interference in fire debris analysis [54]. More often than not, when fire investigators 

suspect that a fire scene is of a malicious nature, fire debris will be collected and 

submitted for analysis to the laboratory in an attempt to identify which, if any, 

contains ILR. The extraction process that follows is very simple, utilising readily 

available and established standard protocols as per ASTM [101-104]. However, it is 

the interpretation of these chromatographic results that poses a challenge to the 

forensic scientist and requires extensive skill, knowledge and experience. To 

complicate matters, the presence of these interfering and contaminating pyrolysis 

products renders this task even more complex as it then requires effective isolation of 

the target compounds from background interferences [105-109].  

 

When a fire scene involves human remains, potential key indicators of human 

remains could also be masked by these interfering products, especially if the key 

indicators of human remains share similar chromatographic profiles with other 
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materials and are present in low concentrations. These key indicators of human 

remains have been reported to be a homologous series of n-aldehydes, documented to 

be present in pyrolysis products generated from both porcine and human samples 

[66, 110]. Other compounds such as n-alkanes, n-alkenes, aromatics, cycloalkanes, 

cycloalkenes, nitriles and light oxygenates have also been documented to have 

generated from cadaveric remains, but these compounds are also generated from 

household items and ILR, so they can be classified as interfering pyrolysis products. 

 

Interfering products are defined as a ‘set of products found in a sample that interfere 

with the proper identification of target compounds’, typically ILR [68]. Pyrolysis 

products interfere with the analysis by generating volatiles that are either similar in 

range or emulate the mass-to-charge ratio (m/z) or chromatographic peaks of the 

target molecules [54, 111, 112]. In terms of ILR analysis, usually, the remaining 

ignitable liquid that is left behind after a fire has occurred will be low in abundance, 

as it will have been consumed massively in the fire. Thus, it is difficult to distinguish 

and separate ILR signals from other pyrolytic signals that are present in the 

background with similar low concentrations [108, 109]. This can, in turn, lead to a 

false positive conclusion of the presence of ignitable liquid in a fire scene and, at 

worst, a wrong conviction. From another perspective, a false negative can also be 

attained when one assumes that these peaks are only generated from interfering 

pyrolysis products and not from ILR. This can happen when there is a lack of 

knowledge about the type of volatiles that are generated from various fuels, including 

those from human remains [54].  

 

Contaminating products can come from various sources [113] but are mainly 

classified into three groups, namely: substrate background products / actual 

petroleum products that are present in the substrate material; pyrolysis products 

released from the combustion of the substrate; and combustion products (Figure 

1.14) [43, 77, 108, 109, 113-115]. Stauffer proposed a comprehensive chart to 

illustrate the breakdown of these sources according to phases, as exemplified in 

Figure 1.15; pre-fire, ignition, extended fire, extinguishment, and sampling. 
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Figure 1.14: Breakdown of interfering products according to three main sources [77] 

 

 

Figure 1.15: Formation of interfering products in a typical fire scene [68] 
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Although these interfering compounds can result from the pyrolysis of other 

compounds, they are almost always seen coming from natural or synthetic polymeric 

organic materials such as carpet, wood, padding and floor tiles [106, 108, 109, 116-

119] – materials used ubiquitously in homes and buildings. Over the years, numerous 

researchers have conducted studies to demonstrate the generation of these interfering 

pyrolysis products over a wide range of materials. To name a few, Keto [109]  

discussed in detail the similarities between the pyrolysis products of polyethylene 

and heavy petroleum residues. Comparable results were also noted with the 

chromatographic similarities between asphalt pyrolates and heavy petroleum 

distillates [120]. Howard and McKague [118] recorded that the burning of carpet 

generated similar target compounds, namely toluene, xylenes and styrene – aromatics 

that are usually an indicator for the identification of gasoline. Bertsch [107] also 

documented similar results in which the presence of styrene, methyl-styrene, small 

amounts of aromatics and high levels of naphthalene and methyl-naphthalene were 

present naturally from burnt carpet and carpet padding. Lentini et al. [111] identified 

petroleum-based products naturally occurring in a variety of samples prior to 

burning.  

 

In a case of false positive, Stone and Lomonte [117] looked into an arson case in 

which the suspect was wrongly convicted because turpentine was identified and led 

to the conclusion of ILR, but in fact it was actually a component normally occurring 

in wood padding [117]. If control samples were taken and information and 

knowledge on the pyrolytic profile of wood padding was readily available and 

known to the investigator, this situation could have been avoided. Similarly, in terms 

of the pyrolysis profile of cadaveric remains, very little research looking into the 

pyrolysis products generated from human or animal remains [66] have been 

conducted, and this should be examined further in order to prevent any future 

misinterpretation and misidentification in fire scene investigation. Proper analytical 

technique(s) and suitable diagnostic analysis also have to be undertaken to 

effectively isolate and identify these interfering background products from the target 

compounds. 
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1.7 Extraction of Pyrolysis Products from Fire Debris Samples 

 

Once the fire debris evidence has been packed and sent to the laboratory, it is the job 

of the forensic scientist to examine the evidence thoroughly, to conduct proper 

extraction and to apply suitable analytical techniques, and finally to interpret the 

results of the analysis. A schematic representation of the process is depicted in 

Figure 1.16.  

 

Extraction is conducted to separate the target components from a sample, to remove 

impurities and pre-concentrating them on an extracting material. It is performed to 

prevent sample loss and take full advantage of high detection limits [121]. Various 

extraction techniques exist to recover pyrolysis products from fire debris [122]. The 

headspace adsorption extraction technique combined with chromatographic 

separation of the target compounds is the most commonly used method 

recommended by the American Society for Testing and Materials (ASTM) E1412-00 

[122, 123]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16: Laboratory analysis of fire debris. Adapted from [61].
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1.7.1 Passive Headspace Diffusion using Activated Carbon Strip (ACS) 

Passive or static headspace diffusion is one of the most common extraction methods 

used in forensic laboratories [61, 124].  

 

Passive headspace diffusion is a process that involves the migration of volatile target 

compounds onto an adsorbent material (porous polymer or carbon) by diffusion, at 

ambient or heated temperatures at specific time intervals. The adsorbent material will 

then be desorbed by solvent extraction or thermal desorption for further analytical 

procedures [17, 125-127]. The entire process is relatively quick (minimal sample 

preparation), non-tedious (minimal or no monitoring), inexpensive, simple, relatively 

sensitive and, most importantly, non-destructive [121, 124, 125, 128]. Its non-

destructive nature allows for sample archiving, as it does not cause the total depletion 

of the sample, contrary to active headspace sampling [129]. This is verified by 

Waters and colleagues [125] as they reported no substantial depletion in volatile 

concentration over multiple passive headspace sampling of the same sample across 

one, three and six months. 

 

Passive headspace sampling of volatiles is commonly coupled with an adsorbent 

known as activated carbon [103, 124]. This adsorbent was initially introduced by 

Twibell and Holm [130] in the form of charcoal-coated ferromagnetic wires, 

whereby a thin layer of highly activated charcoal was used to coat the wires which 

were left in the headspace for one to two hours to undergo passive adsorption before 

being subjected to heat (thermal desorption) via the Curie point pyrolysis system to 

facilitate desorption [131]. In 1982, Juhala [132] modified this method with the 

introduction of Plexiglass beads and charcoal-coated copper wires that facilitated 

direct introduction into the sample headspace, and desorption was done using a 

solvent elution technique (with carbon disulfide) instead of thermal desorption. The 

use of this carbon wire adsorption / solvent extraction (CWSE) [121] technique 

facilitated headspace exposure and accommodated solvent extraction. However, 

since the coated wires and beads were fragile in nature, more often than not, the 

detachment of charcoal was observed [128]. Tranthim-Fryer [121] addressed this 

issue by utilising strips of aluminium or copper to provide support for the activated 
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charcoal and recommended the use of n-pentane as a solvent of choice to counter the 

damaging effects of carbon disulfide.  

 

In recent years, the use of C-bags and diffuse flammable liquid extraction (DFLEX
®
) 

devices, commonly known as activated carbon strip (ACS) has gained popularity due 

to their in situ trapping that aids in preventing contamination and the loss of residual 

accelerants from the sample [128, 133-135]. They are also portable to crime scenes 

and can be used with ease, either with or without heating, and require very minimal 

monitoring. Both are usually suspended within the headspace of the sample with a 

magnet / string (Figure 1.17) and adsorption continues to take place until equilibrium 

between the headspace, the adsorbent and the sample is attained [61]. C-bags are 

basically made up of granular activated charcoal enclosed within a wrapping of 

porous paper, whereas ACS are adsorbent carbon impregnated on a polymer 

membrane [128, 136], originally taken from organic vapour detection badges and 

adapted for laboratory use by removing the plastic coverings [128]. The adsorbents 

are then desorbed using solvents or thermal desorption [127, 137].  

 

Figure 1.17: Experimental setup for ACS for passive headspace sampling [129] 

 

ACSs are a highly porous material with a random structural arrangement of graphite;  

they are usually derived from cotton, coal and wood, compounds known to have high 

carbon contents, and also from some synthetic polymers [138]. Due to their highly 

porous structure and large surface areas, ACSs are deemed sensitive and can be 

applied to a wide range of ignitable liquids and hydrocarbons extraction, from 
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boiling points of 0 
o
C to 250 

o
C [139]. They are also able to retain as low as 0.2 µL 

of standard accelerant material (SAM) [128].  

 

The use of ACS minimises sample preparation time significantly and eliminates any 

source of contamination; they are also inexpensive and very easy to work with [129]. 

In addition to this, they do not react with nitrogen or oxygen (do not undergo 

oxidation) [140] and do not suffer any interference in the presence of water as they 

are hydrophobic in nature [121, 128]. This makes them particularly useful in fire 

cases as most samples are often collected after fire extinguishment via water. Also, 

since they do not require monitoring, they significantly reduce analyst work time, 

especially because they can be sampled at ambient temperatures or left to be heated 

for hours at elevated temperatures [128]. This also offers flexibility to the analysis as 

samples that are not suitable for heating can be placed at ambient temperatures and 

vice versa [128]. In addition, ACS allows episodic sampling as more than one strip 

can be placed in a sample container per time. If the other is not needed for immediate 

analysis, archiving is made possible with no hassle [136].  

 

1.8 Instrumental Analysis  

1.8.1 Chromatography and Gas Chromatography (GC) 

According to McNair and Miller [141], the term ‘chromatography’ initially came 

into use in the early nineteenth century when Tswett scientifically described it in one 

of his publications. Fifty years later, Martin and James [142] adopted the basis of this 

technique and brought forth gas chromatography (GC), a separation technique that 

utilises gas as the mobile phase, and it was then made commercially available in 

1953 [143]. Its ability to separate a variety of volatile components in a fast, simple 

and accurate way has made it one of the most used universal separation technique in 

analytical laboratories [141, 144]. The use of GC was pioneered in the field of 

forensic science when Lucas [145] utilised this instrument in 1960 to separate and 

identify petroleum-based ignitable liquids in suspected arson cases. Since then, it has 

undergone modification and evolution of various kinds to create an automated, user-

friendly, online, integrated system that is seen in laboratories nowadays. Its use has 

been an international phenomenon in various fields of forensic science, including fire 
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debris analysis [121, 125, 146-148], toxicology [149-152], biology [153-155], trace 

evidence [156], drugs [157-159], explosives [160] and environmental studies [130, 

161, 162]. 

 

According to the International Union of Pure and Applied Chemistry (IUPAC), 

chromatography is defined as ‘a physical method of separation in which the 

components to be separated are distributed between two phases, one of which is 

stationary (stationary phase) while the other (the mobile phase) moves in a definite 

direction’ [163]. Principally, chromatography involves the relative separation and 

interaction of analytes in a two-phased partitioning system based on their affinity and 

equilibrium with the mobile and stationary phases [164]. The mobile phase (gas, 

liquid, supercritical liquid) serves as a transporter in which the analytes can be either 

be distributed on or dissolved within, prior to being carried through the stationary 

phase [141, 143]. The stationary phase is typically a solid or liquid bonded on a solid 

(bonded phase) or immobilised onto it (immobilised phase) with a large surface area 

that can be either packed in a tube (column) or on thin layers coated onto an inert 

support such as glass, plastic or aluminium [48, 163, 164].  

 

Upon introduction into the analytical instrument, the vaporised analytes are carried 

by the mobile phase and partition from one another based on their differing affinities 

for the stationary and mobile phases. The relationship is inversely proportional, 

whereby when a target analyte distributes itself more strongly in the stationary phase, 

it moves slower through the system; whereas analytes that have high affinities for the 

mobile phase elute faster. Hence, the migration rate is mainly controlled by the 

distribution and equilibrium of the components between these two phases. 

Equilibrium between these two phases is attained according to the equilibrium 

constant (partition constant), KC [141, 165], or distribution coefficient, KD [143, 166], 

as represented in Equations 1.1 and 1.2, respectively. 

 

𝐾𝐶 = 
[𝐴𝑠]

[𝐴𝑚]
 

 

 

Equation 1.1 
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where,  

[A]s is the equilibrium concentration of analyte A in the stationary phase, and  

[A]m is the equilibrium concentration of analyte A in the mobile phase 

 

𝐾𝐷 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑝ℎ𝑎𝑠𝑒

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑜𝑏𝑖𝑙𝑒 𝑝ℎ𝑎𝑠𝑒
 

               

The components’ affinities for either of the phases is governed by various factors, 

including the differences in molecular charge, vapour pressure, size or mass, polarity, 

redox potential, ionisation constant and structure [141, 165].  

 

1.8.2 Instrumentation of Gas Chromatography 

Typically, a gas chromatography instrument is made up of a combination of six main 

components, each playing a significant role in making the instrument effective and 

reliable. Every part has to function optimally on its own and, at the same time, 

interacting with one another, failing which the separation process would be 

hampered. Figure 1.18 presents a general gas chromatography system that comprises 

an injection port, gas supply and flow controllers, oven, analytical column, detector 

and recorder / data acquisition system [141, 143, 164]. 

 

Figure 1.18: Instrumentation and set up of a typical gas chromatography [167] 

 

Equation 1.2 
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1.8.2.1 GC Injection Port / Inlet 

The injection port is the start off point of any analytical analysis in a GC instrument. 

Sealed with an inlet septum, this heated chamber serves to introduce samples into the 

column upon vaporisation. Samples are usually introduced into the injection port 

with a glass-coated stainless steel micro-syringe, typically 10 µL, which is sharp 

enough to penetrate the barricading septum. The injection port is usually made of a 

metal cylinder with a hollow space to accommodate a glass liner that is usually 

packed with variable amounts of glass wool. The purpose of the glass wool is to 

further clean up any impurities in the sample to safeguard the column from any 

impurities. As one end of the liner accepts the introduced sample, the other end is 

connected to the initial part of the column with a narrowed insert that serves to 

minimise band-broadening by controlling the amount of sample being transited into 

the column. The temperature of the injection port has to be high enough to ensure 

rapid vaporisation of the sample and, at the same, to be low enough to ensure thermal 

decomposition of the sample does not occur. It is typically kept between 100 
o
C and 

300 
o
C for normal experimental conditions. Two modes of injection are normally 

observed, namely split and split-less injections. In the split mode, only small portions 

of the sample being injected are allowed into the column and the rest is purged out to 

prevent column overloading. Split-less mode allows the entire sample to enter into 

the column and is a mode that is usually applied when dealing with very trace 

amounts of samples. Once the sample has been converted into a gaseous state, it is 

then mixed with the carrier gas and migrated into the analytical column [141, 143, 

164]. 

 

1.8.2.2 Gas Supply and Flow Controllers 

The mobile phase of a GC is gaseous in nature and functions to transfer gaseous 

samples through the column, as well as to provide a conducive environment in which 

the detector has optimum sensitivity [141]. Among the common gases used are 

nitrogen (N2), hydrogen (H2) and helium (He), and the gas used is determined based 

on the type of detector employed [168]. When a mass spectrometer (MS) is used as 

the detector, helium is usually the preferable carrier gas as it does not interfere with 

the mass spectral patterns of the compounds [164, 169]. Hydrogen is also commonly 
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used, but because of its reactive nature, it is prone to fires and explosions and has to 

be handled with extreme caution. Nitrogen is usually used when the GC is coupled 

with a flame ionisation detector (FID), which is known for its high sensitivity but 

tends to extend the analysis time. An FID can also be used with helium as the carrier 

gas.  

 

A carrier gas has to be inert to ensure no chemical interaction with the sample [167]. 

It also has to be up to 99.999% pure as the presence of any form of impurity, be it 

water or oxygen, can damage the analytical column as well as inducing high detector 

background and ghost peaks [141, 168]. The mobile phase is controlled by standard 

pressure regulators; a stainless steel diaphragm connected with a safety valve and an 

inlet filter. Besides preventing particulate matter (e.g. water, hydrocarbon, oxygen) 

from entering the column, they serve to prevent any air leaks in the system and to 

maintain a constant flow rate and pressure. Constant flow rate and pressure are 

essential to preserve column efficiency and the accuracy of quantitative analysis 

[141, 143]; the flow rate is usually within the range of 1 to 2 mL/min [167]. Once the 

mobile phase has engaged with the gaseous sample in the injection port, it moves 

through the length of the column and exit through the detector [141, 164, 167]. 

 

1.8.2.3 Analytical Column and Oven 

The column, contained within an oven and connected to the injection port at one end 

and to the detector at the other end, is deemed to be the core of a GC. Basically, there 

are two types of columns, packed columns and capillary columns, and both are 

usually made of temperature-stable materials such as glass, stainless steel or Teflon
®
 

[141, 167]. Packed columns are stainless steel columns that are packed tightly with a 

liquid stationary phase coated on an inert solid support with a large surface area. 

They are less sensitive than capillary columns (open tubular columns) and have been 

replaced for most laboratory analyses. In contrast to packed columns, capillary 

columns are made up of a thin film of a liquid phase that coats the interior wall of the 

fused silica tubing and are not filled with any packing material [141, 143]. The open 

tubular structure facilitates the production of long lengths of columns that in turn 

gives them the ability to provide high efficiency of separation for complex matrices 
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[61, 170]. According to the ASTM E1618-11 for ignitable liquid residue analysis 

[168], a bonded phase methylsilicone or phenylmethylsilicone column is 

recommended for laboratory analyses using Gas Chromatography – Mass 

Spectrometry (GC-MS).  

 

In order to optimise separation and analysis, the column (type, length, internal 

diameter, thickness) and temperature applied has to be carefully judged. All of these 

factors will directly affect the retention time and efficiency of the chromatographic 

process. Oven temperature also has to be monitored closely and, with modern 

automated temperature programming, gradual ramping of the oven temperature 

(ambient temperature to 360 
o
C) at specific intervals is made possible with no hassle, 

facilitating differing separation rates of molecules at reasonable speed [48, 141]. 

Temperatures above 360 
o
C are not recommended as this will not only denature 

samples but also subject the column to distress and, over time, lead to the 

degradation of its silica coating. Preferably, column temperatures have to be 

maintained above the ‘dew point’ but not above the boiling point of the sample 

[141]. Proper care during column installation, shortening and conditioning, as well as 

effective sample preparation technique, are also important to lengthen the life span of 

a column [143]. Once the samples are exposed to the stationary phase, separation of 

molecules begins based on their different affinities for either of the phases. This will 

in turn lead to differences in elution and detection time of each component in the 

sample mixture [17].  

 

1.8.2.4 Detector 

Once the component reaches the end of the column, it is lead into the detector by the 

mobile phase. The detector responds by producing electrical signals based on the 

physical and chemical properties of the compound [17, 141, 171]. The amplitude of 

these signals is directly proportional to the amount / concentration of the analyte 

present in the sample, facilitating quantification. The efficiency of a detector is a 

function of temperature and, as such, has to be maintained at temperatures that 

prevent condensation of the separated components. If condensation occurs, peak 

broadening is indefinite with increasing risk of peak loss. In the case of a thermal 
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conductivity detector, baseline stability and optimal detector output are preserved by 

strict regulation of temperature (± 0.1 
o
C) [141]. On the other hand, ionisation 

detectors require close monitoring of mass flow rates rather than temperatures. As 

long as the temperature is high enough to not cause condensation, these detectors 

work relatively fine at a range of temperatures.  

 

Besides temperature, other factors like sample concentration, flow rate, selectivity, 

time constant, noise, sensitivity, minimum detectability and linear range all effect a 

detector’s function and, in turn, the quality of data output [141]. Among the common 

detectors encountered in forensic analysis are the mass spectrometer (MS), flame 

ionisation detector (FID), electron capture detector (ECD), nitrogen / phosphorus 

detector (NPD), and a range of other detectors as represented in Table 1.3. 

 

Table 1.3: Commonly available detectors. Adapted from [141]. 

Detector Selectivity 

Flame Ionisation Detector (FID) No 

Thermal Conductivity Detector (TCD) No 

Electron Capture Detector (ECD) Halogen 

Nitrogen / Phosphorus Detector (NPD) Nitrogen, Phosphorus and Halogen 

Photoionisation Detector (PID) Aromatics 

Helium Ionisation Detector (HID) No 

 

1.8.2.5 Data Acquisition System 

The data acquisition system captures signals generated from the detector and is 

responsible for detecting the retention time of the component, that is, the time 

elapsed between the introduction of the sample into the injection port to the 

component’s elution out of the column. The data is displayed in the form of a 

chromatogram. As capillary columns generate speedy elution and narrowed peaks, an 

integrated microprocessor or an online computer-based data system is probably the 

best means to capture the large load of data generated [141, 164]. Both the 

microprocessor and computer-based data system utilise an analogue-to-digital 

processer, but the computer system goes on to connect the data into a PC system, 

allowing multiple chromatographic analyses with software that facilitates data 

modification and manipulation. The latter has since replaced the microprocessor, as it 
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is very user-friendly with significantly greater flexibility and speed, and has modern 

storing, reporting and display features [141]. 

 

1.8.3 Gas Chromatography-Mass Spectrometry (GC-MS) 

Although gas chromatography (GC) can achieve excellent separation, it is only 

capable of capturing the retention time of a compound based on the partition 

coefficient but lacks the ability for unique identification of compounds. The mass 

spectrometer (MS), can facilitate qualitative identification and quantification of 

organic compounds. By coupling both the GC and MS together, the two instruments 

complement each other and form a powerful analytical tool. Besides its high 

resolving and identification power, the GC-MS is very sensitive to trace amounts of 

samples (ppm / ppb) and is able to cover a mass-to-charge (m/z) range of 10-800 

[172]. An experimental setup of the GC-MS is demonstrated in Figure 1.19 where 

the mass spectrometer is illustrated to have three main sections: ionisation source, 

mass analyser / filter and the detector [173]. 

 

Figure 1.19: An experimental setup of the GC-MS [174] 

 

1.8.3.1 Ionisation Source 

As the gaseous mixture exits the GC column, it is transmitted along a heated transfer 

line into the inlet of the MS and is introduced into the ionisation chamber. The entire 

MS system is maintained under a vacuum state using a turbo molecular pump (high 

speed) or a diffusion pump (low speed) at elevated temperatures between 200 
o
C and 

300 
o
C. A vacuum state ensures zero charged particle collision that, in turn, aids in 

reducing background noise and unwanted peaks [175]. As the pressure in the MS is 
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lower compared to the GC, an interface that utilises a capillary direct is required to 

reduce this pressure to a functional range of 10
-5

 and 10
-6

 torr; it also serves to 

eliminate a huge part of the carrier gas volume, reducing flow rates to a manageable 

level for the MS [141, 164].  

 

Once the gaseous compounds are in the ionisation chamber, they are converted into 

ions. This can happen in a number of ways, either via chemical ionisation (CI) or 

electrical ionisation (EI). In CI, ions are formed by subjecting the gaseous 

compounds to an oxidised reagent gas (methane) that induces sample ionisation via 

free radical formation. This method is relatively low energy and does not induce 

much fragmentation. It is usually present in GC-MS systems specialised for pesticide 

and explosive analysis. In EI, gaseous compounds are bombarded with high energy 

electrons generated from electron beams, causing them to undergo ionisation. EI is of 

much use in organic analysis and will be looked into further [141, 143, 173, 175]. 

 

In EI, high energy electrons generated from a heated tungsten or rhenium filament 

are guided through a narrow path by an appropriate potential behind the filament, 

towards the anode trap. A 70eV high energy electron beam is formed by focusing 

these exited electrons at one spot magnetically (Figure 1.20). When the neutral 

gaseous samples enter the chamber, these excited electrons bombard and collide with 

them continuously, inducing ionisation. The ionisation process causes loss of an 

electron from the molecule, rendering it in a form of a single positively charged 

molecular ion (parent ion), as represented in Equation 1.3.  

 

M (g) + e
-     

        M 
+̇
 + 2e- 

 

As energy continues to build up on the bonds that hold the molecules together, 

continuous bombardment causes further fragmentation, especially for ions that are 

still unstable. This generates even more fragment ions, commonly known as daughter 

ions, each with its own unique relative abundance and m/z values that characterises a 

particular molecule [48, 61, 141, 143, 173, 175, 176]. 

 

Equation 1.3 
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                    (a)                                                                        (b) 

Figure 1.20: Electrical ionization chamber (a) [176] and (b) [177] 

 

1.8.3.2 Mass Analyser 

Positive ions that are formed in the ionisation chamber are then drawn into the mass 

analyser by charged lenses. They are then separated according to their m/z values via 

magnetic or electrical fields. Among the most commonly encountered analysers are 

ion traps, time of flight and, in the case, of forensic science, the quadrupole analyser. 

Introduced in 1968 by Finnigan Instruments [178], the quadrupole mass analyser 

benefits from its simplicity in operation, petite size, rapid scanning and capturing 

abilities – all features that are essential in forensic analysis. The term ‘quadrupole’ is 

derived from the four parallel hyperbolic rods that are strategically positioned in the 

pathway of ions in the ionisation chamber, as illustrated in Figure 1.21. 

 

 

 

Figure 1.21: A quadrupole mass analyser [177] 
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Each of these rods is positioned in a way that each holds a charge that repels its 

adjacent partner. With the introduction of a fixed direct current (DC) into the system, 

the rods undergo alternate charge potentiating in a synchronised manner. Upon the 

entry of the positive ion through the narrowed slit, this rapid charge alternation 

across the rods causes the ions to experience a constant attraction-repulsion 

mechanism, moving them in a spiral formation down the pathway towards the 

negatively-charged detector. With the combination of a fixed direct current and a 

linear increase in alternating radio frequency (RF), the electromagnetic field acts as a 

mass filter and is modified by mass selective ejection to allow ions that possess a 

specific m/z value to orbit through the cavity without hitting the rods. As they reach 

the detector, the ions’ m/z is captured and converted into a spectrum. Other 

fragmenting ratios that are too heavy or too light will either be neutralised upon 

hitting the rods and be expelled or removed by the vacuum [141, 143, 177, 179]. 

 

1.8.3.3 MS Detector 

At the terminal end of the MS lies its detector, an uninterrupted 12 to 24 dynode 

version of an electron multiplier with large active surface areas that serve to collect 

and identify separated m/z values. Dynodes are metal plates that are usually made up 

of a combination of copper and beryllium and can come in the form of a discrete or 

continuous dynode; the latter is commonly encountered in laboratory GC-MS (Figure 

1.22) [141, 172]. 

 

 

Figure 1.22: Continuous dynode electron multiplier [141] 
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As illustrated in Figure 1.22, the continuous dynode electron multiplier / channel 

electron multiplier is made up of a pair of semi-conductive surfaces that are situated 

at opposing sites along the entire length of the detector. Ions that are emitted from 

the mass analyser bombard the semi-conductive surface, generating a flow of 

electrons that is then amplified extensively by the potential difference that exists 

between the two semi-conductive surfaces. Secondary electron multiplication 

strengthens the initial weak signal up to 1 million fold or in the order of 10
4
-10

8 
[141, 

172, 180]. These electrical signals are then transmitted to a computerised data 

acquisition system that converts them into a readable chromatogram containing mass 

spectra representing the m/z values versus the abundance of the sample [166]. Ion 

identification can then be conducted manually or by using softwares such as the 

National Institute of Standards and Technology (NIST) library. In the mass spectrum, 

the most abundant ion (given a percentage of 100%) is referred to as the base peak 

and the fragment peaks are plotted as a percentage of this base peak. Figure 1.23 

illustrates the mass spectrum of hexane whereby the base peak is at m/z 57 with the 

remaining m/z 43 and 29 as fragment peaks of the hexane molecule.  

 

 

Figure 1.23: Mass spectrum of hexane [141] 

 

Data obtained from the mass spectrum can be tabulated in a scan acquisition (SCAN) 

mode or in a selective ion monitoring (SIM) mode [141, 172]. In the SCAN, a 

universal range of data is scanned, typically between 40 to 400 atomic mass unit 

(AMU), and is displayed in the form of a total ion chromatogram (TIC). Commonly 

used for the identification of unknown compounds, SCAN is good for qualitative 

analysis although it experiences reduced sensitivity and slower acquisition rates as 
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compared to SIM. SIM is utilised when analysing specific target analytes with pre-

determined m/z values. Because SIM is ion specific, its sensitivity is greatly 

enhanced and acquisition rates are rapid. However, because SIM does not scan all 

masses, it cannot be used for any qualitative analyses. Figure 1.24 demonstrates the 

differences in chromatograms produced by the SIM and SCAN modes. 

 

 

Figure 1.24: Comparison of chromatograms produced by SIM and SCAN modes [141]

SIM m/z = 18 

    SCAN m/z =10-200 
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1.9 Research Objectives 

 

Interfering pyrolysis products can significantly complicate the identification of key 

indicators which may identify the presence of biological remains in fire debris 

analysis. These interfering products can come from various sources in a fire scene, 

and if the type of pyrolysis products generated from human or animal samples are 

known, the data interpretation process would be facilitated.  

 

The first stage of this study was the development and validation of a robust 

methodology for generating pyrolysis products from animal tissue (porcine) under 

laboratory conditions, using passive headspace adsorption with ACS coupled with 

GC-MS. The various factors affecting the presence and abundance of pyrolysis 

products generated and extracted were optimised. The optimised methodology was 

then applied to human tissue and commonly encountered textile materials; to 

identify, compare and contrast the types of pyrolysis products generated across these 

samples and, to access the factors that influence their pyrolytic profiles. 

 

The next stage involved the generation of pyrolysis products from ‘combined 

samples’ (porcine and textile); to identify, compare and contrast the types of 

pyrolysis products generated when these samples are burnt together. The final stage 

investigated the ability of pattern recognition techniques to categorise and 

discriminate individual contributors in the combined samples.   



44 

 

1.10 References 

 

1. Ubelaker, D.H., The Forensic Evaluation of Burned Skeletal Remains: A 

Synthesis. Forensic Science International, 2009. 183(1-3): p. 1-5. 

2. Dehaan, J.D., Kirk's Fire Investigation. 5
th

 Edition. 2002, Upper Saddle 

River, NJ: Prentice Hall. 

3. Fairgrieve, S.I., Fire and Combustion, in Forensic Cremation: Recovery and 

Analysis. 2008, Boca Raton: Florida: CRC Press. 

4. Icove, D.J. and Dehaan, J.D., Forensic Fire Scene Reconstruction. 2009, 

Upper Saddle River, NJ: Pearson/Prentice Hall. 

5. Fanton, L., Jdeed, K., Tilhet-Coartet, S., and Malicier, D., Criminal Burning. 

Forensic Science International, 2006. 158(2): p. 87-93. 

6. National Centre for Forensic Science. Substrate Database. 2006. University 

of Central Florida. 

7. Karter, M.J.J., Fire Loss in the United States During 2012. 2013, National 

Fire Protection Association, Fire Analysis and Research Division: Quincy, 

MA. 

8. Chowdhury, N., Rowe, I., and Sayer, G., Fire Statistics Great Britain 2011 to 

2012, in Fire Statistics Great Britian. 2012, Department for Communities and 

Local Government London, UK. 

9. United States Fire Administration, National Fire Incident Reporting System: 

U.S. Fire Statistics. [Online][January 1996, February 2014]. Available from: 

http://www.usfa.fema.gov/statistics/estimates/index.shtm. 

10. Taylor, P. and Bond, S., Crimes Detected in England and Wales 2011/12, in 

Home Office Statistical Bulletin. 2012, Home Office Statistics under National 

Statistics Code of Practice: London, UK. 

11. Bennison, L., Statistical Bulletin Crime and Justice Series: Fires in Scotland 

2012-2013, in A National Statistic Publication for Scotland. 2013, The 

Scottish Government, Edinburgh: Scotland, UK. 

12. Büyük, Y. and Koçak, U., Fire-Related Fatalities in Istanbul, Turkey: 

Analysis of 320 Forensic Autopsy Cases. Journal of Forensic and Legal 

Medicine, 2009. 16(8): p. 449-454. 



45 

 

13. Rho, J.Y., Kuhn-Spearing, L., and Zioupos, P., Mechanical Properties and 

the Hierarchical Structure of Bone. Medical Engineering and Physics, 1998. 

20(2): p. 92-102. 

14. Weiner, S., Traub, W., and Wagner, H.D., Lamellar Bone: Structure-

Function Relations. Journal of Structural Biology, 1999. 126(3): p. 241-255. 

15. Clarke, B., Normal Bone Anatomy and Physiology. Clinical Journal of the 

American Society of Nephrology, 2008. 3(3): p. 131-139. 

16. Currey, J.D., Bones: Structure and Mechanics. 2002, Princeton: New Jersey: 

Princeton Univ Press. 

17. Agu, K., Investigation of the Thermal Degradation Products of Bone, in 

Centre for Forensic Science, Department of Pure and Applied Chemistry. 

2011, University of Strathclyde: Glasgow, Scotland. 

18. Martin, R.B., Burr, D.B., and Sharkey, N.A., Skeletal Tissue Mechanics. 

1998, New York, USA: Springer.  

19. Symes, S.A., Rainwater, C.W., Chapman, E.N., Gipson, D.R., and Piper, 

A.L., Patterned Thermal Destruction of Human Remains in a Forensic 

Setting, in The Analysis of Burned Human Remains, ed. C.W. Schmidt and 

S.A. Symes. 2008, London, UK: Academic Press. p. 15-54. 

20. Trebacz, H. and Wojtowicz, K., Thermal Stabilization of Collagen Molecules 

in Bone Tissue. International Journal of Biological Macromolecules, 2005. 

37(5): p. 257-262. 

21. Collins, M.J., Nielsen-Marsh, C.M., Hiller, J., Smith, C.I., Roberts, J.P., 

Prigodich, R.V., Wess, T.J., Csapo, J., Millard, A.R., and Turner-Walker, G., 

The Survival of Organic Matter in Bone: A Review. Archaeometry, 2002. 

44(3): p. 383-394. 

22. Kerr, J.B., Atlas of Functional Histology. 1999, St. Louis and London: Mosby 

International Limited. 

23. Zioupos, P., Currey, J.D., and Hamer, A.J., The Role of Collagen in the 

Declining Mechanical Properties of Aging Human Cortical Bone. Journal of 

Biomedical Materials Research, 1999. 45(2): p. 108-116. 

24. Nielsen-Marsh, C.M., Gernaey, A., Turner-Walker, G., Hedges, R., Pike, A., 

and Collins, M., The Chemical Degradation of Bone, in Human Osteology, 



46 

 

Archaeology and Forensic Science, ed. M. Cox and S. Mays. 2000, New 

York, USA: Cambridge Univ Press. 

25. Kollias, N., Zonios, G., and Stamatas, G.N., Fluorescence Spectroscopy of 

Skin. Vibrational Spectroscopy, 2002. 28(1): p. 17-23. 

26. Kuhn-Spearing, L., Rey, C., Kim, H.M., and Glimcher, M.J., Carbonated 

Apatite Nanocrystals of Bone, in Synthesis and Processing of Nanocrystalline 

Powder. ed. D.L. Bourell. 1996, Warrendale, PA: The Minerals, Metals and 

Materials Society. 

27. Weiner, S. and Traub, W., Bone Structure: From Angstroms to Microns. The 

Journal of the Federation of American Societies for Experimental Biology, 

1992. 6(3): p. 879-885. 

28. White, T.D. and Folkens, P.A., The Human Bone Manual. 2005, MA, USA: 

Elsevier: Academic Press. 

29. Landis, W.J., Song, M.J., Leith, A., Mcewen, L., and Mcewen, B.F., Mineral 

and Organic Matrix Interaction in Normally Calcifying Tendon Visualized in 

Three Dimensions by High-Voltage Electron Microscopic Tomography and 

Graphic Image Reconstruction. Journal of Structural Biology, 1993. 110(1): 

p. 39-54. 

30. Weiner, S. and Wagner, H.D., The Material Bone: Structure-Mechanical 

Function Relations. Annual Review of Materials Science, 1998. 28(1): p. 

271-298. 

31. Sweeney, A.W., Byers, R.K., and Kroon, R.P. Mechanical Characteristics of 

Bone and Its Constituents, in American Society of Mechanical Enginners 

Human Factor Conference. 1965. New York, USA: American Society of 

Mechanical Engineers (ASME). 

32. Nalla, R.K., Kinney, J.H., and Ritchie, R.O., Mechanistic Fracture Criteria 

for the Failure of Human Cortical Bone. Nature Materials, 2003. 2(3): p. 

164-168. 

33. Yeni, Y.N. and Fyhrie, D.P., Collagen-Bridged Microcrack Model for 

Cortical Bone Tensile Strength, in BioEngineering Conference. 2001, 

American Society of Mechanical Engineers (ASME)-BED Publications. p. 

293-294. 



47 

 

34. Kobayashi, S., Takahashi, H.E., Ito, A., Saito, N., Nawata, M., Horiuchi, H., 

Ohta, H., Iorio, R., Yamamoto, N., and Takaoka, K., Trabecular 

Minimodeling in Human Iliac Bone. Bone, 2003. 32(2): p. 163-169. 

35. Carter, D.R. and Hayes, W.C., The Compressive Behavior of Bone as a Two-

Phase Porous Structure. The Journal of Bone and Joint Surgery: American 

Volume, 1977. 59(7): p. 954. 

36. Gibson, L.J., The Mechanical Behaviour of Cancellous Bone. Journal of 

Biomechanics, 1985. 18(5): p. 317-328. 

37. National Space Biomedical Research Institute, Human Physical 

Development. [Online] [January 2012, May 2012]. Available from: http:// 

www.nsbri.org/humanphysspace/focus6/ep_development.html. 

38. Mitchell, H.H., Hamilton, T.S., Steggerda, F.R., and Bean, H.W., The 

Chemical Composition of the Adult Human Body and Its Bearing on the 

Biochemistry of Growth. Journal of Biological Chemistry, 1945. 158(3): p. 

625-637. 

39. Nürnberg, K., Wegner, J., and Ender, K., Factors Influencing Fat 

Composition in Muscle and Adipose Tissue of Farm Animals. Livestock 

Production Science, 1998. 56(2): p. 145-156. 

40. Forbes, R.M., Cooper, A.R., and Mitchell, H.H., The Composition of the 

Adult Human Body as Determined by Chemical Analysis. Journal of 

Biological Chemistry, 1953. 203(1): p. 359-366. 

41. Dehaan, J.D., Kirk's Fire Investigation. 6
th

 Edition. 2007, New Jersey: 

Pearson: Prentice Hall. 

42. Dehaan, J.D., Fire and Bodies, in The Analysis of Burnt Human Remains, ed. 

C.W. Schmidt and S.A. Symes. 2008, London, UK: Academic Press. p:1-13. 

43. Drysdale, D., An Introduction to Fire Dynamics. 2002, Scotland, UK: John 

Wiley and Sons. 

44. Reville, W., Robert Boyle, the Father of Chemistry, in Public Awareness and 

Understanding of Science. 2004, Irish Times 2001: University College, Cork. 

45. Corry, R.A. and Kolko, D.J., Fundementals of Fire Investigation: Handbook 

of Firesettting in Children and Youth. Academic Press: USA, imprint of 

Elsevier Science, 2002. 



48 

 

46. Beyler, C.L. and Hirschler, M.M., Section 1, Chapter 7: Thermal 

Decomposition of Polymers, in SFPE Handbook of Fire Protection 

Engineering, ed. P.J. Dinenno. 2002, National Fire Protection Association, 

(NFPA) Inc. : Quincy, MA. 

47. ASTM International E176-13, Standard Terminology of Fire Standards. 

2014. American Society for Testing and Materials (ASTM) International: 

West Conshohocken, PA.  

48. Mat Desa, W.N.S., The Discrimination of Ignitable Liquids and Ignitable 

Liquid Residues Using Chemometric Analysis, in Centre for Forensic Science, 

Department of Pure and Applied Chemistry. 2012, Univeristy of Strathclyde: 

Glasgow, Scotland. 

49. Yang, L., Chen, X., Zhou, X., and Fan, W., The Pyrolysis and Ignition of 

Charring Materials under an External Heat Flux. Combustion and Flame, 

2003. 133(4): p. 407-413. 

50. Wampler, T.P., Analytical Pyrolysis: An Overview, in Applied Pyrolysis 

Handbook, ed. T.P. Wampler. 1995, New York, USA: Marcel Dekker. 

51. Moldoveanu, E., Analytical Pyrolysis of Natural Organic Polymers, in 

Techniques and Instrumentation in Analytical Chemistry. Vol. 20. 1998, 

Macon, GA: Brown and Williamson Tobacco Corp: Elsevier Science. 

52. Purevsuren, B. and Davaajav, Y., Investigation on Pyrolysis of Casein. 

Journal of Thermal Analysis and Calorimetry, 2001. 66(3): p. 743-748. 

53. Jones, J. and De Neve, S., Mechanisms of Pyrolysis. New Zealand Biochar 

Reseach Centre, 2011. 

54. Stauffer, E., Concept of Pyrolysis for Fire Debris Analysis. Science and 

Justice, 2003. 43(1): p. 29-40. 

55. Price, D. and Horrocks, A.R., Combustion Processess of Textile Fibres, in 

Handbook of Fire Resistant Textiles, ed. F.S. Kilinc. 2013, The Textile 

Institute: Woodhead Publishing: Cambridge, UK. 

56. Boter, R., Interactive Concepts in Biochemistry. [Online] [January 2002, 

April 2014]. Available from: http://www.wiley.com/college/boyer/04700037  

            90/reviews/redox/redox.htm. 



49 

 

57. Sisler, H.H. and Vanderwerf, C.A., Oxidation-Reduction: An Example of 

Chemical Sophistry. Journal of Chemical Education 1980. 57(1): p. 42. 

58. De Jong, W., Di Nola, G., Venneker, B.C.H., Spliethoff, H., and Wojtowicz, 

M.A., TG-FTIR Pyrolysis of Coal and Secondary Biomass Fuels: 

Determination of Pyrolysis Kinetic Parameters for Main Species and NOx 

Precursors. Fuel, 2007. 86(15): p. 2367-2376. 

59. Kilinc, F.S., Handbook of Fire Resistant Textiles. 2013, Cambridge, UK: The 

Textile Institute: Woodhead Publishing. 

60. Chang, R., Physical Chemistry for the Biosciences 2005, USA: University 

Science Books. 

61. Stauffer, E., Dolan, J.A., and Newman, R., Fire Debris Analysis. 2008, San 

Diego, USA: Academic Press. 

62. Irwin, W.J., Analytical Pyrolysis: A Comprehensive Guide. 1982, New York, 

USA: Matthew Dekker. 

63. Martinez-Escandell, M., Torregrosa, P., Marsh, H., Rodriguez-Reinoso, F., 

Santamaria-Ramirez, R., Gomez-De-Salazar, C., and Romero-Palazon, E., 

Pyrolysis of Petroleum Residues: I. Yields and Product Analyses. Carbon, 

1999. 37(10): p. 1567-1582. 

64. Hopkins, D.J. and Quintiere, J.G., Material Fire Properties and Predictions 

for Thermoplastics. Fire Safety Journal, 1996. 26(3): p. 241-268. 

65. Vettori, R.L., Estimates of Thermal Conductivity for Unconditioned and 

Conditioned Materials Used in Fire Fighters' Protective Clothing. 2005: 

Department of Homeland Security, US Fire Administration. 

66. Dehaan, J.D., Brien, D.J., and Large, R., Volatile Organic Compounds from 

the Combustion of Human and Animal Tissue. Science and Justice, 2004. 

44(4): p. 223-236. 

67. CDS Analytical Inc., Degradation Mechanisms: Random Scission, in 

Applications Information using Advanced GC Sample Handling Technology. 

2000, CDS Analytical Inc: Oxford, PA. 

68. Stauffer, E., Intefering Products of Common Polymers Found in Fire Scenes, 

in Third Annual TWGFEX Symposium of Fire and Explosion Debris 



50 

 

Analysis and Scene Investigation, ed. E. Stauffer. 2003: Orlando, Florida. p. 

1-94. 

69. Price, D., Horrocks, A.R., Akalin, M., and Faroq, A.A., Influence of Flame 

Retardants on the Mechanism of Pyrolysis of Cotton (Cellulose) Fabrics in 

Air. Journal of Analytical and Applied Pyrolysis, 1997. 40: p. 511-524. 

70. Zhu, P., Sui, S., Wang, B., Sun, K., and Sun, G., A Study of Pyrolysis and 

Pyrolysis Products of Flame-Retardant Cotton Fabrics by DSC, TGA, and 

PY–GC–MS. Journal of Analytical and Applied Pyrolysis, 2004. 71(2): p. 

645-655. 

71. CDS Analytical Inc., Pyrolysis-GS/MS of Clothing Fibres-Cotton and 

Poly(Ehtylene Terephthalate), in Applications Information Using Advanced 

Sample Handling Technology. 2014, CDS Analytical Inc.: Oxford, PA. 

72. Nakanishi, S., Morikawa, J., and Hashimoto, T., Flame Retardation of 

Cellulosic Fibers Characterized by Apparent Activation Energy of Thermal 

Degradation. Textile Research Journal, 1999. 69(3): p. 208-213. 

73. Nimlos, M.R. and Evans, R.J., Levoglucosan Pyrolysis. Fuel Chemistry, 

2002. 47(1): p. 393-394. 

74. Kawamoto, H., Murayama, M., and Saka, S., Pyrolysis Behavior of 

Levoglucosan as an Intermediate in Cellulose Pyrolysis: Polymerization into 

Polysaccharide as a Key Reaction to Carbonized Product Formation. Journal 

of Wood Science, 2003. 49(5): p. 469-473. 

75. Chatterjee, P.K. and Conrad, C.M., Kinetics of the Pyrolysis of Cotton 

Cellulose. Textile Research Journal, 1966. 36(6): p. 487-494. 

76. VTT, SP Tratek and KTH Biotechnology, Innofirewood, Innovative Eco-

Efficient High Fire Performance Wood Products for Demanding 

Applications: Burning of Wood. [Online] [June 2013, June 2014]. Available 

from: http://virtual.vtt.fi/virtual/innofirewood/stateoftheart/database/burning/ 

/burning.html. 

77. Stauffer, E., Sources of Interference in Fire Debris Analysis, in Fire 

Investigation, ed. N. Nic Daeid. 2004, Boca Raton, Florida: CRC Press. p. 

191. 



51 

 

78. Waste Watch and Recoup, Plastics in the UK Economy: A Guide to Polymer 

Use and the Opportunities for Recycling. [Online] [April 2003, June 2014]. 

Available from: www.plasticsintheuk.org.uk. 

79. Shalaby, S.M., Chapter 3: Thermoplastic Polymers, in Thermal 

Characterization of Polymeric Materials, ed. E.A. Turi. 1981, New York, 

USA: Academic Press: Elsevier. 

80. Babrauskas, V., Charring Rate of Wood as a Tool for Fire Investigations. 

Fire Safety Journal, 2005. 40(6): p. 528-554. 

81. Dehaan, J.D., Campbell, S.J., and Nurbakhsh, S., Combustion of Animal Fat 

and Its Implications for the Consumption of Human Bodies in Fires. Science 

and Justice, 1999. 39: p. 27-38. 

82. Babrauskas, V., Ignition Handbook. 2003, Issaquah WA: Fire Science 

Publishers. p. 1116. 

83. Maher, K.D. and Bressler, D.C., Pyrolysis of Triglyceride Materials for the 

Production of Renewable Fuels and Chemicals. Bioresource Technology, 

2007. 98(12): p. 2351-2368. 

84. Purevsuren, B., Avid, B., Narangerel, J., Gerelmaa, T., and Davaajav, Y., 

Investigation on the Pyrolysis Products from Animal Bone. Journal of 

Materials Science, 2004. 39(2): p. 737-740. 

85. Fortes, I.C.P. and Baugh, P.J., Study of Calcium Soap Pyrolysates Derived 

from Macauba Fruit (Acrocomia Sclerocarpa M.). Derivatization and 

Analysis by GC/MS and CI-MS. Journal of Analytical and Applied Pyrolysis, 

1994. 29(2): p. 153-167. 

86. Dehaan, J.D. and Nurbakhsh, S., Sustained Combustion of an Animal Carcass 

and Its Implications for the Consumption of Human Bodies in Fires. Journal 

of Forensic Sciences, 2001. 46(5): p. 1076. 

87. National Fire Protection Association (NFPA), Fire Protection Handbook. 

1990. National Fire Protection Association (NFPA). 

88. Dehaan, J.D., Sustained Combustion of Bodies: Some Observations*. Journal 

of Forensic Sciences, 2012. 

89. Stryer, L., Biochemistry. 3
rd 

Edition. 1988, New York, USA: W.H Freeman 

and Company. p. 1089. 



52 

 

90. Richards, N.F., Fire Investigation - Destruction of Corpses. Medicine, 

Science and the Law, 1977. 17(2): p. 79-82. 

91. Holden, J.L., Phakey, P.P., and Clement, J.G., Scanning Electron Microscope 

Observations of Heat-Treated Human Bone. Forensic Science International, 

1995b. 74(1): p. 29-45. 

92. Eckert, W.G., James, S., and Katchis, S., Investigation of Cremations and 

Severely Burned Bodies. The American Journal of Forensic Medicine and 

Pathology, 1988. 9(3): p. 188. 

93. Shepard, A.O., Ceramics for the Archaeologist. Vol. 609. 1956, Washington 

DC, USA: Carnegie Institution of Washington.  

94. Shipman, P., Foster, G., and Schoeninger, M., Burnt Bones and Teeth: An 

Experimental Study of Color, Morphology, Crystal Structure and Shrinkage. 

Journal of Archaeological Science, 1984. 11(4): p. 307-325. 

95. Mayne Correia, P.M., Fire Modification of Bone: A Review of the Literature, 

in Forensic Taphonomy: The Postmortem Fate of Human Remains, ed. W.D. 

Haglund and M.H. Sorg. 1997, Boca Raton, Florida: CRC Press.  

96. Thompson, J.U., Heat-Induced Dimensional Changes in Bone and Their 

Consequences for Forensic Anthropology. Journal of Forensic Science, 2005. 

50(5): p. 1008-1015. 

97. Thompson, J.U., Recent Advances in the Study of Burned Bone and Their 

Implications for Forensic Anthropology. Forensic Science International, 

2004. 146: p. S203-S205. 

98. Rootare, H.M. and Craig, R.G., Vapor Phase Adsorption of Water on 

Hydroxyapatite. Journal of Dental Research, 1977. 56(12): p. 1437-1448. 

99. Ubelaker, D.H., Human Skeletal Remains: Excavation, Analysis, 

Interpretation. 3
rd

 Edition. Vol. 2. 1989, Washington, DC, USA: Adline 

Publishing Co. p. 172. 

100. Herrmann, B., On Histological Investigations of Cremated Human Remains. 

Journal of Human Evolution, 1977. 6(2): p. 101-103. 

101. ASTM International E1386-10, Standard Practice for Seperation of Ignitable 

Liquid Residues from Fire Debris Samples by Solvent Extraction. 2012. 



53 

 

American Society for Testing and Materials (ASTM) International: West 

Conshohocken, PA. 

102. ASTM International E1388-12, Standard Practice for Sampling of 

Headspace Vapors from Fire Debris Samples. 2012. American Society for 

Testing and Materials (ASTM) International: West Conshohocken, PA. 

103. ASTM International E1412-07, Standard Practice for Separation of Ignitable 

Liquid Residues from Fire Debris Samples by Passive Headspace 

Concentration with Activated Charcoal. 2012. American Society for Testing 

and Materials (ASTM) International: West Conshohocken, PA. 

104. ASTM International E2154-01, Separation and Concentration of Ignitable 

Liquid Residues from Fire Debris Samples by Passive Headspace 

Concentration with Solid Phase Microextraction (SPME). 2012. American 

Society for Testing and Materials (ASTM) International: West 

Conshohocken, PA.  

105. Almirall, J.R. and Furton, K.G., Characterization of Background and 

Pyrolysis Products That May Interfere with the Forensic Analysis of Fire 

Debris. Journal of Analytical and Applied Pyrolysis, 2004. 71(1): p. 51-67. 

106. Clodfelter, R.W. and Hueske, E.E., A Comparison of Decomposition 

Products from Selected Burned Materials with Common Arson Accelerants. 

Journal of Forensic Science, 1977. 22: p. 116. 

107. Bertsch, W., Volatiles from Carpet: A Source of Frequent Misinterpretation 

in Arson Analysis. Journal of Chromatography A, 1994. 674(1): p. 329-333. 

108. Dehaan, J.D. and Bonarius, K., Pyrolysis Products of Structure Fires. Journal 

of the Forensic Science Society, 1988. 28(5): p. 299-309. 

109. Keto, R.O., GC/MS Data Interpretation for Petroleum Distillate 

Identification in Contaminated Arson Debris. Journal of Forensic Sciences, 

1995. 40: p. 412-412. 

110. Mclellan, S.A., An Investigation of the Volatiles Produced from Pyrolysis of 

the Body, in Centre for Forensic Science, Department of Pure and Applied 

Chemistry. 1999, University of Strathclyde: Glasgow, Scotland. 

111. Lentini, J.J., Dolan, J.A., and Cherry, C., The Petroleum-Laced Background. 

Journal of Forensic Sciences, 2000. 45(5): p. 968-989. 



54 

 

112. Lentini, J.J., Incidental Accelerants. National Fire and Arson Report, 1983. 

2(3): p. 3. 

113. Stauffer, E., Identification and Characterization of Interfering Products in 

Fire Debris Analysis, in College of Arts and Science. 2001, Florida State 

University: Miami, USA. 

114. Cavanagh, K., Pasquier, E.D., and Lennard, C., Background Interference 

from Car Carpet-The Evidential Value of Petrol Residues in Cases of 

Suspected Vehicle Arson. Forensic Science International, 2002. 125(1): p. 22-

36. 

115. Nic Daeid, N., An Introduction to Fires and Fire Investigation, in Fire 

Investigation, ed. N. Nic Daeid. 2004, Boca Raton, Florida: CRC Press.  

116. Nowicki, J., An Accelerant Classification Scheme Based on Analysis by Gas 

Chromatography/Mass Spectrometry (GC-MS). 1990: National Emergency 

Training Center. 

117. Stone, I. and Lomonte, J., False Positions in Analysis of Fire Debris. The 

Fire and Arson Investigator, 1984. 34(3): p. 36-40. 

118. Howard, J. and Mckague, A.B., A Fire Investigation Involving Combustion of 

Carpet Material. Journal of Forensic Sciences, 1984. 29(3): p. 919-922. 

119. Fernandes, M., Lau, C., and Wong, W., The Effect of Volatile Residues in 

Burnt Household Items on the Detection of Fire Accelerants. Science and 

Justice, 2002. 42(1): p. 7-15. 

120. Lentini, J. and Waters, L., Isolation of Accelerant-Like Residues from Roof 

Shingles Using Headspace Concentration. Arson Analysis Newsletter, 1982. 

6(3): p. 48. 

121. Tranthim-Fryer, D.J., The Application of a Simple and Inexpensive Modified 

Carbon Wire Adsorption/Solvent Extraction Technique to the Analysis of 

Accelerants and Volatile Organic Compounds in Arson Debris. Journal of 

Forensic Science, 1990. 35: p. 271-280. 

122. Williams, M.R., Advances in Fire Debris Analysis, in Department of 

Chemistry, College of Sciences. 2007, University of Central Florida Orlando, 

Florida. 



55 

 

123. ASTM International E1412-00, Standard Practice for Seperation and 

Concentration of Ignitable Liquid Residues from Fire Debris Samples by 

Passive Headspace Concentration. 2012. American Society for Testing and 

Materials (ASTM) International: West Conshohocken, PA. 

124. Newman, R.T., Dietz, W.R., and Lothridge, K., The Use of Activated 

Charcoal Strips for Fire Debris Extractions by Passive Diffusion. Part 1: The 

Effects of Time, Temperature, Strip Size, and Sample Concentration. Jounal 

of Forensic Science, 1996. 41(3): p. 361-370. 

125. Waters, L.V. and Palmer, L.A., Multiple Analysis of Fire Debris Samples 

Using Passive Headspace Concentration. Journal of Forensic Sciences, 1993. 

38: p. 165-165. 

126. Caddy, B. and Smith, F.P., Methods of Fire Debris Preparation for Detection 

of Accelerants. Forensic Science Review, 1991(3): p. 57-69. 

127. Borusiewicz, R., Zadora, G., and Zieba-Palus, J., Application of Head-Space 

Analysis with Passive Adsorption for Forensic Purposes in the Automated 

Thermal Desorption-Gas Chromatography-Mass Spectrometry System. 

Chromatographia, 2004. 60: p. 133-142. 

128. Dietz, W.R., Improved Charcoal Packaging for Accelerant Recovery by 

Passive Diffusion. Journal of Forensic Sciences, 1991. 36(1). 

129. Pert, A.D., Baron, M.G., and Birkett, J.W., Review of Analytical Techniques 

for Arson Residues. Journal of Forensic Sciences, 2006. 51(5): p. 1033-1049. 

130. Twibell, J.D. and Home, J.M., Novel Method for Direct Analysis of 

Hydrocarbons in Crime Investigation and Air Pollution Studies. Nature 

Materials, 1977. 268(5622): p. 711-713. 

131. Twibell, J.D., Home, J.M., and Smalldon, K.W., A Splitless Curie Point 

Pyrolysis Capillary Inlet System for Use with the Adsorption Wire Technique 

of Vapour Analysis. Chromatographia, 1981. 14(6): p. 366-370. 

132. Juhala, J.A., The Method for Adsorbtion of Flammable Vapors by Direct 

Insertion of Activated Charcoal into Fire Debris Samples. Arson Analysis 

Newsletter, 1982. 6(2): p. 32-36. 

133. Massey, D., Pasquier, E.D., and Lennard, C., Solvent Desorption of Charcoal 

Strips (DFLEX
®

) in the Analysis of Fire Debris Samples: Replacement of 



56 

 

Carbon Disulfide. Canadian Society of Forensic Science Journal, 2002. 

35(4): p. 195-208. 

134. Massey, D., Du Pasquier, E., and Lennard, C. Optimisation of Fire Debris 

Analysis with DFLEX
®

, in Proceedings of the International Association of 

Forensic Science. 2002. Montpellier, France: International Association of 

Forensic Science. 

135. Frontela, L., Pozas, J.A., and Picabea, L., A Comparison of Extraction and 

Adsorption Methods for the Recovery of Accelerants from Arson Debris. 

Forensic Science International, 1995. 75(1): p. 11-23. 

136. Bertsch, W. and Ren, Q., The Chemical Analysis of Fire Debris for Potential 

Accelerants, in Handbook of Analytical Separations 2. Elsevier Science: New 

York, 2000. 2: p. 617-678. 

137. Borusiewicz, R., Zieba-Palus, J., and Zadora, G., Application of Head-Space 

Analysis with Passive Adsorption to the Chromatographic Detection and 

Identification of Accelerants in the ATD–GC–MS System. Problems of 

Forensic Sciences, 2002. 51: p. 87-95. 

138. Marsh, H. and Rodriguez-Reinoso, F., Activated Carbon. 2006, Oxford, UK: 

Elsevier Science. 

139. Newman, R., Modern Laboratory Techniques Involved in the Analysis of Fire 

Debris Samples, in Fire Investigation, ed. N. Nic Daied. 2004, Boca Raton, 

Florida: CRC Press. 

140. Cafe, T. and Stern, W., Is It an Accidental Fire or Arson. Forensic and 

Scientific Services, 2004. 

141. Mcnair, H.M. and Miller, J.M., Basic Gas Chromatography. 2
nd

 Edition. Vol. 

2. 2009, Hobokwn, New Jersey: John Wiley and Sons.  

142. James, A.T. and Martin, A.J.P., Gas-Liquid Partition Chromatography: A 

Technique for the Analysis of Volatile Materials. Analyst, 1952. 77(921): p. 

915-932. 

143. Stafford, D.T., Forensic Gas Chromatography, in Gas Chromatography in 

Forensic Science, ed. J. Robertson. 1992, Chicago, USA: Ellis Horwood 

Limited. 

144. Nic Daeid, N., Fire Investigation. 2004, Boca Raton, Florida: CRC Press. 



57 

 

145. Lucas, D.M., The Identification of Petroleum Products in Forensic Science 

by Gas Chromatography. Journal of Forensic Sciences, 1960. 5(2): p. 236-

247. 

146. Yoshida, H., Kaneko, T., and Suzuki, S., A Solid Phase Microextraction 

Method for the Detection of Ignitable Liquids in Fire Debris. Journal of 

Forensic Sciences, 2008. 53(3): p. 668-676. 

147. Wu, C.H., Chen, C.L., Huang, C.T., Lee, M.R., and Huang, C.M., 

Identification of Gasoline Soot in Suspect Arson Cases by Using Headspace 

Solid Phase Microextraction with GC/MS. Analytical Letters, 2004. 37(7): p. 

1373-1384. 

148. Wineman, P.L. and Keto, R.O., Target-Compound Method for the Analysis of 

Accelerant Residues in Fire Debris. Analytica Chimica Acta, 1994. 288(1-2): 

p. 97-110. 

149. Wardencki, W., Michulec, M., and J., C., A Review of Theoretical and 

Practical Aspects of Solid Phase Microextraction in Food Analysis. 

International Journal of Food Science and Technology, 2004. 39(7): p. 703-

717. 

150. Vichi, S., Castellote, A.I., Pizzale, L., Conte, L.S., Buxaderas, S., and Lopez-

Tamames, E., Analysis of Virgin Olive Oil Volatile Compounds by Headspace 

Solid-Phase Microextraction Coupled to Gas Chromatography with Mass 

Spectrometric and Flame Ionization Detection. Journal of Chromatography 

A, 2003. 983(1): p. 19-33. 

151. Ducki, S., Miralles-Garcia, J., Zumbe, A., Tornero, A., and Storey, D.M., 

Evaluation of Solid-Phase Micro-Extraction Coupled to Gas 

Chromatography-Mass Spectrometry for the Headspace Analysis of Volatile 

Compounds in Cocoa Products. Talanta, 2008. 74(5): p. 1166-1174. 

152. Isidorov, V.A., Bakier, S., and Grzech, I., Gas Chromatographic-Mass 

Spectrometric Investigation of Volatile and Extractable Compounds of Crude 

Royal Jelly. Journal of Chromatography B, 2012(885-886): p. 109-116. 

153. Agius, R., Nadulski, T., Kahl, H.G., Schrader, J., Dufaux, B., Yegles, M., and 

Pragst, F., Validation of a Headspace Solid-Phase Microextraction GC-



58 

 

MS/MS for the Determination of Ethyl Glucuronide in Hair According to 

Forensic Guidelines. Forensic Science International, 2010. 196(1): p. 3. 

154. Poon, K.F., Lam, P.K.S., and Lam, M.H.W., Determination of 

Polychlorinated Biphenyls in Human Blood Serum by SPME. Chemosphere, 

1999. 39(6): p. 905-912. 

155. Almirall, J.R., Wang, J., Lothridge, K., and Furton, K.G., The Detection and 

Analysis of Ignitable Liquid Residues Extracted from Human Skin Using 

SPME/GC. Journal of Forensic Sciences, 2000. 45(2): p. 453-461. 

156. Wang, Y., Sample Preparation / Concentration for Trace Analysis in GC-MS 

in Chemistry Department. 1997, Virginia Polytechnic Institute and State 

University: Virginia, USA. p. 104. 

157. Bonadio, F., Margot, P., Delemont, O., and Esseiva, P., Headspace Solid-

Phase Microextraction (Hs-SPME) and Liquid-Liquid Extraction (LLE): 

Comparison of the Performance in Classification of Ecstasy Tablets (Part 2). 

Forensic Science International, 2008. 182(1): p. 52-56. 

158. Lord, H. and Pawliszyn, J., Microextraction of Drugs. Journal of 

Chromatography A, 2000. 902(1): p. 17-63. 

159. Brown, S.D., Rhodes, D.J., and Pritchard, B.J., A Validated Spme-Gcms 

Method for Simultaneous Quantification of Club Drugs in Human Urine. 

Forensic Science International, 2007. 171(2): p. 142-150. 

160. Furton, K.G., Almirall, J.R., Bi, M., Wang, J., and Wu, L., Application of 

Solid-Phase Microextraction to the Recovery of Explosives and Ignitable 

Liquid Residues from Forensic Specimens. Journal of Chromatography A, 

2000. 885(1): p. 419-432. 

161. Vuckovic, D., Zhang, X., Cudjoe, E., and Pawliszyn, J., Solid-Phase 

Microextraction in Bioanalysis: New Devices and Directions. Journal of 

Chromatography A, 2010. 1217(25). 

162. Trimble, T.A., You, J., and Lydy, M.J., Bioavailability of PCBs from Field-

Collected Sediments: Application of Tenax Extraction and Matrix-SPME 

Techniques. Chemosphere, 2008. 71(2): p. 337-344. 

163. Ettre, L.S., The Beginnings of Headspace Analysis. LCGC Asia Pacific, 2002. 

20(12): p. 1120-1129. 



59 

 

164. Braithwaite, A. and Smith, F.J., Chromatographic Methods. 5
th 

Edition, ed. 

C.A. Hall. 1996, Dordrecht, The Netherlands: Kluwer Academic Publishers. 

165. Robinson, K. and Robinson, J., Contemporary Instrumental Analysis. 3
rd

 

Edition. 2000, New Jersey, USA: Prentice Hall. p. 840. 

166. Stafford, D.T., Chapter 7: Chromatography. 2
nd

 Edition, in Principles of 

Forensic Toxicology, ed. B. Levine. 2003, USA: American Association of 

Clinical Chemistry Inc. 

167. Gas Chromatography and GC X GC. [Online] [January 2012, February 

2013]. Available from: http://www.chemistry.mcmaster.ca/courses/4p03/Wee 

k%2012%20Notes.pdf. 

168. ASTM International E1618-11, Standard Test Method for Ignitable Liquid 

Residues in Extracts from Fire Debris Samples by Gas Chromatography-

Mass Spectrometry. 2012. American Society for Testing and Materials 

(ASTM) International: West Conshohocken, PA. 

169. Handley, A.J. and Adlard, E.R., Gas Chromatography Techniques and 

Applications, in Pharmaceutical Analysis, ed. J.M. Chalmers and A.J. 

Handley. 2001, Sheffiled, UK: Sheffield Academic Press. 

170. Lentini, J.J., Analysis of Ignitable Liquid Residues, in Scientific Protocols for 

Fire Investigation, ed. J.J. Lentini. 2006, Boca Raton, Florida: Taylor and 

Francis Gp: CRC Press. 

171. Scott, R.P.W., Library for Science, Principles and Practice of 

Chromatograph: Detectors in Chromatography [Online] [January 2010, 

October 2012]. Available from: http://www.chromatography-online.org/topic 

s/detector.html. 

172. Mcnair, H.M., Pierce Biotechnology Inc., Introduction to GC/MS. [Online] 

[July 2006, October 2012]. Available from: http://www.cal-tox.org/Downloa 

/proceedings/1106/conklin_intro%20to%20gcms(b).pdf. 

173. Jayaram, S.K., A Comprehensive Chemical Examination of 

Methylamphetamine Produced from Pseudoephedrine Extracted from Cold 

Medication, in Centre for Forensic Science, Department of Pure and Applied 

Chemistry. 2012, University of Strathclyde: Glasgow, Scotland. 



60 

 

174. Crawford Scientific, LC GC's CHROMacademy, GC-MS Set-Up. 2013, LC 

GC's CHROMacademy: Duluth, USA. 

175. De Hoffmann, E., Mass Spectrometry, in Kirk-Othmer Encyclopedia of 

Chemical Technology. 2000, John Wiley and Sons, Inc. 

176. Scott, R.P.W., Library for Science, Analytical Spectroscopy: Electron Impact 

Ionization. [Online] [January 2010, October 2012]. Available from: 

http://www.analyticalspectroscopy.net/ap8-3.htm. 

177. Gates, P. Gas Chromatography Mass Spectrometry. NERC Life Sciences 

Mass Spectrometry, 2012. Life Sciences Mass Spectrometry Facility: 

University of Bristol. 

178. Brock, D. C., A Measure of Success. Chemical Heritage Magazine: Chemical 

Heritage Foundation. [Online] [August 2010, July 2014] Available from: 

http://www.chemheritage.org/discover/media/magazine/articles/29-1-a-measu  

ure-of-success.aspx?page=2. 

179. Davis, U.C., Gas Chromatography, in ChemWiki: The Dynamic Chemistry 

Textbook. 2010. The Regents of the University of California: California, 

USA. 

180. ETP: SGE Group, Electron Multipliers for Mass Spectrometry. [Online] 

[September 2011, October 2012]. Available from: http://www.bgb-

analytik.de/pdf/SGE_Multiplier.pdf. 

 

 

 

 

 

 

 

 

 

 

 

 



61 

 

CHAPTER 2: GAS CHROMATOGRAPHY – MASS SPECTROMETRY (GC-

MS) INSTRUMENTAL VALIDATION AND METHODOLOGY 

DEVELOPMENT 

 

2.1 Introduction 

 

Prior to analysis of any test samples, the instrument of choice has to be calibrated 

and validated to ensure optimum and efficient performance. Validation is necessary 

for all laboratory based methodologies as this process guarantees the robustness, 

reliability, validity and consistency of the results / data obtained [1-3]. Validation can 

be conducted in a number of ways, that ultimately depends on the type of sample, 

nature of the analysis (qualitative / quantitative) and the instrument utilised.  

Validation is most commonly carried out using a series of standard experiments that 

employ either one or all of these techniques; calibration models, internal standards, 

external standards, reference standards, to generate data that will then be used to 

access the method’s specificity / selectivity, precision (repeatability / 

reproducibility), sensitivity, limit of detection (LOD) / limit of quantitation (LOQ), 

accuracy and linearity [1-9].  

 

2.2 Validation of GC-MS Instrumentation 

 

When it comes to GC-MS validation, a commercial or in-house mixture of known 

standards / test mixture, commonly referred to as the Grob mixture [10], is often 

utilised. This test mixture is composed of compounds possessing a variety of 

functional groups often including hydrocarbons, fatty acid methyl esters, alcohols, 

aldehydes, organic acids and bases. Repetitive analysis of the Grob mixture 

facilitates an understanding of the ability of the analytical column, chromatographic 

and detector conditions to deliver accurate and reliable analytical results. In addition 

to the abovementioned factors, the analysed standard test mixture gives data points 

that can then be used to determine peak shape, peak resolution, peak asymmetry, 

band broadening and etc.  
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2.2.1 Specificity / Selectivity 

In chromatographic analysis, selectivity, α refers to the relative interaction of two 

compounds with the stationary phase and can be expressed as a ratio of the time 

compound ‘y’ spends in the stationary phase, t’y to the time compound ‘x’ spends in 

the stationery phase, t’x [11], as illustrated in Equation 2.0. 

 

𝛼 =  
𝑡′𝑦

𝑡′𝑥
 

 

In method validation, according to the International Conference on Harmonisation 

(ICH) [12], specificity / selectivity refers to ‘‘the ability to assess unequivocally the 

analyte in the presence of components which may be expected to be present’’. It 

refers to the extent to which the method and instrument are able to generate good 

separation, identification and quantification of the target component(s) in the 

presence of interferences, impurities, degradants and contaminants from endogenous 

and exogenous sources [1, 3, 6]. It is often tested by adding interfering compounds 

which are expected to be present in the test samples, into the blank samples. 

 

2.2.2 Precision  

Precision refers to the measure of closeness of the analytical results to each other, for 

a number of replicate measurements of the same homogenous sample, under the 

same analytical conditions [1, 2, 12]. It is commonly expressed in terms of the 

method’s repeatability and reproducibility [1, 2]. 

 

Repeatability conditions expresses the precision of the method and instrument 

through multiple measurements under the same operating conditions (same analyst, 

same instrument, same day, same material, same laboratory) [1, 3]. Deviation from 

any of these settings is referred to as reproducible conditions, a measure of precision 

of multiple measurements between settings. While repeatability aims to verify the 

capability of an identical method to produce same results under the same conditions, 

reproducibility validates the ability of an identical method to produce same results 

under different settings. Both repeatability and reproducibility can be assessed 

              Equation 2.0 
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through a series of calculations of the mean and standard deviation (Equation 2.1 and 

Equation 2.1, respectively) of the peak area or peak height of the analyte(s).  

 

𝑀𝑒𝑎𝑛 =
∑ 𝑋1 + 𝑋2 + 𝑋3 + ……+𝑋𝑛

𝑛
 

where X1 represents the data value and n represents the total number of data 

measurements (sample size). 

 

s = √∑ (𝑥𝑖−𝑥 )2𝑛

𝑖=1

𝑛−1
 

where xi represents each value in the sample, 𝑥 represents the mean of x values and n 

refers to the total number of data measurements (sample size). 

 

Peak area refers to the integration of the mass per unit volume / concentration of the 

analyte in relation to time, giving an accurate value of the analyte mass [13]. It is a 

data point that is widely used in chromatography due to its accuracy, as it is 

independent of peak tailing and asymmetry. Peak height is measured from the 

integrated section of the baseline to the peak’s apex point and is seldom used as it is 

severely affected by peak tailing, asymmetry and band broadening, with the 

exception of Gaussian shaped peaks (bell shaped) [9, 14]. 

 

From the mean and standard deviation values, the relative standard deviation (RSD) 

of a given set of data can then be calculated. RSD, also commonly known as the 

coefficient of variation, measures the standard deviation relative to the mean 

(Equation 2.3), providing information pertaining to the precision of an instrument, 

within and between one analysis to the next [15, 16]. The RSD is expressed in the 

form of a percentage, and a value of 5% or lower has been accepted to indicate good 

instrument precision, although this value varies across a wide range of analysis [15]. 

Generally, the closer the value of the % RSD is to 0, the more precise the results [1]. 

 

% 𝑅𝑆𝐷 =
𝑠

𝑥
×  100 

where s refers to standard deviation and 𝑥 refers to the mean of x values. 

          Equation 2.3 

       Equation 2.1 

       Equation 2.2 
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2.2.3 Limit of Detection (LOD) and Limit of Quantitation (LOQ) 

Limit of detection (LOD) refers to the point of lowest concentration of the analyte 

that can be detected and identified by the detector or the lowest concentration that 

can be distinguished from background noise with a certain degree of certainty 

(signal-to-noise ratio of 3 is widely accepted [1]), but not necessarily quantitated. 

Limit of quantitation (LOQ) refers to the lowest concentration of the analyte that can 

be quantitated with acceptable precision and accuracy, under certain conditions [1-3, 

6]. Both LOD and LOQ can be determined through several techniques that all rely on 

the analysis of standards with known concentrations to establish the minimum level 

at which the analyte can be reliably detected / quantified [1, 3]. However, LOD is not 

a reliable indicator for validation as it largely dependent on the detector’s sensitivity 

and is effected by small changes in the analytical system (temperature, purity) [1]. 

 

2.2.4 Sensitivity 

Often confused with the LOD, sensitivity is a measure of the ability of the analytical 

method to detect small changes and differences in the mass / concentration of the 

analyte [1] and can be enhanced by employing a highly sensitive detector. 

 

2.2.5 Accuracy  

Accuracy of an analytical method is a measure of the closeness between the known 

concentration / mass of an analyte to the identified value upon experimentation [1, 2, 

6]. It is commonly expressed as a percentage and accessed by calculating the ratio of 

the reference analyte of known concentrations to the concentration values identified 

from experimentation. The closer the known and experimental values are, the more 

accurate the analytical method. 

 

2.2.6 Linearity 

Linearity refers to a range of detectability that facilitates a directly proportional 

relationship between the response and the concentration of the analyte in the sample 

[1-3, 6]. It can be determined by injecting five or more known concentrations of 

standards at increasing levels to generate a calibration curve. From the calibration 

curve, the Goodness of Fit test is conducted to determine the regression / correlation 
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coefficient (r) that in turn governs the linearity of the results [1]. A value of 0.999 is 

often expected as a criteria of linearity and provides a conclusion that the results are 

highly linear [1, 2]. 

 

2.2.7 Peak shape 

Peak shape can be assessed in terms of its resolution and asymmetry. Peak resolution 

(Rs) gives a quantitative measurement as to the degree of separation between two 

adjacent peaks, taking into consideration the mean peak width at the base (Equation 

2.4) [2, 17, 18]. When the calculated Rs gives a value of one or above, a conclusion 

that the peaks are well separated from one another can be deduced.  

 

𝑅𝑠 =
(𝑡𝑟)𝐵−(𝑡𝑟)𝐴
(𝑤𝑏)𝐴+(𝑤𝑏)𝐵

2

 

where, 

trA is the retention time of peak A,  

trB  is the retention time of peak B,  

wbA is the width at the base of peak A,  

and wbB is the width at the base of peak B 

 

Peak asymmetry (A) measures peak tailing (T), a term used to express the deviation 

or skewness of a peak from its ideal symmetrical shape, which usually occurs when 

compounds have high affinity for the stationary phase of the column [18]. Peak 

tailing renders the process of quantification more difficult and less accurate as the 

skewed peak shape makes it problematic to access where the peak ends [2]. It is 

calculated by dividing the right (b) and left (a) halves of the peak width at 10% of the 

peak height (Equation 2.5). 

 

                                                           𝐴 =
𝑏

𝑎
                                         

 

An ideal peak shape is expected when the value of A is one [9]. When the value 

exceeds one, the peak is said to be tailing, whereas with values below one, the peak 

is said to be fronting. Generally, A values between 0.9-2 is recommended [2].  

          Equation 2.4 

                      Equation 2.5 
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2.2.8 Band Broadening  

Band broadening (HETP) is a condition that causes unwanted spreading of an analyte 

as it journeys through the column [19]. This phenomenon reduces the efficiency of 

the column and chromatographic separation, leading to poor resolution, reduced 

quality and accuracy of the results obtained [11, 19]. In 1956, J. J. Van Deemter 

introduced an equation (The Van Deemter Equation) to illustrate the major factors 

effecting band broadening [19] as detailed in Equation 2.6 and Equation 2.7, 

respectively [11]. 

 

𝐻𝐸𝑇𝑃 = 𝐴 +
𝐵

ū
+ 𝐶ū + 𝐷ū 

where, 

 

ū =
𝐿

𝑡𝑚
𝑐𝑚/𝑠 

where, 

HETP is the height equivalent to a theoretical plate, 

A is the Eddy diffusion, 

B is the molecular diffusion in the mobile phase,  

C is the resistance to mass transfer in the stationary phase, 

D is the resistance to mass transfer in the mobile phase, 

ū is the average linear carrier gas velocity, 

L is the column length, 

and tm is the time spent in the mobile phase 

 

Eddy diffusion (A) is facilitated through non-homogenous column packaging that 

allows analytes travelling within a band, to deviate from its original path into various 

directions, leading to band broadening [19]. It’s effect can be reduced by ensuring 

the use of a tight and uniformly packed narrow column and small stationary phase 

particles (internal diameter of 2-4 mm) [20]. Molecular diffusion (B) occurs when a 

concentration gradient is established in the mobile phase [19, 20]. This causes the 

band of analytes to diffuse from highly concentrated areas to low concentrated areas, 

dispersing in every direction. To prevent the concentration gradient to develop in the 

                      Equation 2.7 

                       Equation 2.6 
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system, the use of a tightly packed column and a high mobile phase flow rate is 

recommended. (C) and (D) occur from mass transfer, where (C) refers to the 

diffusion of analytes in the stationary phase while (D) refers to the rate at which 

analytes travel through the mobile phase between contacts with the stationary phase 

[19, 20]. Both are formed due to the porousness of the stationary phase and the high 

flow rate of the mobile phase. Analytes can get stuck deep into the pore of the 

stationary phase, or at the surface of the pore or do not enter at all and this causes the 

analytes to be held up at different durations, causing band broadening and variation 

in elution time. It can be fixed by reducing the diameter of the particles in the 

stationary phase and applying lower carrier gas flow rates. Band broadening can be 

effectively reduced by minimising the values of (A), (B), (C) and (D) and optimising 

ū. 

 

2.3 Methodology Validation: Generation and Extraction of Pyrolysis 

Products using Passive Headspace Adsorption with Activated Carbon Strip 

(ACS) 

 

One of the most common extraction techniques utilised for fire debris analysis is 

passive headspace extraction with activated carbon strip (ACS) [17, 21]. This 

extraction system is simple, direct and useful for the detection of a wide range of 

volatile compounds, however various experimental parameters have to be optimised 

based on the chemistry of the sample of interest, in order for the extraction technique 

to work most efficiently.  

  

Two of these parameters include temperature and extraction time. A number of 

studies have been conducted to identify the optimum temperature and adsorption 

time for ACS, and various propositions have been made based on the different type 

of samples used [22-26]. Dietz [23] proposed the application of 90 
o
C for one hour or 

at ambient temperature for 24 hours for the extraction of standard accelerant mixture 

(SAM) while Smith and Warnke [22] identified good diagnostic profiling of 

petroleum products; 60 
o
C for two hours for gasoline and 90 

o
C for four hours for 

diesel. Newman et al. [27] reported that temperatures below 60 
o
C were insufficient 
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to volatilise high molecular weight hydrocarbons of C15 and above. At elevated 

temperatures but below 90 
o
C, high molecular weight compounds were easily 

volatilised, although displacements of lighter hydrocarbons were noted with the 

increase in heating profiles. They concluded that temperatures above 90 
o
C should 

not be attempted as it induced unwanted decomposition and pyrolysis of the sample. 

This finding is also supported by the ASTM E1412-07 [28]. In terms of extraction 

time, at elevated temperatures, carbon strips are able to adsorb C7 to C10 

hydrocarbons when exposed for short periods of time; with extended exposures, 

higher molecular weight hydrocarbons ranging from C14 to C20 were seen to be 

adsorbed [17, 29]. In order to accommodate all factors, including practicality, an 

adsorption time between 16 to 24 hours at temperatures between 60 
o
C to 90 

o
C is 

recommended [24]. Stauffer [17] also proposed similar temperature ranges but with 

an exposure time of 12 to 16 hours. Newman [24] recommended the use of a 

minimal 8 mm × 8 mm ACS size for efficient extraction whereas Mat Desa [30] 

identified optimal extraction of ignitable liquids using ACS size of 5 mm × 25 mm. 

 

Most research confirms the ASTM E1412-07 guideline for passive headspace 

sampling with activated carbon [28], which recommends the use of an ACS of at 

least 10 mm × 10 mm, incubated at temperatures between 60 
o
C to 80 

o
C for 16 to 18 

hours. The desorption process suggests eluting the ACS with a suitable solvent such 

as carbon disulfide, n-pentane or diethyl ether before injection into the GC-MS [28]. 

However, even when using accepted standard methods such as the ASTM E1412-07, 

undertaking simple validation studies to ensure optimisation to the specific matrix 

under test is advisable [24, 25, 31-36].  

 

2.4 Experimental Methods  

2.4.1 Preparation of the Grob Test Mixture 

A known standard mixture containing 14 high purity 99% analytical grade 

hydrocarbon compounds (BDH Chemicals and Sigma, UK) was prepared; the 

compounds were toluene (C7H8), octane (C8), 1,4-dimethyl-benzene / p-xylene 

(C8H10), 3-ethyl-toluene / m-ethyl-toluene (C9H12), 2-ethyl-toluene / o-ethyl-toluene  

(C9H12), 1,2,4-trimethyl-benzene (C9H12), decane (C10), undecane (C11), dodecane 
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(C12), tetradecane (C14), pentadecane (C15), hexadecane (C16), octadecane (C18) and 

eicosane (C20). The range of compounds detailed above was chosen as they were 

present consistently in the pyrolytic work conducted by Agu [46] on porcine bone (of 

which this study was an extension). 

 

Each compound was prepared as a separate 100 mg/mL standard stock solution in 

pentane (HPLC Grade, VWR International, Leicestershire, UK) using the appropriate 

weight (solid samples) or volume (liquid samples) of sample based on its density. A 

1 mg/mL standard solution containing all 14 compounds was prepared by combining 

1 mL from each of the stock solutions and diluting the mixture with pentane in a 100 

mL volumetric flask.  

 

2.4.2 GC-MS Experimental Set-Up 

The Grob test mixture was analysed with a Hewlett Packard 6890 Series Gas 

Chromatography (GC) system coupled with a SCAN (scan acquisition mode) 

operating Hewlett Packard 5973 Mass Selective Detector (MSD) following the 

ASTM E1387-01 standard method [37]. The GC vial containing the Grob mixture 

was placed in an auto sampler. Three different GC-MS experimental settings were 

explored, as detailed in Table 2.0, and the setting that produced the best separation 

and chromatographic output of the Grob mixture was determined to be setting 2.  

 

Table 2.0: Three different GC-MS experimental settings explored 

Setting Injector 

Temperature 

(
o
C) 

Oven Ramping 

Initial 

temperature 

(
o
C) 

Duration 

(min) 

Ramping 

Rate 

(
o
C/min) 

Final 

temperature 

(
o
C) 

Duration 

(min) 

1 200 30 3 10 260 1 

2 250 40 5 15 280 2 

3 300 50 7 20 300 3 

 

The instrument was then set-up according to the optimised parameters in setting 2. 

The injector was set at 250 
o
C with 1 µL of sample being injected into the GC. A 

split ratio of 20:1 was applied to the instrument with a split flow of 32.7 mL/min. 

Helium was used as a carrier gas, flowing at a constant rate of 1 mL/min. The 

column employed in this experiment was a 128-0122 DB-1MS column (25 m × 0.2 

mm inner diameter and 0.33 µm film thickness). The initial oven temperature was set 



70 

 

at 40 
o
C and held for 5 minutes before ramping at 15 

o
C/min to 280 

o
C, and held for 

2 minutes. The detector was maintained at 250
 o

C. The MS Quad was set at 150
 o

C 

and the Ion Source (70eV) at 230
 o

C. The chromatographic system was controlled 

with a Hewlett Packard Chemstation software to facilitate data acquisition, peak 

integration and data manipulation. To ensure optimal functions of the instrument, 

weekly tuning of the mass spectrometer (MS) with perfluorotributylamine (PFTBA) 

and an air and water check were conducted. MS tuning values with an isotopic ratio 

of 1:4:10 and the air and water check values of less than 5% were maintained 

throughout the experimental work. 

 

The Grob test mixture was inserted into six GC vials (Agilent, UK) and each one 

injected once into the GC. The peak response, in terms of peak area, was assessed for 

each compound to determine peak resolution, asymmetrical values, mean, standard 

deviation and RSD values in order to assess the instrument’s precision.  

 

2.4.3 Validation of ACS Recovery Method using Porcine Bone as a Test 

Sample  

Pig bones were chosen as a substitute for human sample as previous research 

suggested that there are substantial similarities between the two in terms of the bone 

anatomy, morphology, physiology and remodelling characteristics [38-43]. Pigs also 

share similar internal anatomy and fat distribution to humans [44, 45]. 

 

2.4.3.1 Preparation of the Bone Samples 

Long pork bones were obtained from The Country Shop, Glasgow, Scotland, UK on 

a weekly basis to ensure the freshness of the bones. The bones were taken from 

animals aged less than six months, and were labelled according to the date obtained 

and stored in the laboratory freezer. The bones were left to defrost naturally at room 

temperature for 30 to 40 minutes before sample preparation. Once defrosted, each 

bone was held securely in a bench vice and a hacksaw was used to cut off the 

epiphysis on both ends of the bone. The epiphysis was removed to reduce variation 

in bone composition that might affect the repeatability and reproducibility of the 

extraction process. Any remaining soft tissue on the bone was removed with scissors 
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and tweezers. The diaphysis of the bone was cut into varying weights of 

approximately 15 g, 20 g and 25 g, ± 1.50 g in each case. Each bone fragment was 

then placed in a 125 mL tin can (WA Products, UK) with its lid removed. Empty tin 

cans and unused ACS strips were also sampled and analysed as control samples. 

Results showed that the tin cans and ACS did not generate any contaminants that 

could interfere with the pyrolysis study. 

 

2.4.3.2 Pyrolysis of Bone Samples using the ACS Process 

Pyrolysis of the bone sample 

As a starting point, a tin can containing approximately 15 g of pork bone was 

attached to a retort stand and the can was heated over a Bunsen flame until the 

ignition of fat occurred (Figure 2.0).  

 

 

Figure 2.0: Experimental set-up for the generation of pyrolysis products 

 

The temperature in the headspace of the tin (above sample) was monitored using a k 

thermocouple linked to a PicoLog TC-08 data logger (Pico Technology Limited, 

UK) connected to a laptop computer, (suspended at the headspace of the sample) to 

facilitate temperature recording per second. The sample was occasionally agitated 

with a spatula to help facilitate the ignition process. Once ignited, the sample was 

Ignition of fat 

Thermocouple 

Tin can 

Bunsen burner 

Retort stand 
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allowed to burn for 5 minutes. The Bunsen flame and the thermocouple were 

removed ten seconds before the lid was placed on the tin causing the flame to 

extinguish. 

 

2.4.3.3 Extraction of Pyrolysis Products from Bone Samples using the ACS 

Process 

Optimisation of the pyrolysis and ACS extraction process 

The passive headspace ACS extraction methodology utilised in this experiment was 

based on the experimental design developed by Agu [46], and adapted from the 

ASTM E1412-07 [28]. The lid was removed from the tin 1 minute after 

extinguishment and was immediately sealed with another lid to which four ACS of 

different sizes: 5 mm × 20 mm, 10 mm × 20 mm, 8 mm × 8 mm and 10 mm × 10 

mm (ACS, 3M Corporation, USA) were attached. This entire process was repeated 

four times with different post-deprivation sampling times, defined as the time the 

sample was allowed to cool after extinguishment before a lid containing the ACS 

was used to seal the tin, which were 2 minutes, 3 minutes, 4 minutes and 5 minutes, 

respectively. The entire process was then repeated for the other two sample weights 

of bone samples (20 g and 25 g).  

 

Once the tins were sealed with the lids bearing the ACS, they were left to incubate in 

an oven for 16 hours at 80 
o
C. During this period, pyrolysis products undergo 

volatilisation and are adsorbed onto the ACS. After 16 hours, the ACS were removed 

from the lid and placed in a GC vial (Agilent, UK) to be desorbed with 1 mg/mL of 

pentane (HPLC grade, WVR International, Leicestershire, UK) containing 0.5 

mg/mL of tetrachloroethylene, C2Cl4 (Sigma, UK) as the internal standard. 

Tetrachloroethylene was chosen as the internal standard as it does not interfere with 

the analysis and elutes approximately in the middle of the chromatogram [47, 48].  

The GC vials containing the desorbed strips were then analysed using the GC-MS 

methods detailed in section 2.4.2.  
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Figure 2.1 illustrates the extraction process post-pyrolysis and Table 2.1 gives a 

summary of the factors accessed in the optimisation of the pyrolysis and ACS 

extraction process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Schematic representation of passive headspace diffusion extraction technique with ACS-GC-

MS 

ACS hooked to a paper clip held 

by a magnet on the lid 

Lid with ACS used to seal tin 

containing pyrolysed sample 

Incubate for 16 hours at 80 
o
C in an oven 

Desorb with 1 mL of pentane 

containing 0.5 mg/mL of C2Cl4 

Analyse with GC-MS 
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Table 2.1: Summary of the factors accessed in the optimisation of the pyrolysis and ACS extraction process 

Sample weight (g) 15 20 25 

ACS sizes (mm) 5 × 20 10 × 20 8 × 8 10 × 10 5 × 20 10 × 20 8 × 8 10 × 10 5 × 20 10 × 20 8 × 8 10 × 10 

Post-deprivation sampling times (min) 

1 √ √ √ √ √ √ √ √ √ √ √ √ 

2 √ √ √ √ √ √ √ √ √ √ √ √ 

3 √ √ √ √ √ √ √ √ √ √ √ √ 

4 √ √ √ √ √ √ √ √ √ √ √ √ 

5 √ √ √ √ √ √ √ √ √ √ √ √ 
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Based on the number and consistency of chromatographic peaks obtained upon 

extraction and analysis, an optimised sample weight, and the most productive post-

deprivation sampling time and ACS size was determined. Following this, six intra-

variation (within tin) and inter-variation (between tins) repeat extractions and 

analysis were conducted on the optimised factors, to determine the repeatability and 

reproducibility of the pyrolysis and extraction system. Identification of the 

consistently appearing peaks across both inter- and intra-variation repeats was also 

conducted. Table 2.2 summarises the inter- and intra-variation repeat extractions and 

analysis conducted upon the optimisation of the pyrolysis and ACS extraction 

process. 

 

Table 2.2: Summary of the inter- and intra-variation repeat experiments for the optimisation of the 

pyrolysis and ACS extraction process 

Sample weight (g) Optimised weight 

ACS size (mm) X 

Post-deprivation 

sampling time (min) 

Y 

Inter-variation repeats 6X × 6 

Intra-variation repeats 1X × 6 

 

2.5 Results and Discussion 

2.5.1 Assessment of GC-MS Instrumental Performance  

To determine instrumental performance and precision, responses from six injections 

of the same Grob test mixture injected into six individual vials were assessed. Mean, 

standard deviation and RSD values across six injections were calculated from the 

peak area of the GC-MS output for each of the 14 compounds within the test 

mixture. Table 2.3 tabulates the compounds represented in the chromatogram 

according to their retention time, peak asymmetric factor, standard deviation and 

RSD values and Figure 2.2 illustrates a chromatographic display of all 14 

components as a function of their retention time and abundance.  
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Table 2.3: Average retention time and peak area, peak asymmetric factor, standard deviation and relative 

standard deviation values from the retention time and peak area of 14 compounds present in the standard 

test mixture (n=6) 

No Compound Peak 

Asymmetric 

Factor 

Average 

Retention 

Time 

(min) 

Retention Time 

(min) 

Average 

Peak 

Area 

Peak Area 

STDEV % 

RSD 

STDEV % 

RSD 

1 toluene 0.83 4.11 0.006 0.16 5890265 40883.6 0.69 

2 C8 1.08 5.60 0.005 0.10 3618659 40459.7 1.12 

3 p-xylene 1.00 7.04 0.004 0.10 4048835 66823.9 1.65 

4 m-ethyl toluene 1.07 8.73 0.003 0.04 3978513 77610.9 1.95 

5 o-ethyl toluene 1.02 8.99 0.001 0.01 3117945 55310.3 1.71 

6 1,2,4-trimethyl- 

benzene 

1.10 9.22 0.001 0.01 2172208 40984.8 1.89 

7 C10 1.02 9.50 0.004 0.00 4192505 76184.0 1.82 

8 C11 1.23 10.75 0.001 0.00 3367776 58329.9 1.73 

9 C12 1.35 11.83 0.001 0.00 2251762 47899.0 2.13 

10 C14 0.67 13.71 0.000 0.00 1914764 59397.4 3.10 

11 C15 1.36 14.56 0.001 0.00 3747416 79076.5 2.11 

12 C16 0.92 15.35 0.003 0.02 3538918 129434.2 3.66 

13 C18 1.06 16.82 0.001 0.01 28906305 1006188.0 3.48 

14 C20 1.05 18.00 0.002 0.01 29397841 878360.0 2.99 

 

 

Figure 2.2: Chromatogram of 1 mg/mL of standard Grob mixture 
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From Table 2.3, the peak asymmetric factor values reveal that most of the peaks 

experienced very slight tailing or fronting, with values fluctuating between 0.67 and 

1.36. These slight variations from the ideal peak shape were within an acceptable 

range with indications of good chromatographic response [49].  

 

Excellent repeatability and reproducibility in terms of the retention time and response 

/ peak areas across six injections of the Grob mixture was observed with retention 

time % RSD values in the range of 0.00-0.16% and peak area % RSD values within 

the range of 0.69%-3.66%. All 14 compounds were fully resolved from one another 

and appear consistently at specific time intervals, demonstrating excellent separation 

(Figures 2.2 and 2.3). 

 

 

Figure 2.3: Overlay of six chromatograms with each representing individual injections of the 

standard Grob mixture 
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2.5.2 Pyrolysis of the Porcine Samples  

Three different weights of porcine bone were selected and systematically analysed.  

This occurred in two phases;  

 

Initially, the porcine samples were prepared and analysed using the method adapted 

from ASTM E1412-07 [28] in order to elucidate the nature of the pyrolysis products 

obtained and the temperature profile of the process.  

 

Secondly, once the pyrolysis profile of the bone samples was established, the 

pyrolysis process and ACS extraction method were further refined and finally 

optimised using different sample sizes, post-deprivation sampling times and ACS 

sizes. The influence of each variable was identified and discussed. The results 

obtained in this section were used as a basis for further experimental work explored 

in this study. 

 

2.5.2.1 Temperature Profile of Bone Samples 

An illustration of the temperature profiles of porcine bone samples of different 

weights (15 g, 20 g and 25 g) is presented in Figure 2.4.  

 

 

Figure 2.4: Temperature profiles from initial heat application up to five 5 minutes post-ignition across 15 

g, 20 g and 25 g bone samples 
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Each temperature profile exhibits an initial rise in temperature to approximately 100 

o
C as the flame of the Bunsen burner impinges on the base of the tin. Once the 

temperature reaches approximately 200 
o
C, volatile components derived from the 

fatty components associated with the bone sample were noted to auto-ignite and 

flames were observed rising from the bone sample within the tin. As fats melt at 

relatively low temperatures [40], auto-ignition of fat at these temperature ranges (200 

o
C to 250 

o
C) is expected and has been documented in previous studies [50], 

although in some cases higher auto-ignition temperatures were suggested (300 
o
C to 

355 
o
C [39, 46]).  

 

Auto-ignition was evidenced by the rapid rise in temperature of the sample. Across 

the 15 g, 20 g and 25 g samples, the lightest sample auto-ignited within the shortest 

timeframe (at 169 seconds) followed by the 20 g sample (at 337 seconds) and finally 

the heaviest sample (at 715 seconds). This indicates that variation in sample weight 

directly affects the time taken for the sample to auto-ignite and corroborates the 

outcome observed by Agu [46]. Sample sizes of less than 15 g were found to produce 

little or no pyrolysis products under the experimental condition outlined. Similar 

findings were also reported by Agu [46] under the same experimental conditions. 

 

Once auto-ignition occurred, the temperatures in each case rose rapidly to between 

650 
o
C to 750 

o
C. If left undisturbed, the flames would burn continuously for a 

period of time as long as there was a steady supply of melted fat (fuel) from the 

sample. In this study, the flames burnt for between 5 and 10 minutes post-ignition 

depending on the sample weight before self-extinguishing. As expected flames from 

the 15 g sample self-extinguished quickest, followed by the 20 g sample and finally 

the 25 g sample. This is because larger bone samples contain larger amounts of fats 

in comparison to smaller samples and, hence, are able to generate more melted fat to 

fuel the flames for longer. 

 

Within this work, the flames were extinguished within 5 minutes after ignition as 

Agu [46] suggested that no pyrolysis products were recovered if the samples were 

allowed to continuously burn and self-extinguish. Agu further suggested that the 
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length of time for which a sample was allowed to burn affected the pyrolysis 

products being generated and suggested an optimum burning time of 5 minutes to be 

the best time for the generation of detectable pyrolysis products [46]. 

 

2.5.2.2 Identification of Best Sample Weight, Post-Deprivation Sampling Time 

and ACS Size 

For each sample weight, the total ion chromatogram (TIC)s were used to identify 

peaks that consistently appeared across six repetitive experiments. Peaks that did not 

appear consistently across the repetitive experiments were discarded. An example of 

the TICs for 15 g, 20 g and 25 g sample extracted using ACS 5 mm × 20 mm at 4 

minutes post-deprivation time is illustrated in Figure 2.5. The total peak area and 

total number of consistently appearing peaks within each chromatogram as a function 

of the sample weight was calculated and plotted against both the ACS sizes and the 

post-deprivation sampling times and are presented in Figures 2.6 and 2.7, 

respectively. 

 

Figure 2.6 clearly demonstrates that 25 g of pork bone (Figure 2.6(c)) was the best 

weight to generate pyrolysis products of considerably large total peak areas as 

compared to the 15 g (Figure 2.6(a)) and 20 g (Figure 2.6(b)) samples. Similarly, 

Figure 2.7 also establishes that sample weights of 25 g (Figure 2.7(c)) produced more 

pyrolysis products, with detection possible of up to 80 peaks as compared to 15 g 

(Figure 2.7(a)) and 20 g (Figure 2.7(b)) samples that produced an average of 65 to 68 

peaks, respectively. Further experimentation with larger sample weights (> 25 g) was 

not conducted as the 125 mL tin cans could not accommodate larger sample sizes.  

 

With the optimised sample weight identified, a closer look at both 25 g sample 

weight graphs (Figure 2.6(c) and Figure 2.7(c)) illustrated that the best achievable 

way to generate reproducible results were by allowing the 25 g sample to cool for 4 

minutes post-deprivation and extracting with an ACS of 10 mm × 20 mm. A 

representative chromatogram of these optimised parameters is illustrated in Figure 

2.8.   
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Figure 2.5: Individual TICs for (a) 15 g, (b) 20 g and (c) 25 g sample extracted using ACS of 5 mm × 20 

mm at 4 minutes post-deprivation sampling time 
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Figure 2.6: Post-deprivation sampling times (1 to 5 minutes) plotted against total peak area for (a) 15 g, (b) 

20 g and (c) 25 g of pork bone samples across four ACS sizes (5 mm × 20 mm, 10 mm × 20 mm, 8 mm × 8 

mm and 10 mm × 10 mm) 
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Figure 2.7: Post-deprivation sampling times (1 to 5 minutes) plotted against the number of peaks for (a) 15 

g, (b) 20 g and (c) 25 g of pork bone samples across four ACS sizes (5 mm × 20 mm, 10 mm × 20 mm, 8 mm 

× 8 mm and 10 mm × 10 mm) 
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Figure 2.8: A representative chromatogram of the optimised parameters - 25 g pyrolysed bone sampled at 

4 minutes post-deprivation sampling time using an ACS of 10 mm × 20 mm  

 

2.5.2.3 Identification of Peaks in the Total Ion Chromatogram (TIC) 

Using the optimised conditions detailed previously, the total ion chromatograms 

(TIC)s generated as a result of GC analysis were scrutinised for the identification of 

peaks that appeared consistently across the six repeat pyrolysis and extractions. 

Peaks that did not appear consistently across the six repeats are detailed in Appendix 

1.0. In total, 26 peaks appeared in all six repetitive extractions, both in the inter- and 

intra-variation repeats. The National Institute of Standards and Technology (NIST) 

library and standard mixtures were utilised to identify the peaks based on their 

retention times and m/z values. Based on the peak areas of these repetitive peaks, 

peak area % RSD values were calculated for both inter- and intra-variation repeats as 

detailed in Tables 2.4 and 2.5, respectively. These % RSD values were then used to 

assess the analytical method’s precision: repeatability and reproducibility. An 

overlay of the TICs of the inter- and intra-variation repeats are presented in Figures 

2.9 and 2.10, respectively and the 26 peaks labelled in Figure 2.11. 
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Table 2.4: Peak area % RSD calculations for 26 peaks and an internal standard across the six intra-

variation repeats. * I.S. refers to the internal standard 

No Retention 

Time 

(min) 

Compound Molecular Structure % 

RSD 

1 2.22 benzene 

 

60.1 

2 4.11 toluene 

 

44.3 

3 5.24 1-octene 
 

36.7 

4 5.52 tetrachloroethylene 

(I.S.*) 

 

3.1 

5 5.60 octane  24.4 

6 6.82 ethyl-benzene 

 

65.5 

7 6.94 p-xylene 

 

68.8 

8 7.70 1-nonene 
 

25.8 

9 7.91 nonane  44.6 

10 8.61 propyl-benzene 

 

39.4 

11 9.33 1-decene 
 

28.4 

12 9.49 decane  53.2 

13 10.62 1-undecene 
 

24.5 

14 10.75 undecane  65.1 

15 11.72 1-dodecene 
 

72.1 

16 11.83 dodecane  40.5 

17 12.70 1-tridecene 
 

33.7 

18 12.81 tridecane  38.5 

19 13.61 1-tetradecene 
 

45.5 

20 13.70 tetradecane  33.3 

21 14.47 1-pentadecene 
 

58.9 

22 14.55 pentadecane  56.6 

23 15.21 1-hexadecene 
 

63.6 

24 15.34 hexadecane  41.6 

25 15.92 1-heptadecene 
 

49.9 

26 16.10 heptadecane  63.9 

27 17.32 hexadecanitrile 

 

78.9 
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Table 2.5: Peak area % RSD calculations for 26 peaks and an internal standard across the six inter-

variation repeats. * I.S. refers to the internal standard 

No Retention 

Time 

(min) 

Compound Molecular Structure % 

RSD 

 

1 2.22 benzene 

 

63.8 

2 4.11 toluene 

 

57.2 

3 5.24 1-octene 
 

37.5 

4 5.52 tetrachloroethylene 

(I.S.*) 

 

3.3 

5 5.60 octane  27.2 

6 6.82 ethyl-benzene 

 

78.1 

7 6.94 p-xylene 

 

81.7 

8 7.70 1-nonene 
 

23.1 

9 7.91 nonane  52.2 

10 8.61 propyl-benzene 

 

42.5 

11 9.33 1-decene 
 

26.6 

12 9.49 decane  57.1 

13 10.62 1-undecene 
 

21.9 

14 10.75 undecane  63.4 

15 11.72 1-dodecene 
 

46.3 

16 11.83 dodecane  46.0 

17 12.70 1-tridecene 
 

32.7 

18 12.81 tridecane  37.0 

19 13.61 1-tetradecene 
 

46.3 

20 13.70 tetradecane  41.7 

21 14.47 1-pentadecene 
 

60.7 

22 14.55 pentadecane  57.9 

23 15.21 1-hexadecene 
 

58.2 

24 15.34 hexadecane  46.1 

25 15.92 1-heptadecene 
 

83.5 

26 16.10 heptadecane  68.3 

27 17.32 hexadecanitrile 

 

81.2 
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Figure 2.9: Intra sample variation - overlay of six TICs generated from the same 25 g pyrolysed bone sampled at 4 minutes post-deprivation sampling time using a 10 mm × 20 

mm ACS 
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Figure 2.10: Inter sample variation - overlay of six TICs generated from different 25 g pyrolysed bone sampled at 4 minutes post-deprivation sampling time using a 10 mm × 

20 mm ACS 
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Figure 2.11: A representative TIC of pyrolysed porcine bone consisting 26 repeatable pyrolysis products and an internal standard (4) represented in the form of retention time 

labelled peaks 
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From Tables 2.4 and 2.5, the main peaks that consistently appear across the porcine 

bone samples are the C8 to C17 n-alkanes and n-alkenes together with some 

aromatics, n-alkyl-benzenes and a nitrile. However, no n-aldehydes were revealed. 

Similar results were noted by Purevsuren et al. [51] in his study on the pyrolysis of 

cattle bone whereby the presence of n-alkanes, n-alkenes, aromatics and nitriles were 

noted with the absence of n-aldehydes. Pyrolysed triglyceride oil (fats) studies have 

also documented the presence of predominant species of n-alkanes and n-alkenes 

with no n-aldehydes [52]. Agu [46] also reported similar results to this study. This is 

contrary to DeHaan et al. [39] and McLellan [53] who detected n-aldehydes 

including n-pentanal, n-hexanal and 3-methyl-butanal in burnt pork tissues. DeHaan 

et al. [39] also identified the presence of C5 to C15 aldehydes together with some 

straight and branched-chain n-alkenes and n-alkanes, aromatic, unsaturated and 

cyclic hydrocarbons from pyrolysed porcine fat. While isomers of n-alkenes, methyl-

alkane nitriles and alkane nitriles, n-cycloalkanes and n-cycloalkanes, dienes, alkyl-

pyrroles, n-alkyl-benzenes and substituted alkyl-benzenes, aromatics, substituted 

benzenes, cyano-alkene, disulfide, an alkyne and a ketone were detected, although 

inconsistently from porcine bone pyrolysis (Appendix 1.0), the absence of n-

aldehydes in this study can be due to a variety of factors, including variation in 

experimental methodology, temperatures attained and exposure durations during the 

burning process; all of these factors were further explored.  

 

Similar pyrolysis products to those of porcine fat have been documented from the 

combustion of polyethylene [39, 54]. This can cause interferences in the positive 

identification of animal or human remains at a fire scene. DeHaan et al. [39] 

suggested the use of a limited range of pyrolysis compounds and variation in peak 

ratios to distinguish polyethylene and porcine samples. The pyrolysis of polyethylene 

produced higher ranges of n-aldehydes of up to C23, whereas the combustion of 

porcine fat produced n-aldehydes within the range of C15 to C18. In terms of peak 

ratio for polyethylene, n-alkenes are said to produce the highest peak ratio followed 

by n-alkanes, dienes and n-aldehydes in descending order. Similar n-alkene peak 

ratios were also produced by porcine fat; however, the distinguishing factor lies in 

the ratio of n-alkanes and n-aldehydes that were relatively proportional to each other 

with little or no presence of diene. Although the pyrolysis of polyethylene produced 
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similar n-alkanes, n-alkenes and light n-alkyl-benzenes as pryolysed bone fat, it can 

be identified by the presence of high amounts of pyridines, pyrroles, amides and 

alkyl-nitriles – compounds that were not present (consistently) from bone fat 

pyrolysis [54]. 

 

The % RSD values for peak area documented in Tables 2.4 and 2.5, respectively are 

relatively high for almost all peaks except for the internal standard with 3.1% and 

3.3% for the intra- and inter-variation repeats, respectively. The fact that the RSD 

values of the internal standard were relatively low indicates the column was 

functioning with good precision across the six inter- and intra-variation repeats. The 

other pyrolytic peaks with high RSD values indicate that the quantity / abundance of 

the 26 pyrolysis products varied across the repeats. Similar results were also noted in 

the pyrolysis studies conducted by Agu [46] and DeHaan et al. [39]. The variations 

in the abundance of pyrolysis products generated can be due to various factors such 

as oxygen availability, diaphysis variation and temperatures attained during the auto-

ignition period. Agitation of the sample was also used to speed up the auto-ignition 

process and this would vary from sample to sample. Variation in the fat content from 

one bone diaphysis to another or within the same diaphysis can also influence the 

abundance of products detected. Besides this, temperatures attained during the auto-

ignition process also varied for samples of similar weights, 25 g, ranging from 650 

o
C to 750 

o
C (Figure 2.12).  

 

 

Figure 2.12: Temperature profiles of six 25 g bone samples combusted at similar environmental conditions 
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These factors are believed to differ from one burning to the other even though 

samples were combusted in the same fume hood with similar air flow and placed at 

consistent distance from the Bunsen flame. With regards to the dynamic nature of 

fire, these phenomena are very much expected as fires are rarely reproducible and 

almost always vary significantly in their combustion profiles. Thus, quantitative 

reproducibility in terms of the abundance of pyrolysis products is rarely observed 

[39].  

 

2.6 Conclusions 

 

A series of experiments conducted to determine the column’s performance and 

instrument precision has demonstrated that the chosen GC-MS instrument and 

method were suitable to carry out the experimental analysis required for this study. 

The experimental procedure for the generation of pyrolysis products from porcine 

bone has been validated and proven to generate reproducible and optimal pyrolysis 

products of C8 to C17 n-alkanes and n-alkenes, n-alkyl-benzenes, aromatics and a 

nitrile from sample weight of 25 g sampled at 4 minutes post-deprivation with a 10 

mm × 20 mm ACS strip size. 
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CHAPTER 3: THE EFFECTS OF TEMPERATURE AND TIME OF 

EXPOSURE ON THE PYROLYTIC PROFILE DERIVED FROM PORCINE 

AND HUMAN TISSUES  

 

3.1 Introduction  

 

As pyrolysis is a function of temperature, variation in temperatures applied to a 

sample would certainly impact the pyrolysis process and the type of pyrolysis 

products generated. In relation to temperature, pyrolysis is also governed by heat 

flux, the rate at which heat is transferred per unit area, where shorter burning times 

would transfer less heat over a unit of sample. This could in turn alter the pyrolytic 

profile generated from the burning material. Besides temperature, the type of tissue 

that undergoes pyrolysis could also experience different thermal decomposition 

processes that could alter the pyrolysis profile generated. In the analysis of pyrolysis 

products from porcine samples in Chapter 2 (2.5.2.3), no n-aldehydes were detected 

from burnt porcine bones, although they were detected consistently in other studies 

[1, 2]. This variation in the pyrolytic profile could be due to one or all of the above-

mentioned parameters. 

 

In this chapter, the sample generation process is systematically altered to explore the 

full range of chemical products derived from the sample matrix. This included testing 

different variables: temperature, tissue type and exposure duration. These variables 

were altered systematically to ascertain if any of them influenced the generated of n-

aldehydes in particular and, if so, which influenced the product generation to the 

greatest degree.  

 

When subjected to heat, n-aldehydes undergo thermal decomposition to form various 

products depending on the type of aldehyde. For example, at 450 
o
C to 600 

o
C, 

acetaldehyde breaks down to form carbon monoxide and methane, whereas 

propionaldehyde generates similar products along with ethane [3]. Table 3.0 also 

shows that common aldehydes evaporate at relatively moderate temperatures of 209 

o
C and below. In a typical fire scene, temperatures would certainly supersede 209 

o
C 
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and have been documented to typically reach 900 
o
C and above [4]. At these 

temperature ranges, the detection of n-aldehydes from human or animal samples 

would certainly be very challenging and problematic as the n-aldehydes would likely 

decompose and break down at temperatures above their boiling points. Table 3.0 also 

illustrates some of the commonly encountered aldehydes and their properties. 

 

Table 3.0: Structure, boiling point and polarity of commonly encountered n-aldehydes. Adapted from 

[5],[6] and [7]. 

Aldehyde Structure Boiling 

Point (
o
C) 

Solubility in Water 

Formaldehyde / 

Methanal 
 – 21  Very soluble 

Acetaldehyde / Ethanal 
 

21  Very soluble 

Propionaldehyde / 

Propanal 
 

49  Soluble 

Butyraldehyde / Butanal 
 

75  Soluble 

Pentanal 
 

103  Slightly soluble 

Hexanal 
 

129
 
 Insoluble 

Heptanal 
 

153  Insoluble 

Octanal 
 

171  Insoluble 

Nonanal 
 

195  Insoluble 

Decanal 
 

209  Insoluble 

 

3.2 Composition of the Human Body 

 

The human body is made up of various organic and inorganic elements that cohere to 

form cells, tissues, organs and systems. Eleven interactive systems exist in the human 

body: respiratory, digestive, nervous, cardiovascular, skeletal, endocrine, integument, 

immune, reproductive, urinary and lymphatic, and they work together to perform 

various processes and tasks that support normal bodily functions [8]. 

 

Water is the major constituent as it makes up 65% to 95% of the human body [9]. 

The remainder is made up of 10–30% protein, 10% lipids, 5% minerals and 1–2% 

carbohydrate [10, 11]. Mitchell et al. [12] and Forbes et al. [13] conducted 

compositional studies on human bodies and obtained similar results in terms of water 

and protein proportion in the human body. As a water molecule comprises one 

oxygen and two hydrogen atoms, oxygen accounts for 65% of all the elements in the 
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human body by mass, followed by carbon and hydrogen [14]. The other elements 

include hydrogen, nitrogen, calcium, and phosphorus. Table 3.1 gives an overview of 

the major and minor elements in the human body and their percentages by mass. 

 

Table 3.1: Major and minor elements in the human body. Adapted from [9]. 

Element Percentage by Mass (%) 

Oxygen 65 

Carbon 18 

Hydrogen 10 

Nitrogen 3 

Calcium 1.5 

Phosphorus 1.2 

Potassium 0.2 

Sulfur 0.2 

Chloride 0.2 

Sodium 0.1 

Magnesium 0.05 

Iron, Cobalt, Copper, Zinc, Iodine, 

Selenium, Fluoride 

Trace 

  

The subunits of proteins are carbon, hydrogen, oxygen, nitrogen and phosphorus 

while some proteins can also contain sulfur. Proteins are the key structural material 

in the human body and are often described in terms of their molecular structure – 

fibrous or globular (Table 3.2) [11]. They also make up the majority of the 

constituents in muscular tissues [10].  

 

Table 3.2: Types of proteins and their functions in the human body. Adapted from [11]. 

Overall 

Structure 

Function Examples 

Fibrous Structural framework 

 

 

 

 

Movement 

Collagen: tensile strength of bones, tendons and 

ligaments 

Elastin: durability and flexibility in ligaments 

Keratin: structural protein for hair and nails 

 

Actin and Myosin: contraction in muscle cells 

Globular Catalysis 

Transport 

Protein enzymes: biochemical reaction 

Haemoglobin: transport of oxygen in blood 

 

Consisting of carbon, oxygen and hydrogen, lipids are the third largest building 

block of the human body. Lipids can be broken down into triglycerides, 

phospholipids, steroids and other minor lipid substances (Table 3.3) [11]. Their 

major function is to provide thermal insulation and mechanical protection from 

injury, as well as to serve as an energy reservoir for the body. The melting point of a 
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lipid largely depends on the length of the carbon chain and the level of saturation 

[15]. Generally, longer, more saturated fats have higher melting points and vice 

versa. Table 3.4 outlines the melting points of some animal fats. Oleic acid, stearic 

acid and palmitic acid are the common saturated and unsaturated fatty acids found in 

humans and animals [15]. Oleic acid, an unsaturated fatty acid, is the most prevalent 

acid found in animal fat. Across all the tissues, adipose contains the highest level of 

lipids, with up to 60–85% accumulated in adipocytes (fat cells) [16], out of which 

90–95% are triglycerides [10, 17]. 

 

Table 3.3: Types of lipids and their functions in the human body. Adapted from [11]. 

Lipid Type Location and Function 

Triglyceride In fat deposits for insulation, protection and energy source 

Phospholipids In cell membrane for integrity of the membrane 

                                            Steroids 

Cholesterol To manufacture steroids 

Sex Hormones Male and female hormone for reproduction 

                                          Other lipids 

Lipoprotein To transport fatty acid and cholesterol in bloodstream 

Eicosanoids In cell membrane to control uterine contraction, 

gastrointestinal tract motility, and inflammation responses 

 

Table 3.4: Melting points of fats from pig, cow and lamb. Adapted from [15]. 

Animal Melting Point (
o
C) 

Pig 

Back fat 30–40 

Leaf fat 43–48  

Cow 

External fat 32–43 

Kidney fat 40–50 

Lamb 

External fat 32–46 

Kidney fat 43–51 

 

The monomers of carbohydrates are sugars / glucose that contain carbon, hydrogen 

and oxygen. The levels of oxygen in these compounds are much higher as compared 

to lipids and usually follow the 1:2 oxygen:hydrogen ratio. Three types of 

carbohydrates can be found in the human body and they are monosaccharaides, 

disaccharides and polysaccharides. Their structural representation is displayed in 

Figure 3.1, Figure 3.2 and Figure 3.3, respectively. Monosaccharaides are single 

units of sugar (glucose) whereas disaccharides are built from a combination of two 

monosaccharaides (maltose). Polysaccharides are polymers of simple sugars linked 
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together to form long chains (cellulose). The main function of carbohydrates is to 

provide a readily available energy source to support bodily functions. In access, they 

are converted to glycogen and stored in different tissues for future energy supply. 

 

                                  

            Figure 3.1: Monosaccharide (glucose)                                 Figure 3.2: Disaccharide (maltose) 

 

 

      

Figure 3.3: Polysaccharide (cellulose) 

 

As different tissues and organs contain various proportions of organic and inorganic 

elements, it is expected that some parts of the human body are more vulnerable than 

others to the effects of heat exposure [18, 19]. Certain parts of the body that have 

greater concentrations of subcutaneous fat, the human body’s main fuel in a fire, will 

readily burn and when subjected to heat, these fats will melt to form a viscous liquid 

which then auto-ignites, generating flames that burn at very high temperatures [1, 

20]. Other parts of the body with high water and protein content and low fat content, 

take longer to burn or do not burn at all, unless under specific circumstances. 

However, this also depends on the length of time the body is exposed to the fire [21, 
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22]. For example, a moderate fuelled fire under normal circumstances would cause 

severe damage to the torso areas but not to the upper limbs and head, whereas a fire 

fuelled by ignitable liquid could last longer and attain higher temperatures that could 

in turn consume more parts of the human body [18, 23]. For the purpose of this work, 

three types of tissues were examined, bone (described in detail in Chapter 1), rib and 

muscle. 

 

3.2.1 Structure and Composition of Muscle 

In humans, the skeletal muscle accounts for 32%–40% [24] of normal human body 

weight, whereas in animals, it constitutes a larger percentage range of 35%–65% 

[15]. Muscles are made up of a collection of muscle fibres (75% to 92%), nerve 

endings, connective tissues and blood vessels that are bounded together (Figure 3.4). 

Muscle tissue is composed of 65% to 80% water, 16% to 22% protein, 3% to 13% 

lipid, 1% to 2% inorganic minerals and 0.5% to 1.5% carbohydrate [15, 16].  

 

 

Figure 3.4: Structure of muscle tissues [25] 

 

Proteins that are found in muscle tissues are predominantly myofibrils and 

sarcoplasmic proteins [15, 16]. Myofibril proteins are characterised as long, thin and 

cylindrical rods that primarily exist in the form of actin (thin filaments) and myosin 

(thick filaments). These myofibrils are responsible for the movement and contraction 

of muscles [26]. Sarcoplasmic protein, such as myoglobin and haemoglobin, exists in 

the form of pigments and enzymes. They are primarily involved in the transportation 

and storage of oxygen in the human body [15]. Other proteins such as collagen, 

elastin and reticulin are also present in muscle tissues but in low amounts.  
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Lipids are present at low concentrations in muscle tissues, typically below 3%. 

However, muscles are one of the three major organs (the other two being adipose and 

liver) that store and hydrolyse fat in a controlled way for internal use or 

transportation to energy deprived organs (Figure 3.5) [27].  

 

 

Figure 3.5: Lipid storage and metabolism between adipose tissue, muscle and liver [27] 

 

Carbohydrates found in muscle tissues are primarily glycogen, a polymer of sugar 

that is formed when there is excess glucose in the body. Glycogen in muscle tissues 

functions as a secondary source of energy supply for the muscle tissues themselves 

and the entire human body when needed. Inorganic minerals found in muscles can 

vary but they are normally ferum, zinc, sodium, potassium, calcium, magnesium and 

chloride. [28]. 

 

3.2.2 Structure and Composition of Ribs 

Ribs are flat bones [29] with irregular structures that join together to form lateral 

walls which give form to the thorax [30]. They also provide a cage of protection for 

the lungs and heart and play a crucial role in respiration [31]. A typical rib consists of 

a vertebral extremity, shaft / body and sternal extremity (Figure 3.6) [30, 32]. The 

spherical head articulates with the transverse process of the thoracic vertebrae 

through a tubercle and is connected to the rib by the neck. The sternal extremity 

refers to the other end of the rib that articulates with the sternum via the costal 

hyaline cartilage [30, 31]. There are 12 pairs of ribs in the human body that 



106 

 

correspond to the number of vertebrae (from cervical to lumbar) in the backbone [30, 

31]. From the 12 pairs of ribs, seven pairs are called true ribs while the remaining 

five pairs are false ribs. The last two pairs of the false ribs are known as floating ribs. 

True ribs are ribs that are implanted directly to the sternum by their cartilages, 

whereas false ribs are ribs that have cartilages joining together but not directly to the 

sternum. Floating ribs are the bottom two ribs that are not attached to any cartilages 

or the sternum, but they are hanging and loosely connected to the abdominal 

muscles. 

 

 

Figure 3.6: Structure of the human rib cage [32] 

 

Ribs are characterised by their flattened, irregular structure that appears to have 

undergone a certain degree of twisting to facilitate breathing. The flat side of the rib 

takes a smoother; more rounded form at the upper edges as it approaches the lungs, 

whereas the lower edges remain sharp and grooved to provide extra support for 

arteries and nerves. As ribs are generally bones, their organic and inorganic 

components are similar to other bones although they may vary in proportions. Ribs 

have been documented to have the lowest fat percentage as compared to the other 

bones (i.e. femur and vertebrae) [33]. Henrique et al. [34] conducted a compositional 

study on the ninth, tenth and eleventh ribs and identified that these ribs contain 60% 

muscle, 59% water, 21% fat, 20% protein and 5% minerals. However, these values 

vary and can differ from one rib to another. For instance, Woodard [35] mentioned 
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that calcium and phosphate levels in the tenth rib were much higher as compared to 

the values recorded from the second to sixth ribs.  

 

3.3 Thermal Decomposition of the Human Body 

 

When subjected to heat, the human body undergoes various physical and chemical 

changes, internally and externally. Fat from the human body can be pyrolysed and its 

volatile products can act as a suitable source to fuel a fire. The next step in this study 

focuses on systematically generating pyrolysis products from human samples under 

the laboratory conditions previously outlined and optimised in Chapter 2. The 

purpose was two-fold, firstly to identify and categorise pyrolysis products from 

human samples and secondly, to compare these products with those generated from 

porcine tissue in order to assess the efficacy of the porcine model in representing 

human tissue, particularly for pyrolytic data.  

 

It is uncommon for a fire to completely destroy all features of a human body and, 

even more so, reducing it completely to ash [36, 37]. In most fire scenarios, the fire 

will be short-lived or will not generate sufficient temperatures to cause the total 

destruction of a human body, especially when dealing with hard, robust structures 

like bones and teeth [23, 38]. According to Eckert et al. [39], Spitz [36] and Bohnert 

et al. [40], at constant temperatures exceeding 850 
o
C to 1000

 o
C for a period of 1 to 

2 hours, an adult human body can undergo complete destruction, typically in a 

crematorium; even so, portions of the human body, such as the skull, pelvic bone and 

dentition, may still remain. The temperature and duration of an uncontrolled fire is 

often far less than that achieved within a crematorium and can fluctuate as the fire 

develops, however under certain circumstances such as flashover conditions, 

majority of the human remains can be consumed and rendered to ashes [4, 8-9].  

 

However, the human body is a complex fuel package, rendering a variety of fuels 

that have different burning properties (Table 3.5) and, given the right circumstances, 

can dynamically contribute to fuelling a fire [41]. These include the availability of a 

porous structure or wick for the melted body fat to be absorbed into and also 
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adequate heating by the primary heat source [19, 41, 42]. With external ignition, the 

human body can sustain combustion for up to 7 hours [18] and can undergo dramatic 

microscopic, macroscopic, physical and chemical changes (Table 3.6), burning in a 

relatively predictable fashion [43].  

 

This occurs in a predictable sequence of damage beginning from the epidermis, 

dermis, subcutaneous fat, muscle, internal organs and finally bone [44]. The degree 

of burning is classified according to the damage sustained by these tissues [43]. First 

degree burns involve damage to the superficial epidermis layer, whereas second 

degree burns are characterised by the destruction of this epidermis layer. Damage to 

and destruction of the dermis and hypodermis indicate the onset of third degree burns 

and are commonly expressed as a loss of sensation to the nerve endings. Once the 

destruction of the entire skin layer is complete, fourth degree burns follow with 

damage to muscles, tendons, internal organs and ultimately the bone [36]. 

 

Table 3.5: Fuels represented in the human body and their major building blocks. Adapted from [41]. 

Organ Composition 

Skin: Proteinaceous 

Epidermis cellular structure and does not have mechanical strength [45] 

made primarily from keratinocytes [46] 

thin, easily separated at 4–5 kW/m
2
, or 54 

o
C 

Dermis thick and strong [45] 

made primarily from collagen (70% of its dry weight) and elastin [45] 

higher water content, minimal contribution to fuel package 

Subcutaneous fat made up of adipocytes 

highest heat content: 32–34 kJ/g [42] 

low melting point: burns as a viscous liquid 

main fuel from body in a fire [41] 

Muscle tendons proteinaceous, microfilaments made up of actin and myosin 

moderate water content 

poor fuel: 4–5 kJ/g [47] 

Internal organs proteinaceous 

high water content:  no contribution to heat release rate 

Bone made up of minerals (hydroxyapetite crystals), organic content (fibrous 

protein collagen) and water [48] 

fat-rich (contribution to fire only when large bones split due to external 

fire, usually occurring at 670 
o
C to 810 

o
C for 1 hour [40] 
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Table 3.6: Effects of fire on the human body. Adapted from [40]. 

Time Effects of fire on the human body 

10 min Pugilistic attitude 

Face tissues charred 

Skull, metacarpals and fingers free of soft tissues 

20 min Visible calvaria (skull cap), ribs and sternum 

Sparse soft tissues on face; heat fracture on calvaria 

Thoracic muscles charred 

Hands largely destroyed; partially visible ulna and radius 

Carbonisation of leg muscles 

30 min Tabula externa of calvaria crumbling 

Thoracic and abdominal cavity exposed; organs blackened and shrunken 

Hands and distal forearms burnt away with severely charred muscles 

Tibia and distal femur free of soft tissue; exposed long bones calcined with 

longitudinal fractures 

40 min Calvaria comes off and brain showing 

Bones of face begin to disintegrate 

Shrunken and charred organs with bumpy surface 

Ribs free from soft tissue 

Forearms completely consumed; upper arms largely free of soft tissue 

50 min Bones on face largely destroyed; base of skull showing; 

Vertebral bodies calcined 

Organs largely consumed by fire 

Arms burnt away 

Calcined stumps of the thighs 

60 min Destruction of the skull leaving on central part of the facial bones 

Intervertebral discs destroyed 

Internal organs reduced to ashes 

 

In recent years, research on the pyrolysis products generated from fresh human and 

pig tissues has begun and is gaining more interest. Pioneer studies in this field 

utilised fresh porcine tissues and identified the presence of n-aldehydes (n-pentanal, 

n-hexanal and 3-methyl-butanal), toluene and ethyl-benzene as by-products of 

pyrolysis [2]. In a preliminary study by DeHaan and Brien [1], limited amounts of 

human and porcine fat was subjected to open-burning flames and they identified the 

presence of C5 to C10 n-aldehydes together with some aromatics and cyclic 

hydrocarbons in both samples. Although they mentioned that there were slight 

differences in the human and porcine fat profiles, DeHaan, Brien and Large [1] when 

on to refute this idea through their pyrolysis probe experiment using chicken, porcine 

and human fat. They identified a variety of n-alkanes, n-alkenes, n-aldehydes and 

light aromatics from all three samples with no differences in their pyrolysis profiles, 

suggesting that they are good representations of human fat. 
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3.4 Experimental Methods 

3.4.1 Sample Preparation: Porcine Tissue Samples 

3.4.1.1 Porcine Bone  

Porcine bone samples were prepared as per 2.4.3.1. Six bone samples of 25 g ± 1.50 

g were cut and each one placed into a 125 mL tin can (WA Products, UK) without a 

lid.  

 

3.4.1.2 Porcine Muscle  

Fresh pork loin chops were obtained from Aldi Stores, High Street, Glasgow, 

Scotland, UK on a daily basis to ensure the freshness of the sample. Six muscle 

samples of 25 g ± 1.50 g were cut and each one placed into a 125 mL tin can (WA 

Products, UK) without a lid.   

 

3.4.1.3 Porcine Rib 

Fresh pork ribs were obtained from Tesco Stores, St. Enoch Square, Glasgow, 

Scotland, UK on a daily basis to ensure the freshness of the sample. Each rib was 

held securely on a bench vice and a hacksaw was used to remove a 25 g ± 1.50 g rib 

sample. Six separate rib samples were prepared in this way and placed individually 

into a 125 mL tin can (WA Products, UK) without a lid.   

 

3.4.2 Sample Preparation: Human Tissue Samples 

3.4.2.1 Human Toe 

Five unembalmed human toe samples, originating from one individual, were 

obtained from the University of Strathclyde’s Department of Biomedical Engineering 

under full ethical approval. The toe samples were kept at -18.3 
o
C. The individual’s 

medical record was obtained and cross-referenced to ensure the circumstances 

leading to death would not interfere with the outcome of this study. All of the 

samples were thawed for several hours at room temperature. Once thawed, the toe 

samples were transferred into five individual 125 mL tin cans (WA Products, UK) 

without a lid.  
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3.4.3 Generation of Thermal Decomposition Products 

Thermal decomposition products were generated according to the optimised 

methodology established in 2.4.3, with modification according to the factor(s) 

assessed.  

 

For all three porcine tissues, these factors include temperature and burning time. The 

tin can containing the porcine sample was heated over a Bunsen flame so that it 

reached (i) temperatures between 200 
o
C and 250 

o
C (pre-ignition) and (ii) 

temperatures in excess of 250 
o
C (post-ignition). Pre-ignition samples refer to 

samples that were exposed to temperatures below 250
 o

C but not necessarily indicate 

that the samples are capable of experiencing post-ignition temperatures (above 250 

o
C). Post-ignition samples refer to samples that are exposed to, and were capable of 

burning at temperatures above 250 
o
C. Six repeat samples of each porcine tissue type 

at each temperature range were prepared. 

 

In order to determine the effects of the length of time that the samples were exposed 

to heat to the generation of thermal decomposition products, six porcine muscle 

samples were each placed in a 125 mL tin can (WA Products, UK) without a lid and 

heated over a Bunsen flame for 450 seconds, 500 seconds, 550 seconds, 600 seconds, 

650 seconds and 700 seconds. The optimal exposure duration was identified based on 

the number of peaks detected and a further six repeats of the optimised exposure 

duration were conducted.  

 

For human toe samples, modification in burning time was required as each sample 

was less than 5 g in weight, thus the amount of fat present within the samples would 

not sustain burning for 5 minutes upon auto-ignition. As a consequence, the burning 

time upon auto-ignition was shortened to 1 minute. 

 

Once the designated temperature and / or duration of exposure was attained, the 

Bunsen flame and thermocouple were removed and an empty lid was placed onto the 

tin for the samples to cool down for 4 minutes. Samples were then extracted with a 
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10 mm × 20 mm ACS, using the optimised passive headspace extraction method 

previously detailed in section 2.4.3.3.   

 

3.4.4 Gas Chromatography – Mass Spectrometry 

The GC-MS analysis for all porcine and human samples was conducted following 

the method in 2.4.2. In addition to the Grob mixture, a known standard mixture was 

also analysed which contained analytical grade n-aldehydes: pentanal (98% Sigma 

Aldrich), hexanal (98% Sigma Aldrich), heptanal (95% Sigma Aldrich), octanal 

(99% Sigma Aldrich), nonanal (95% Sigma Aldrich), decanal (98% Sigma Aldrich), 

undecenal (96% Sigma Aldrich) and dodecanal (92% Sigma Aldrich). These n-

aldehydes, detailed in Table 3.7, were chosen as they were documented to be present 

from the pyrolysis of animal and human tissues [1, 49].  

 

Table 3.7: Retention time and molecular structure of eight n-aldehydes present in the standard mixture 

Retention 

Time (min) 

Compound Molecular Structure 

4.80 Pentanal  
7.45 Hexanal  
9.44 Heptanal  

10.98 Octanal  
12.26 Nonanal  
13.38 Decanal  
14.73 Undecenal 

 
15.38 Dodecanal  

 

The total ion chromatogram (TIC) produced for each sample was analysed based on 

the retention times and m/z values. Each significant peak was then identified by 

comparing data against the National Institute of Standards and Technology (NIST) 

library and the standard mixture.  

 

The compounds appearing in the pre-ignition (200 
o
C

 
– 250 

o
C) porcine samples 

were compared to those produced in the post-ignition (> 250 
o
C) porcine samples. 

 

The compounds appearing in the post-ignition porcine bone samples were compared 

and contrasted to the ones appearing consistently across the five repeats of human toe 

samples.  
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3.5 Results and Discussion  

3.5.1 Porcine Samples - Effects of Temperature 

3.5.1.1 Porcine Bone Pre-Ignition Samples (200 
o
C – 250 

o
C) 

The derived products are presented in Table 3.8 and a representative total ion 

chromatogram (TIC) of a heated porcine bone prior to ignition is labelled and 

displayed in Figure 3.7 (set 5).  

 

The samples produced predominantly n-aldehydes with some less consistent, heavier 

n-alkanes (except for pentadecane) and n-alkenes. Also present in two of the six 

samples were 4-methyl-pentanenitrile and 2-pentyl-furan. Across the repeats, the 

qualitative reproducibility of the detected products was poor. The TIC also revealed 

low abundance of pyrolysis products which was not unexpected given the 

temperature of the exposure. It is also noted that no aromatics were detected from 

porcine bone pre-ignition samples. 

 

The maximum temperature attained during the heating process in the headspace 

above the samples were recorded to be in the range of 224 
o
C to 237 

o
C with 

exposure to heat ranging from 9.1–9.8 minutes as illustrated in Figure 3.8. 

 

Table 3.8: 11 compounds identified based on the m/z values and retention times for six porcine bone 

samples heated at temperatures below 250 oC 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.81 3-methyl-butanal 

  

    

 

2 4.79 pentanal        

3 7.45 hexanal        

4 8.09 4-methyl-

pentanenitrile 
 

      

5 9.45 heptanal        

6 10.96 2-pentyl-furan 

 

      

7 10.98 octanal        

8 12.44 undecane        

9 14.50 tridecane        

10 15.32 1-tetradecene        

11 16.27 pentadecane        

 



 

Figure 3.7: A representative TIC of heated porcine bone prior to the onset of auto-ignition (< 250 oC) (set 5) 
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     Figure 3.8: Overlay of six time temperature profiles of heated porcine bones prior to the onset of auto-

ignition (< 250 oC) 

 

3.4.1.2 Porcine Bone Post-Ignition Samples (> 250 
o
C) 

The derived products are presented in Table 3.9 and a representative total ion 

chromatogram (TIC) of a burnt porcine bone post-ignition is labelled and displayed 

in Figure 3.9 (set 6).  

 

The samples produced the consistent presence of the C8 to C17 n-alkanes and n-

alkenes together with some aromatics, n-alkyl-benzenes and a nitrile. However, no n-

aldehydes were revealed. Across the repeats, the qualitative reproducibility of the 

detected products was good with high abundance of the pyrolysis products detected.  

 

All of the samples ignited and burned continuously for 5 minutes prior to the 

intended oxygen deprivation, where maximum temperature ranges between 650 
o
C to 

750 
o
C were recorded in the headspace above the samples, as illustrated in Figure 

3.10. 
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Table 3.9: 26 compounds identified based on the m/z values and retention times for six porcine bone 

samples burnt at temperatures upon auto-ignition (> 250 oC) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.22 benzene 

 

      

2 4.11 toluene 

 

      

3 5.24 1-octene        

4 5.60 octane        

5 6.82 ethyl-benzene 

 

      

6 6.94 p-xylene 

 

      

7 7.70 1-nonene        

8 7.91 nonane        

9 8.61 propyl-benzene 

 

      

10 9.33 1-decene        

11 9.49 decane        

12 10.62 1-undecene        

13 10.75 undecane        

14 11.72 1-dodecene        

15 11.83 dodecane        

16 12.70 1-tridecene        

17 12.81 tridecane        

18 13.61 1-tetradecene 
       

19 13.70 tetradecane        

20 14.47 1-pentadecene        

21 14.55 pentadecane        

22 15.21 1-hexadecene        

23 15.34 hexadecane        

24 15.92 1-heptadecene        

25 16.10 heptadecane        

26 17.32 hexadecanitrile 
 
      
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Figure 3.9: A representative TIC of a burnt porcine bone upon to the onset of auto-ignition (> 250 oC) (set 6)
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Figure 3.10: Overlay of six time temperature profiles of burnt porcine bones upon the onset of auto-

ignition (> 250 oC) 
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o
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o
C) 

When porcine muscle was heated, auto-ignition did not occur. Samples heated for 

extended durations experienced significant charring and did not generate any residual 

pyrolysis products upon analysis.  

 

The results of the repetitive analysis of pre-ignition porcine muscle samples are 

tabulated in Table 3.10 and a representative total ion chromatogram (TIC) of a 

heated porcine muscle is labelled and illustrated in Figure 3.11 (set 1).  
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compounds appearing in two or three repeats. The TIC also displays that the 

abundance of pyrolysis products detected was higher than porcine bone pre-ignition.  

 

The maximum temperature attained during the heating process in the headspace 

above the samples were recorded to be in the range of 200 
o
C to 211 

o
C with 

exposure to heat ranging from 5–9.3 minutes as illustrated in Figure 3.12. 

 

Table 3.10: The 24 compounds identified based on the m/z values and retention times for six porcine 

muscle samples heated at temperatures below 250 oC and four unknown compounds 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.81 3-methyl-

butanal  
      

2 4.79 pentanal        

3 6.91 toluene 

 
      

4 7.45 hexanal        

5 8.09 4-methyl-

pentanenitrile  

      

6 9.27 ethanedial 
  

      

7 9.45 heptanal        

8 9.61 1-nonene        

9 9.73 unknown -       

10 10.67 unknown -       

11 10.96 2-pentyl-furan 

 

      

12 10.98 octanal        

13 11.08 1-decene        

14 11.23 decane        

15 11.99 unknown -       

16 12.26 nonanal        

17 12.31 1-undecene        

18 12.45 undecane        

19 13.41 1-dodecene        

20 13.53 dodecane        

21 14.40 1-tridecene        

22 14.50 tridecane        

23 15.32 1-tetradecene 
       

24 15.42 tetradecane        

25 16.19 1-pentadecene        

26 16.27 pentadecane        

27 17.01 heptadecenal 

 
      

28 19.52 unknown -       
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Figure 3.11: A representative TIC of heated porcine muscle prior to the onset of auto-ignition (< 250 oC) (set 1)
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Figure 3.12: Overlay of six time temperature profiles of heated porcine muscles prior to the onset of auto-

ignition (< 250 oC) 
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compound at 10.73 minutes was noted to be consistently present at low 

concentrations across the repeats. No n-alkanes, n-alkenes or aromatics were 

detected in any of the six repeats. Good qualitative reproducibility was attained as 

the consistencies of repeatable products across a wide range of intensities were 
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The maximum temperature attained during this experiment across the headspace 

above the six samples were in the range of 177 
o
C to 209 

o
C with exposure to heat 

ranging from 9.6–12.4 minutes as illustrated in Figure 3.14. 

 

Table 3.11: Nine compounds identified based on the m/z values and retention times for six porcine rib 

samples heated at temperatures below 250 oC and one unknown 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.81 3-methyl-

butanal 
 

      

2 4.79 pentanal        

3 6.93 2,2,3-trimethyl- 

cyclobutanone 
 

      

4 7.45 hexanal        

5 9.38 butanedial 
 

      

6 9.45 heptanal 
       

7 10.73 unknown -       

8 10.96 2-pentyl-furan 

 

      

9 10.98 octanal 
       

10 16.27 nonanal        
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Figure 3.13: A representative TIC of heated porcine rib prior to the onset of auto-ignition (< 250 oC) (set 4) 
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Figure 3.14: Overlay of six time temperature profiles of heated porcine ribs prior to the onset of auto-

ignition (< 250 oC) 
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of the human anatomy with lower fat content such as the hand, feet and lower leg, do 

not readily burn and most of the time only respond to a direct external fire rather than 

heat. Other parts such as the torso, upper legs and pelvis that have high fat content 

burn readily in the presence of flames and heat [18, 19]. 

 

Porcine bone samples exposed to temperatures upon ignition generated 

predominantly n-alkanes, n-alkenes, aromatics, n-alkyl-benzenes and a nitrile. The 

abundance and number of pyrolysis products generated from auto-ignited samples 

were significantly higher and consistent across all the repeats (Figure 3.9 and Table 

3.9) as compared to all the pre-ignition samples (bones: Figure 3.7 and Table 3.8, 

muscles: Figure 3.11 and Table 3.10, ribs: Figure 3.13 and Table 3.11).  

 

The obvious difference noted across pre- and post-ignition samples is the presence of 

n-aldehydes in pre-ignition samples but their absence in post-ignition samples. In the 

literature, a homologous series of n-aldehydes has been consistently documented 

from the pyrolysis of both porcine and human tissues [1, 2]. These n-aldehydes are 

said to have generated from the pyrolysis of fat (triglycerides) [50]. However, other 

pyrolysis studies have documented the presence of predominant species of n-alkane 

and n-alkenes with no detection of n-aldehydes from fats [51].  

 

The differences in the presence and absence of n-aldehydes generated from 

pyrolysed samples has been shown to be directly related to the temperature ranges to 

which the samples were exposed. When looking at the temperature profiles for pre-

ignited bone, muscle and rib samples and post-ignition bone samples (Figures 3.8, 

3.12 and 3.14 and Figure 3.10, respectively), temperatures attained in the pre-ignition 

samples were all below 250 
o
C whereas the latter was in the range of 650 

o
C to 750 

o
C. Higher temperatures facilitate the formation of more free radicals which in turn, 

attack and break double bonds and the carbon backbone of the generated molecules, 

resulting in smaller, more stable compounds [52]. These higher temperature ranges 

could have caused the decomposition and oxidation of n-aldehydes, breaking them 

into smaller, undetectable compounds [1, 49]. The flames produced during auto-

ignition may have also consumed these volatile n-aldehydes [53]. These findings are 
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corroborated by Agu’s [49] study where she commented that n-aldehydes were only 

detected significantly prior to or in the first minute upon ignition and were not 

detected at all after that [49].  

 

In addition to this, variations in the methodologies employed could also potentially 

alter and affect the generation and detection of n-aldehydes [54]. Although DeHaan 

et al. [1] mentioned in his study that temperatures above 700 
o
C proved to generate 

less straight-chain n-aldehydes due to fragmentation and oxidation, they however 

reported detecting varying amounts of n-aldehydes, low molecular weight n-alkanes 

and n-alkenes from samples exposed at 500 
o
C and 700 

o
C utilising a microfurnace 

(contained environment and provides more control on the combustion and pyrolysis 

process) CDS pyrolysis probe exposed for 10 seconds [1]. Contrary to DeHaan et 

al.’s findings, Purevsuren et al. [55] detected high molecular weight n-alkanes and n-

alkenes but no n-aldehydes when he used a retort pyrolyser at 500 
o
C to 700 

o
C for 

about 4 to 5 hours. Similar to Purevsuren’s work, the long burning duration and 

different burning methodology utilised in this work could have caused the 

decomposition and / or consumed of any n-aldehydes that could have been generated. 

 

3.5.2 Porcine Samples - Effects of Time of Exposure 

Porcine muscle samples were chosen to be exposed to heat for a range of time frames 

because they created the widest range of pyrolysis products across the three types of 

porcine tissue samples.  

 

From the six exposure durations applied, samples exposed to heat for 450 seconds 

generated the best result and produced the greatest number of pyrolysis products as 

seen in the overall results tabulated in Table 3.12. These were predominantly a 

homologous series of n-aldehydes, n-alkanes, n-alkenes, n-alkyl-benzenes, aromatics 

and nitriles. Across the six durations of heat exposure to which porcine muscle was 

subjected, n-aldehydes of 3-methyl-butanal, pentanal, hexanal, heptanal, octanal and 

nonanal, plus toluene and 2-pentyl-furan appeared consistently in all samples.
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Table 3.12: 33 compounds identified based on the m/z values and retention times generated from six 

porcine muscle samples heated across six different exposure durations 

No Retention 

Time (min) 

Compound Time (s) 

 

450  500  550  600  650  700  

1 3.81 3-methyl-butanal       

2 4.15 benzene       

3 4.79 pentanal       

4 5.26 2-methyl-butanenitrile       

5 6.91 toluene       

6 7.45 hexanal       

7 8.09 4-methyl-pentanenitrile       

8 8.58 2-furanmethanol       

9 8.91 ethyl-benzene       

10 9.27 ethanedial       

11 9.45 heptanal       

12 9.61 1-nonene       

13 10.25 2-heptenal       

14 10.58 1-heptanol       

15 10.96 2-pentyl-furan       

16 10.98 octanal       

17 11.08 1-decene       

18 11.35  nonyne       

19 11.47 2,3-heptanedione       

20 11.65 2-octenal       

21 11.89 1-octanol       

22 12.26 nonanal       

23 12.31 1-undecene       

24 12.85 2-nonenal       

25 12.99 pentyl-benzene       

26 13.41 1-dodecene       

27 13.48 benzenepropanenitrile       

28 13.93 2-decenal       

29 14.40 1-tridecene       

30 15.32 1-tetradecene       

31 16.19 tetradecane       

32 16.27 pentadecane       

33 17.01 heptadecenal       

Total 26 13 18 16 20 22 
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Figure 3.15 illustrates the temperatures attained across the six heat exposure 

durations to which muscle samples were subjected. The headspace above the samples 

exposed to heat for 450, 500, 550, 600, 650 and 700 seconds, respectively attained a 

maximum temperature of 70 
o
C, 80 

o
C, 92 

o
C, 64 

o
C, 207 

o
C and 124 

o
C, 

respectively. 

 

 

Figure 3.15: Overlay of six heat exposure duration time temperature profiles of heated porcine muscles 

 

Porcine muscle samples were then subjected to six repetitive heating for 450 

seconds. The results of the repetitive analysis are tabulated in Table 3.13. A 

representative total ion chromatogram (TIC) of a heated porcine muscle (set 4) and 

an overlay of the six repetitive samples at 450 seconds are illustrated in Figure 3.16 

and Figure 3.17, respectively. 

 

The temperature profiles obtained for the six repetitive samples at 450 seconds 

(Figure 3.18) and the consistency of pyrolysis products detected, detailed in Table 

3.13 demonstrate that qualitative reproducibility was difficult to obtain and the only 

consistent products appearing in all six repeat samples were n-aldehydes of 3-

methyl-butanal, pentanal and hexanal. Maximum temperatures attained across the 

headspace above the six repeats varied and were between 70 
o
C to 135

 o
C. 
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Table 3.13: The 27 compounds identified based on the m/z values and retention times for porcine muscle 

samples across six repeats exposed to heat for 450 seconds 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.81 3-methyl-

butanal  
      

2 4.15 benzene 

    
   

3 4.79 pentanal        

4 6.91 toluene 

 

 

 

    

5 7.45 hexanal        

6 7.73 hexenal 
 

      

7 8.09 4-methyl-

pentanenitrile 
 

 

 

    

8 8.91 ethyl-benzene 

 

      

9 9.27 ethanedial 
 

      

10 9.45 heptanal        

11 9.60 1-nonene        

12 10.96 2-pentyl-furan 

 

      

13 10.98 octanal        

14 11.08 1-decene        

15 12.26 nonanal        

16 12.31 1-undecene        

17 12.44 undecane        

18 13.40 1-dodecene        

19 13.52 dodecane        

20 14.40 1-tridecene        

21 14.50 tridecane        

22 14.83 2-dodecenal 
 

      

23 15.32 1-tetradecene        

24 15.41 tetradecane        

25 16.00 hexadecenal        

26 16.27 pentadecane        

27 17.01 heptadecenal        

 



130 

 

 

Figure 3.16: A representative TIC of heated porcine muscle exposed to heat for 450 seconds (set 4)  
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Figure 3.17: Overlay of six TICs of porcine muscle samples exposed to heat for 450 seconds
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Figure 3.18: Six time temperature profiles of porcine muscle samples exposed to heat for 450 seconds 
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chromatogram (TIC) of a burnt human toe sample is labelled and displayed in Figure 

3.19 (set 4). n-Alkyl-benzenes (p-xylene, o-xylene, butyl-benzene and hexyl-

benzene), an alkane (tetradecene), an alkene (heptadecene), a nitrile (hexanenitrile), a 

disulfide (dimethyl disulfide), an alkyl-cycloalkane (methyl-cyclohexane) and an 

alkyl-furan (2-pentyl-furan) were among those that were inconsistently present. 

 

Table 3.14: 32 compounds identified based on the m/z values and retention times for burnt human toe 

samples 

No Retention Time 

(min) 

Compound Set 

1 2 3 4 5 

1 3.01 benzene √ √ √ √ √ 

2 3.94 3-methyl-butanenitrile √ √ √ √ √ 

3 4.76 dimethyl disulfide   √ √  

4 5.67 toluene √ √ √ √ √ 

5 5.99 1-methyl-cyclohexane    √  

6 6.65 1-octene √ √ √ √ √ 

7 6.93 octane √ √ √ √ √ 

8 7.04 4-methyl-pentanenitrile √ √ √ √ √ 

9 7.87 hexanenitrile √   √  

10 7.92 ethyl-benzene √ √ √ √ √ 

11 8.11 p-xylene √   √  

12 8.51 o-xylene    √  

13 8.70 1-nonene √ √ √ √ √ 

14 8.90 nonane √ √ √ √ √ 

15 8.96 2-nonene √  √ √  

16 10.12 2-pentyl-furan     √ 

17 10.24 1-decene √ √ √ √ √ 

18 10.40 decane √ √ √ √ √ 

19 10.96 butyl-benzene √ √ √   

20 11.48 1-undecene √ √ √ √ √ 

21 11.60 undecane √ √ √ √ √ 

22 11.79 2-undecene √ √ √ √ √ 

23 12.15 pentyl-benzene √ √ √ √ √ 

24 12.59 1-dodecene √ √ √ √ √ 

25 12.71 dodecane √ √ √ √ √ 

26 13.23 hexyl-benzene    √  

27 13.59 1-tridecene √ √ √ √ √ 

28 13.69 tridecane √ √ √ √ √ 

29 14.51 1-tetradecene √ √ √ √ √ 

30 14.61 tetradecane     √ 

31 15.45 pentadecane √ √ √ √ √ 

32 16.86 1-heptadecene     √ 
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Table 3.15: 22 consistently present compounds identified based on the m/z values and retention times for 

burnt human toe samples (n=5) 

No Retention 

Time (min) 

Compound Molecular Structure 

1 3.01 benzene 

 

2 3.94 3-methyl- 

butanenitrile 
  

3 5.67 toluene 

 

4 6.65 1-octene 
 

5 6.93 octane  
6 7.04 4-methyl-

pentanenitrile 

  

7 7.92 ethyl-benzene 

 

8 8.70 1-nonene  

9 8.90 nonane  

10 8.96 2-nonene  
11 10.24 1-decene  
12 10.40 decane  

13 11.48 1-undecene  
14 11.60 undecane  

15 11.79 2-undecene   
16 12.15 pentyl-benzene 

 
17 12.59 1-dodecene  

18 12.71 dodecane  

19 13.59 1-tridecene  
20 13.69 tridecane  

21 14.51 1-tetradecene  
22 15.45 pentadecane  
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Figure 3.19: A representative TIC of a burnt human toe sample (set 4) 
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Figure 3.20 demonstrates a typical time temperature profile of the headspace above 

the burnt human toes. A patterned rise and fall in temperature was observed across 

the human toe samples. Temperatures began to rise once the Bunsen flame was 

applied to the base of the tin and, from then on, the sample experienced a gradual rise 

in its temperature profile until auto-ignition occurred approximately around 200 
o
C. 

From this point forward, temperatures rose steeply, typically reaching temperatures 

in excess of 700 
o
C before plateauing. The flames were extinguished after 1 minute 

and the tin covered for 4 minutes and then the pyrolysis products extracted. 

  

 

Figure 3.20: Typical time temperature profile of burnt human toes 

 

3.5.3.2 Comparison of Pyrolysis Products Generated from Post-Ignition Human 

and Porcine Samples  

Comparison of the consistently present products generated from the pyrolysis of 

porcine bones (3.4.1.2) and human toes was conducted to identify similarities and 

differences across both types of samples as detailed in Table 3.16. 

 

While both samples contained similar pyrolytic profiles of n-alkanes, n-alkenes and 

light aromatics, some compounds were detected consistently in the pyrolysis of 

porcine bone but not in human toes; these compounds were higher molecular weight 

n-alkanes and n-alkenes (with the exception of pentadecane in human toes), p-

0

100

200

300

400

500

600

700

800

1

1
3

2
5

3
7

4
9

6
1

7
3

8
5

9
7

1
0
9

1
2
1

1
3
3

1
4
5

1
5
7

1
6
9

1
8
1

1
9
3

2
0
5

2
1
7

2
2
9

2
4
1

2
5
3

2
6
5

2
7
7

te
m

p
er

a
tu

re
 (

o
C

) 

time (s) 

Onset of auto-ignition 

Intended oxygen 

deprivation 



137 

 

xylene, propyl-benzene and hexadecanitrile. Although not detected consistently 

across the five sets of repeats, these products (tetradecane, heptadecene and p-

xylene) were detected in one or more of the sets of human toe samples (Table 3.14). 

The presence of dimethyl disulfide, n-alkyl-benzenes, 2-pentyl-furan and o-xylene 

detected inconsistently from human toe samples is also highlighted. With the 

exception of 2-pentyl-furan and o-xylene, the remaining inconsistently detected 

pyrolysis products from human toe samples were also present inconsistently across 

porcine bone samples (Appendix 1.0). In terms of consistently appearing compounds, 

slightly more pyrolysis products were generated from porcine samples (26) as 

compared to those generated by human toe samples (22). Variation in the number of 

products detected could be due to the differences in sample size. Human toe samples 

were of 5 g or lesser in weight in comparison to the 25 g porcine bone samples. With 

lesser fat supply, human toe samples could only burn for short durations and this 

would not have facilitated the generation of more, and high molecular weight 

pyrolysis products. This could also be due to the differences in the composition of 

human toes in comparison to porcine bones. The human toe consist of a network of 

nail, skin, muscle and soft tissues (abductor hallucis in the big toe and abductor digiti 

minimi for the other toes), nerves, blood vessels and bone [63, 64] whereas porcine 

bone samples only contained bone with no other tissues. As both samples possess 

different chemistry and composition, with varying proportions of water, protein, 

lipids, minerals and carbohydrates, it is not surprising that their profiles would 

display some differences as the comparison was not like-to-like, as observed by 

Dehaan et al. [1]. 

 

Pyrolysis products of 3-methyl-butanenitrile, 4-methyl-butanenitrile and pentyl-

benzene, which were present in the burnt human samples, were not detected 

consistently in porcine bone samples. However, these products, with the exception of 

pentyl-benzene, were detected inconsistently in a number of sets of repeats porcine 

bone samples, detailed in Appendix 1.0. The differences in the pyrolysis compounds 

detected across both samples were minimal and, when comparing their TICs in 

Figures 3.21 (a) and (b), both appear to have similar chromatographic profiles. 

Similar outcomes were also documented in the literature [1, 19]. 
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Table 3.16: Comparison of the consistently detected pyrolysis products generated from burnt porcine bone 

and human toe samples 

No Compounds Molecular Structure Burnt 

Human 

Toe 

Burnt 

Porcine 

Bone 

1 benzene 

 

  

2 3-methyl-

butanenitrile  
  

3 toluene 

 

  

4 1-octene 
   

5 octane    

6 4-methyl-

pentanenitrile 
 

  

7 ethyl-benzene 

 

  

8 p-xylene 

 

  

9 1-nonene    

10 nonane    

11 2-nonene    

12 propyl-benzene 

 

  

13 1-decene    

14 decane    

15 1-undecene    

16 undecane    

17 2-undecene     

18 pentyl-benzene 

 

  

19 1-dodecene    

20 dodecane    

21 1-tridecene    

22 tridecane    

23 1-tetradecene    

24 tetradecane    

25 1-pentadecene 
 

  

26 pentadecane    

27 1-hexadecene 
 

  

28 hexadecane    

29 1-heptadecene    

30 heptadecane 
 

  

31 hexadecanitrile 
 

  

Total compounds 22 26 
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(a) 

 

 

(b) 

Figure 3.21: Representative TICs of burnt (a) human toe and (b) porcine bone 
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Both human and porcine samples generated low and medium molecular weight C8 to 

C15 n-alkanes and n-alkenes, together with some aromatics, n-alkyl-benzenes and 

nitrile(s) (Table 3.16). Porcine samples generated higher molecular weight C16 to C17 

n-alkanes and n-alkenes as well. Low molecular weight and medium molecular 

weight n-alkanes and n-alkanes and aromatics were seen to be present in prior studies 

on human and porcine fat / tissue [1, 2, 55]. However, high molecular weight n-

alkanes and n-alkenes together with nitriles have only been mentioned once as 

present in animal bone pyrolysis analysis [55]. (This excludes the findings in Agu’s 

research [49] of which this study was an extension).  

 

The low vapour pressures of higher molecular weight n-alkanes and n-alkenes 

require analysis using higher temperatures and longer lengths of time in order to be 

resolved [52]. If experimental procedures and analytical techniques do not facilitate 

these temperatures and durations, then these compounds will not volatilise and, 

hence, will not be detected [54]. This is seen in DeHaan et al.’s [1] study, whereby a 

microfurnace CDS pyrolysis probe was utilised to generate pyrolysis products at 

various low and high temperatures for 10 seconds. Although some of the 

temperatures were high enough, the short exposure duration could have limited the 

volatilisation of these high molecular weight compounds and could be the reason 

why they were not detected. Utilising condensation techniques to capture pyrolysed 

water and tar at 500
 o

C to 700 
o
C for about 4 to 5 hours, Purevsuren et al. [55] 

managed to detect these high molecular weight n-alkanes and n-alkenes. Similarly in 

this study, heavy hydrocarbons were detected as; (1) the burning duration of the 

samples were between 13-16 minutes at temperatures exceeding 700
 o

C, and (2) the 

adsorption temperature was set at 80 
o
C for 16 hours (optimised for the extraction of 

pyrolysis products in prior experiments), recommended by the ASTM [56, 57] and 

several authors [58-60] as they are high enough to volatilise high molecular weight 

compounds without displacing low molecular weight compounds. Temperatures 

lower than this did not have the capacity to volatilise high molecular weight 

compounds, whereas temperatures higher than this caused a high rate of 

displacement of low molecular weight compounds and unwanted decomposition of 

volatiles.  
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Table 3.17 provides a summary of the type of tissues and type of pyrolysis products 

generated in this study in comparison to those reported in the literature. 

 

n-Aldehydes were not detected from the pyrolysis of either porcine or human 

samples in this work. Such products have been previously documented in the 

literature, particularly in pyrolysed human and animal fat [1, 2], Discussed in detail 

in the previous section, the absence of n-aldehydes has been shown to be directly 

related to the temperature and length of exposure time of the sample to heat. When 

looking at the temperature profiles for porcine and human samples (Figures 3.10 and 

3.20, respectively), temperatures attained during the experiment were in the range of 

650 
o
C to 750 

o
C and held for either 5 minutes (porcine) or 1 minute (human). These 

high temperature ranges have most likely caused the degradation and oxidation of n-

aldehydes, breaking them into smaller, undetectable compounds [1, 49]. Similar 

situations would be expected to occur in a typical fire. In the context of human 

identification using unburnt VOC, Vass et al. [61] developed an approach using a 

ratio of aldehydes, ketones, alcohols and amides, generated from the odour of each 

species, in order to differentiate bones from pig, human, deer and dog. However, for 

burnt samples, odour analysis would be redundant given the effects of heat on these 

remains.  
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Table 3.17: Comparison of the type of tissues and type of pyrolysis products reported across the literature to those detected in this study 

Compounds Molecular structure In this study McLellan 

[2] 

DeHaan 

et al. [1] 

Purevsuren 

et al. [62] 

Human 

toes 

(700-800 
o
C for 1 

min) 

Porcine 

bone 

(700-800 
o
C for 1 

min) 

Porcine 

bone 

(< 250 
o
C for 9-

10 min) 

Porcine 

muscle 

(< 250 
o
C for 5-

9 min) 

Porcine 

rib (< 

250 
o
C 

for 9-12 

min) 

Porcine 

tissue (> 

400
 o
C for 

less than 1 

minute) 

 

Porcine 

& 

Human 

fat (500-

700 
o
C 

for 10 s) 

Bovine 

bone (700 
o
C for 4-5 

hours) 

benzene 
 

        

1-heptene          

hexane          

heptane          

3-methyl-

butanal  

        

pentanal          

2,2,3-

trimethyl-

cyclobutanone  

        

hexanal          

4-methyl-

pentanenitrile  

        

butanedial 
 

        

heptanal          

3-methyl-

butanenitrile  
        

ethanedial 
 

        

2-pentyl-furan 

 

        

octanal          

decadiene          
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             Table 3.17 continued 

toluene 
 

        

1-octene          

octane          

ethyl-benzene 
 

        

p-xylene 

 

        

1-nonene          

nonane          

2-nonene          

propyl-benzene 

 

        

1-decene          

decane          

nonanal          

methyl-hexanal 
 

        

1-undecene          

undecane          

2-undecene           

pentyl-benzene 

 

        

dodecadiene          

1-dodecene          

dodecane          

decanal          

cyclodecene 
 

        

1-tridecene          

tridecane          

1-tetradecene          
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           Table 3.17 continued 

tetradecane          

1-pentadecene 
 

        

pentadecane          

heptadecenal 
 

        

1-hexadecene          

hexadecane          

1-heptadecene          

heptadecane          

hexadecanitrile 

 

        
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3.6 Conclusions 

 

Pyrolysis products generated from three different types of porcine tissues displayed 

similar chromatographic profiles for pre-ignition samples, generating mainly n-

aldehydes. The main differences noted amongst these tissues were the inability of 

porcine muscle and rib samples to attain auto-ignition, whereas porcine bone readily 

auto-ignited; this illustrated that differences in tissue sampling from a fire scene can 

certainly influence the type of pyrolysis products detected. This information could 

also be useful to researchers when selecting certain parts of porcine tissue to simulate 

human tissue for laboratory generation of pyrolysis data. 

 

The effects of temperature on the chromatographic output of pyrolysed tissues are 

clearly seen for pre-ignition and post-ignition samples. Pre-ignition samples 

generated a homologous series of n-aldehydes, whereas no n-aldehydes were 

detected in the latter samples. Post-ignition porcine bone generated a consistent 

presence of n-alkanes, n-alkenes, aromatics, n-alkyl-benzenes and a nitrile. As n-

aldehydes have been documented to be potential key indicators of human remains, 

failure to detect them in this study at elevated temperatures clearly demonstrates that 

their presence and absence is temperature dependent. This renders unreliable the use 

of n-aldehydes to be key indicators of human remains in a fire and has convincingly 

resolved the previous research literature. The duration of exposure to heat did not 

generate repeatable results across a series of six samples as the temperatures attained 

and held by the samples during the course of exposure to heat fluctuated and 

appeared to have more of an influence on the type and number of products generated. 

This study has clearly demonstrated that, even in a laboratory-controlled 

environment, pyrolysis profiles generated from samples exposed to an open flame 

can vary in an unpredictable way.  

 

Pyrolysis products generated from porcine and human tissues exposed to an open 

flame under laboratory conditions displayed similar chromatographic profiles across 

the species, demonstrating the ability of porcine samples to act as a reasonable 

substitute for human samples in the analysis of pyrolysis products.  
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CHAPTER 4: METHODOLOGY DEVELOPMENT FOR THE 

GENERATION, ANALYSIS AND CHARACTERISATION OF PYROLYSIS 

PRODUCTS FROM VARIOUS TEXTILE MATERIALS 

 

4.1 Introduction 

 

Textile materials have been found to cause significant fire risk both in Europe [1] 

and in the UK [2]. More often than not, a fire scene is commonly surrounded by 

various textile based materials that are used in the manufacture of carpets, 

upholstery, sofas, curtains, bedding and clothing. Knowledge and understanding of 

the volatile products generated from these textile materials in a fire is crucial in order 

to determine their potential in generating any interfering volatile products that may 

rise within the analytical results generated from fire debris samples.  

 

Numerous studies have looked into the pyrolysis products generated from specific 

types of natural or synthetic fibre under various environmental conditions. This study 

intends to take the existing work a step further, by looking into the systematically 

generated pyrolysis products from common fibres encountered in fire scenes and 

utilised as clothing, such as cotton, polyester, nylon, wool, leather, silk and acrylic, 

but also to include a combination of these common textiles with other fibres such as 

modal, elastin, viscose, rayon, linen and spandex (LYCRA
®
) in various proportions 

to see the effects of these blends on the resultant mechanism, interaction and type of 

pyrolysis products generated.  

 

4.2 Natural Fibres  

 

Natural fibres, such as cotton, wool and silk, are elongated fibres that can be found 

naturally in the ecosystem. Obvious variations in their physical structure and 

chemical properties distinguish whether these fibres are produced by animals or 

plants. In terms of their physical structure, animal fibres such as wool and silk tend to 

be rougher and bulkier in comparison to plant fibres (e.g. cotton, hemp, flax) that 

possess a softer, more pliable texture [3]. The building block of plant fibres is 
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predominantly cellulose, thus making these fibres susceptible to odourless burning 

and acidic reactions, whereas animal fibres are made up of proteins (i.e. a 

polypeptide chain of amino acids) that burn reluctantly with a pungent odour and 

suffer immediate deterioration in the presence of an alkali. Both of these categories 

of fibres are extremely useful and have been manipulated to generate desirable 

materials that are used around the world today [4, 5].  

 

4.2.1 Plant Fibres 

4.2.1.1 Cotton 

Produced by the plant genus Gossypium, cotton is one of the most widely produced 

and used natural agricultural fibre worldwide [4, 6]. Originally commercialised in 

India, these fibres are now used internationally because of their versatility and 

favourable physical characteristics (e.g. tensile strength, absorbency, softness, ease 

of cleaning and handling) and performance [7, 8]. Most (60%) commercialised 

cotton is used in the clothing industry (e.g. shirts, socks, dresses, jackets, pants, 

denim) and the remaining 40% used in home furnishings (curtains, sofas, bedspreads, 

comforters, napkins) and other applications (fire-proof apparel, cotton wool, gauze 

bandages, compresses) [4, 8, 9]. 

 

Cotton consists of a number of layers of material. The outer layer (cuticle) of cotton 

is primarily made up of wax, serving as a protective barrier against water and 

microbial degradation [6, 8]. The underlying layer is filled with pectin substances 

either in the form of pectic acid or pectic salts, and finally hemicellulose and 

cellulose makes up the innermost layer of the primary and secondary wall. The 

primary wall comprises crystalline cellulose fibres, whereas the secondary wall is 

made up of compacted, winding parallel fibres that contains the most cellulose [6]. 

Figure 4.0 provides a schematic representation of the various layers in a cotton fibre. 
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Figure 4.0: A schematic representation of the various layers in a cotton fibre [10] 

 

Each cotton fibre is predominantly made up of polysaccharide chains of cellulose 

(Figure 4.1), namely repeatable units of linear D-glucopyranose linked together by 

the β-1,4-glycosidic bonds (Figure 4.2), making up to 80-95% of its composition [7, 

8, 11-13]. These glucan units normally arrange themselves in two forms, either 

regularly in the crystalline region or irregularly in the amorphous region [11, 13]. 

These arrangements across both regions largely dictate the physical, chemical and 

reactiveness of the fibre in general.  

 

 

 

Figure 4.1: Cellulose polymer [6] 

                             

           (a)                   (b)                               (c) 

 

Figure 4.2: Chemical structure of (a) D-glucose, (b) glucopyranose and (c) levoglucosan 
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Other non-cellulosic compounds such as wax and pectin are found on the cuticle and 

in the underlying layers of cotton, whereas protein, water and other substances are 

either found inside the lumen or in-between the pores in the amorphous region of the 

fibre [6-8, 11]. Inorganic ions such as potassium, magnesium, calcium, sodium and 

iron are also present in varying amounts throughout the cotton layers [14]. Table 4.0 

reveals the composition and proportion of various constituents in a typical cotton 

fibre. 

 

Table 4.0: Composition and proportion of cotton’s major constituents and inorganic ions. Adapted from 

[6], [8] and [14]. 

Major Constituent Range (%) 

Cellulose 80-95 

Water 6-8 

Hemicellulose and Pectin 4-6 

Protein 1.0-1.9 

Other (acid and pigments) 0.5-2.5 

Wax and Fats 0.5-1.0 

Ash 0.1-1.8 

Inorganic Ion Range (ppm) 

Potassium 2000-6500 

Magnesium 400-1200 

Calcium 400-1200 

Sodium 100-300 

 

As cotton is predominantly cellulose, it possesses similar thermal behaviour to 

cellulose [15] and can either undergo smouldering combustion or flaming 

combustion; the latter is much more common [15]. Smouldering combustion occurs 

when oxygen levels are too low to facilitate flames but high enough to oxidise solid 

cellulose. It occurs at a much slower rate as compared to flaming combustion. 

Flaming combustion involves both solid and gas phases, where heat causes 

endothermic decomposition of cellulose, forming volatile gases which when mixed 

with oxygen will, in the presence of an ignition source, result in flaming ignition of 

the volatile gases [6].  

 

With a low limiting oxygen index (LOI) (minimum concentration of oxygen that is 

required to support the combustion of a material) of 18.4%, (Table 4.1) similar to 

that of regenerated cotton fibres (e.g. rayon, viscose, modal) [16, 17], cotton ignites 

and burns rapidly [18]. Fibres with LOI values of < 21% are considered highly 
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flammable, 21-25% are moderately flammable and > 25% possess low flammability 

[19]. According to Matthews [7] and Wakelyn et al. [6], although cotton can 

withstand relatively high temperatures before experiencing any alterations, at 120-

160 
o
C, cellulose experiences dehydration and weight loss that eventually leads to 

structural collapse. Abidi et al. [20] reported that non-cellulosic compounds present 

in the cuticle and primary wall of cotton tend to breakdown first as they possess 

lower decomposition temperatures as compared to cellulose. Cellulose heated above 

140 
o
C experiences further loss in tensile strength and is discoloured to a scorched 

yellow [6]. Temperatures above 200 
o
C induces further weight loss of up to 62% 

[21], causing complete loss of tensile strength and turns the cotton brown.  

 

Table 4.1: Limiting oxygen index (LOI) values for commonly encountered fibres. Adapted from [22], [23] 

and [24]. 

Fibre LOI (vol%) 

Cotton 18.4 

Rayon 18.9 

Viscose 18.9 

Acrylic 18.2 

Nylon 6 20-21.5 

Nylon 6,6 20-21.5 

Polyester 20-21 

Silk 22.8 

Wool 25 

 

When pyrolysed, cellulose in cotton decomposes into smaller fragments. These 

fragments can be used to characterise the parent molecule, making them useful as 

diagnostic fragments [5, 25]. Pyrolysis of cellulose occurs at two stages: primary and 

secondary pyrolysis [6]. Primary pyrolysis occurs at 200 
o
C to 290 

o
C where H2O, 

CO2 and CO are generated. The first stage of secondary pyrolysis occurs between 

290 
o
C and 310 

o
C. This stage generates anhydroglucoses (levoglucosan), whereas 

the second stage (310-350 
o
C) is characterised by the presence of furans, ketones and 

n-aldehydes. Generally, cotton possesses similar auto-ignition and pyrolysis 

temperatures of 350 
o
C [22]. 

 

Typically, the pyrolysis of cotton generates carbonaceous residue (solid), liquids and 

volatile gases [26, 27]. The proportions of solid, liquid and gas generated from cotton 

largely depends on the pyrolysis environment to which the cotton is subjected. It has 
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been reported that pyrolysis of pure cotton under vacuum conditions generates 15% 

solids, 65% liquids and 20% gases [6].  

 

The residual carbonaceous solid can exist in three different forms depending on the 

temperature to which the cotton was subjected (Figure 4.3) [15]. At temperatures 

between 300 
o
C to 400 

o
C, aliphatic char is formed. At higher temperatures ranging 

from 400 
o
C to 600 

o
C, carbonaceous solid is formed and can either exist as an 

oxidised char or an aromatic char depending on the type of pyrolysis mechanisms it 

undergoes.  

 

Levoglucosan (1,6-anhydro-β-D-glucopyranose) (Figure 4.2c), an intermediate by-

product formed mainly through rapid depolymerisation [28] and random scission of 

the 1,4-glycosidic bond [27], followed by intramolecular rearrangement of the 

monomer units [28] at 300 
o
C, has been reported to be a major pyrolysis constituent 

of cotton [21, 25-27]. At temperatures above 350 
o
C, levoglucosan breaks down into 

smaller, more volatile fragments [25] through dehydration, decomposition and 

fragmentation. Compounds such as furans (e.g. methyl-furan, dimethyl-furan) and n-

aldehydes (e.g. furfural, 5-methyl-furfural, acetaldehyde, glyceraldehyde) have been 

detected at high levels from the decomposition and dehydration of levoglucosan [5, 

15, 25, 27, 29-31]. Other volatile compounds such as hydrocarbons, ketones (methyl 

iso-propyl ketone, acetone, 2,3-butanedione, 3-methyl-3-buten-2-one), aromatics 

(toluene and benzene), ether, methyl esters, pyrans, alcohol, carbonyl compounds 

and acrolein have also been documented to be volatile products generated from the 

pyrolysis of cotton across a range of temperatures [25, 27, 29, 30, 32-34].  
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Figure 4.3: Pyrolysis model for cotton (cellulose) decomposition in air. Adapted from [35]. 

 

4.2.1.2 Denim 

Denim, popularly known for its strength and durability [36] initially originated in 

Nîmes, France where it was largely used for sails [37]. Its original name, serge de 

Nîmes (fabric of Nîmes), was shortened to form ‘denim’ [37]. The fabric was then 

modified to make trousers and ultimately dyed (indigo dye) to give denim its 

characteristic blue colour, seen in modern jeans nowadays.  

 

Denim is essentially made from cotton fibres that have been twill weaved into a 

diagonal dipping to create a sturdy fabric [38]. The amount and type of weaving 

ultimately dictates the pattern and style of denim as the end product. Although most 

denim is made from 100% cotton, it can also contain small fractions of elastane / 

spandex to give it some form of elasticity and polyester to reduce shrinkage and 

wrinkles [38]. The elemental composition of denim is presented in Table 4.2. With 

cotton (cellulose) being its only or major component, the thermal decomposition of 

denim follows the pathways of cotton pyrolysis. 

 

Table 4.2: Elemental composition of denim. Adapted from [36]. 

Elements Percentage (wt%) 

C 43.2 

O 50.2 

H 6.2 

N 0.3 

Cellulose 

Levoglucosan Oxygenated char 

Furans Aldehydes Ketones Aromatics 

Flaming combustion Glowing combustion 

CO, CO2 & H2O 

Aromatised char  

CO, CO2 & H2O 
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4.2.1.3 Linen 

Bast fibres are fibres that are produced from the bast surrounding stems in plants 

[39], located between the cuticle-epidermis layer and the inner woody tissues [40]. 

Bast are specialised long, cellulose-rich fibres that are very strong and resistant [41-

43]. A form of bast fibre include the light amber flax (Linum usitatissimum L.) fibres 

[42] that are used to manufacture linen [40]. Linen is a widely used textile in the 

apparel and interior designing industry and is valued for its comfort, high tenacity, 

high moisture regain, excellent tensile strength, easy handling and distinctive 

appearance [43, 44].  

 

The organisation of tissues in flax fibres can be distinguished into identifiable 

sections: outer cuticle layer, epidermis, thin-wall parenchyma cells, flax fibre 

bundles, cambium and inner woody cells [40, 42, 45]. The outer cuticle comprises 

lipids, including waxes, cutin, and aromatics [46, 47] that serve as a first line of 

defence against biological and mechanical attack and water loss. This is followed by 

the adjacent epidermis layer, made up of epidermal cells that border one side of a 

wall of parenchyma cells. Fibre bundles border the other side of the parenchyma wall 

and contain high levels of pectin and sugars. Pectin is essentially a 

heteropolysaccharide that consists of D-galacturonic acid linked together by α-bonds, 

and serves as a natural binder [42]. The next section is referred to as the cambium. 

The cambium produces tissues that are specialised for secondary growth and also 

contain high levels of pectin. The cortex of inner woody cells primarily contains 

xylem and other structural cells that are highly lignified, providing strength, rigidity, 

water conduction and microbial protection for the plant [42, 43]. 

 

Flax fibres are essentially cellulose, although their cellulose content is not as high as 

in cotton; cellulose accounts for 65-80% of the composition of linen [31, 48]. The 

remaining non-cellulosic compounds that make up to 17% of flax include pectin, 

lignin (higher than in cotton) [49], hemicellulose, waxes, protein and aromatics [46]. 

Similar to denim, cellulose accounts for the majority of the components in linen and, 

thus, when subjected to heat, linen undergoes similar thermal decomposition 

mechanisms [31, 45, 50] to cotton. 
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4.2.2 Animal Fibres 

Wool and silk are the most common animal fibres encountered in the textile industry. 

They possess individual characteristics that make them unique desirable. Although 

both wool and silk are produced by animals and are essentially protein, the 

distinctive amino acids that serve as building blocks for the polypeptide chain are 

different across both fibres and can be distinguished from one another easily [51].  

 

4.2.2.1 Wool 

Wool is an epidermal growth of keratin fibrous protein, typically in the form of 

fleeces on the outer surface of (primarily) sheep [3, 52]. This yellowish white fibre is 

characterised by its rough, curly appearance and consists of multiple fibres twined 

together in staples. Wool’s durability, high tensile strength, softness, crimps, 

serration and felting characteristics has made it a highly desirable material 

particularly in the textile and furnishing industry where it is used to make woollen 

clothing, blankets, upholstery, carpets and rugs [53-55].  

 

Wool fibres are formed within hair follicles and undergo keratinisation before they 

are then driven out onto the surface of the animal [56]. A typical wool fibre has two 

parts, the follicle and the shaft, and are categorised into three distinguishable 

sections: the cortex, core and outer layer [3, 56, 57]. The cortex is referred to as the 

medullary canal where soft, globular / cortex cells are embedded. The core is 

enclosed by a middle section that comprises long, spindle-shaped cells that make up 

the majority of the fibre. The outer layer, made up of spiked, flattened / cuticle cells, 

bounds the medullary canal and middle section, running along the length of the fibre 

from the tip to the root.  

 

The building block of wool is essentially protein (Figure 4.4), typically long chains 

of helical polypeptide, of at least 18-25 units of α-amino acids [52, 55, 58], 

distinguished from silk by the presence of sulfur-containing α substituents, mainly L-

cysteine (Figure 4.5) [59]. The α-carbon in the polypeptide can be attached to either 

two hydrogen atoms or one hydrogen atom and one R side group. The chemistry of 

the R group determines if the fibre is hydrophilic, acidic or basic.  
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   Figure 4.4: Chemical building block of protein             Figure 4.5: Chemical arrangement of L-cysteine 

 

Three types of major proteins are found in wool fibres, intermediate filament (IF) 

protein, high tyrosine-glycine (HTG) proteins and intermediate filament associated 

proteins (IFAPs) [60]. (IF) proteins are fibrillary proteins, whereas (HTG) proteins 

are rich in tyrosine and glycine. (IFAPs) refer to a group of matrix proteins with high 

sulfur content like cysteine (Figure 4.5) which makes up at least 10% to 12% of 

wool’s composition and contains reactive disulfide bonds that can be easily oxidised 

to carbon disulfide. It is also the first molecule to decompose when heat is applied to 

wool [55, 58]. When reduced, disulfide bonds produce thioglycollic acid [58]. The 

general elemental composition of wool is presented in Table 4.3. 

 

Table 4.3: Elemental composition of wool. Adapted from [58]. 

 Elements  Composition (%) 

C 40-50 

O 23-25 

N 15-16 

H 6-7 

S 3-4 

 

Besides proteins, wool also contains contaminants such as wool grease, suint and dirt 

which cumulatively can account for to 20-30% of raw wool [56, 58, 60]. Wool 

grease includes esters of long chain fatty acids, alcohols and sterols that form wax. 

Suint are water soluble salts such as potassium, carbonate and bicarbonate, and dirt 

can be a number of contaminants including sand, soil, skin and dead cuticles. While 

most of these contaminants disappear during the scouring process in wool 

preparation, some, typically wax, can linger at low concentrations in the final product 

[58]. 

 

Upon application of heat, wool does not melt or soften [22]. With its high ignition 

temperature of 570-600 
o
C, high LOI of 25-28% and low heat of combustion (energy 

released in the form of heat during combustion) (20.5 kJ/g), wool is the most flame 

resistant of all natural fibres [55, 58]. This is attributed to its high nitrogen content 
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(15-16%), high moisture content (10-16%) and high sulfur content (3-4%) (Table 

4.3) [22, 55, 58], allowing its fibres to be resistant to ignition and flame propagation 

[18].  

 

Due to its complex protein structure, wool breaks down and produces char and 

dissipating ash as its end products [18, 22]. Thermal decomposition of wool follows 

the loss of moisture at 100 
o
C. Initial decomposition is seen at 200 

o
C to 240 

o
C with 

the rupture of its helical structure [61], followed by an endothermic reaction at 

temperatures above 230 
o
C to 295 

o
C, typically marked with the emission of H2S and 

sulfur compounds from the breakdown of disulfide bonds [22, 58, 62] in cysteine 

[63]. Wool undergoes rapid weight loss and the onset of pyrolysis at temperatures 

above 245 
o
C [22], releasing flammable volatiles and producing char [63]. While 

volatiles are released continuously throughout pyrolysis, some compounds evolve at 

specific temperature ranges: sulfur dioxide at 270-320 
o
C, thiols at 250-320 

o
C, 

nitriles at 340-480 
o
C, and phenol and 4-methyl-phenol at 370-400 

o
C [18]. 

 

At its ignition temperature (570-600 
o
C), the pyrolysis process continues to generate 

more volatile pyrolysis products with increasing levels of char [22, 62]. Ingham et al. 

[62] documented a lower ignition temperature of 385 
o
C for wool and mentioned 

that, at temperatures above 500 
o
C, most of the volatile products are consumed and 

can no longer be detected. In general, the pyrolysis of wool produces a variety of 

products, namely methane, carbon monoxide, ammonia, hydrogen sulfide, hydrogen 

cyanide, acetaldehyde, acrylonitrile, isobutyronitrile, toluene, isovaleronitrile, 2-

methyl-butyronitrile, indole, skatole, phenols and amino acids [62, 64, 65]. 

Acetaldehyde is a break down product of alanine and proline, and isovaleronitrile is 

produced by leucine. Isobutyronitrile and 2-methyl-butyronitrile are both produced 

from the decomposition of valine and isoleucine [64]. Phenolic compounds and 

para-cresol (methyl-phenol) are generated from the pyrolysis of tyrosine, whereas 

indole and skatole are breakdown products of tryptophan [34, 65, 66]. Phenylalanine 

has been reported to be the parent compound that breaks down to generate toluene 

and phenyl-acetonitrile in wool and silk [65, 67]. 
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4.2.2.2 Silk 

Silk is an animal fibre produced by the insect order Lepidoptera [56]. Continuous 

filaments are produced by the larvae of caterpillars (silk worms) during the pupae 

stage and used to build their cocoons [57]. The outstanding strength, elasticity, high 

regain, softness, resistance to creasing and its luxurious appearance has made silk 

very prominent in the clothing and drapery industry [55, 68, 69].   

 

As silk is an animal fibre, its monomers are primarily made up of proteins of 16 α-

amino acids [55]. Silk is basically composed of 70-80% fibroin, 17-30% globular 

protein (sericin) and 0.4-0.8% waxes [56, 57] (Table 4.4).  

 

Table 4.4: Composition of raw silk [70] 

Compounds Percentage 

Fibroin 70-80 

Sericin 17-30 

Moisture 10-11 

Carbohydrates and Starch 1.2-1.6 

Inorganic Matter 0.7 

Waxy Matter 0.4-0.8 

Pigment 0.2 

 

Fibroin forms the inner layer of silk fibres and is principally made up of glycine 

(R=H), alanine (R=CH3) and serine (R=CH2OH) and constitute 80% of the total 

amino acids found in silk, where serine contributes 10% [55, 57]. These amino acid 

repeat unit (glycine-alanine-serine) position themselves compactly in the crystalline 

region of the fibre, contributing to the formation of the β-sheet structure in silk [56, 

57] (Figure 4.6).  

 

 

 

Figure 4.6: Regular arrangement of polypeptide chain [57] 

 

Other amino acids such as tyrosine and valine can also be found in varying 

proportions in silk fibres (Table 4.5). These groups of amino acids are bulky, 
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hindering compact orientation, forming an amorphous region in the silk fibre [57]. 

Sericin (glue-like protein) forms the outer layer of silk fibres, encapsulating the 

fibroin. Sericin binds the silk fibres together and serves as a protective barrier against 

any mechanical or chemical damage [56, 57]. 

 

Silk possesses good thermal stability up to 140 
o
C and has a high LOI of 23% [55, 

57]. When subjected to temperatures in the region of 100 
o
C, water molecules are 

vaporised within the amorphous region of the fibre and dehydration occurs [70]. As 

the temperature rises to 150 
o
C, the onset of thermal decomposition follows [57, 70]. 

Primary decomposition causes further dehydration, weight loss and the release of 

volatile products from the fibre (> 250 
o
C) [55, 70]. It has been reported that the 

pyrolysis temperature of silk occurs between 320 
o
C and 400 

o
C [55, 70, 71]. During 

this period of secondary decomposition, proteins that form the crystalline structure 

break down and release by-products in the form of volatile gases [70]. Similar to 

wool, the end product of silk is a char, which is formed through the dehydration and 

cross-linking characteristics of the hydroxyl group, particularly in serine [55, 59]. 

Also, as silk and wool are predominantly protein, they share similar thermal 

decomposition pathways and pyrolytic profiles. 

 

Table 4.5: Side-group proteins in silk and wool fibres. Adapted from [56]. 

Side Group Protein g amino acid per 100 g protein 

Silk Fibroin Wool Keratin 

INERT 

Alanine 26.4 4.1 

Glycine 43.8 6.5 

Isoleucine 1.4 0.0 

Leucine 0.8 9.7 

Phenylalanine 1.5 1.6 

Valine 3.2 5.5 

ACIDIC 

Aspartic acid 3.0 7.3 

Glutamic acid 2.0 16.0 

BASIC 

Arginine 1.1 8.6 

Histidine 0.5 0.7 

Lysine 0.9 2.5 

HYDROXYL 

Serine 12.6 9.5 

Tyrosine 10.6 6.1 

OTHERS 

Cysteine 0.0 11.8 
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4.2.2.3 Leather 

Leather is a group of natural, fibrous protein based textile [72]. The raw material for 

leather making is obtained from the skin of animals, such as reptiles, birds or fish, 

and subjected to chemical and mechanical tanning processes to preserve the skin 

from decay, heat and moisture damage in addition to enhancing its properties [73-

75]. Leather is regarded for its high tensile strength; good resistance to tear, flexing 

or puncture; poor heat conduction; good thermal insulation; permeability to air; 

favourable thermostatic properties and resistance to heat and flame [73, 76]. As such, 

leather is widely used in the manufacture of footwear (up to 60%) [77], upholstery 

and clothing. 

 

In the making of leather [73, 78], the epidermis (including hair follicles, fur, sweat 

glands; < 1% thickness) and sub-cutaneous (including connective tissues and fat; 14-

15% thickness) layers are removed. What is left is the thick dermis layer (85% 

thickness), containing bundles of three-dimensional connective fibre networks 

interspaced with proteins (globulin-collagen), that is then processed to produce 

tanned leather. The surface of the dermis that borders the epidermis is referred to as 

the ‘grain’, whereas the area that borders the dermis and sub-cutaneous layer is 

referred to as the ‘split’. The grain can undergo a variety of chemical treatments but 

the most common are chromium and vegetable tanning and their final composition is 

illustrated in Table 4.6 [72, 78]. Once tanned, the material is then dyed, dried and 

staked (softened). Finishing is the final process of leather treatment and is conducted 

to protect the leather from abrasion, wear and tear and to also cover any defects 

(scars, veins, growth marks, shade and grain variation) in the final product.  

 

Table 4.6: Properties of tanned leather. Adapted from [72, 79, 80]. 

Analysis 

(wt%) 

Finished 

leather 

trimming 

Unfinished 

leather 

trimming 

Chromium-tanned 

shavings 

Vegetable-

tanned 

shavings 

Moisture 12 12 7.1 5.9 

Ash 4.5 7.2 67.0 59.0 

Volatiles 66.7 65.7 9.6 3.9 

Carbon 51.9 29.2 44.3 52.4 

Hydrogen 6.3 6.7 3.1 0.9 

Nitrogen 12.7 12.4 14.2 6.6 

Sulfur 1.1 2.2 1.8 1.1 
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There are four types of leather: pure aniline, semi-aniline, corrected grain and suede 

split [78]. Pure aniline is the softest of all leathers; however, due to minimal 

chemical processing, it is susceptible to weathering and external damage. Semi- 

aniline is much more resistant as it has a layer that is slightly covered with organic 

pigments. Corrected grain is the most heavily pigmented, thus making it the most 

resistant of leathers. Suede split is a type of leather that is widely used in upholstery, 

shoes, garments and handbags. It refers to the under layer of leather that has been 

split, dyed and buffed to generate a velvet appearance. 

 

When leather is subjected to temperatures below 200 
o
C for short durations, it 

maintains its structural integrity and resists damage; temperatures higher than this 

result in pyrolysis [76]. The pyrolysis of leather forms volatile gases, oils and 

carbonaceous residues [79]. When ignited, leather smoulders for extended durations 

while experiencing shrinkage [76]. According to Caballero et al. [80] and Font et al. 

[81], the pyrolysis of leather occurs in two distinctive temperature dependent stages, 

generating as its major products ammonia, hydrogen cyanide, and sulfur dioxide 

through the degradation of polypeptides, as well as carbon dioxide through the 

decarboxylation of carboxylates [79]. Toluene, naphthalene and methyl-naphthalene 

have also been detected from the pyrolysis of watch strap leather at 400-535 
o
C [82]. 

Carbonaceous residues are formed throughout the pyrolysis process via 

decomposition, polymerisation and polycondensation, yielding about 40-48% in 

proportion, and can be reduced to ashes (containing chromium trioxide and 

ammonium carbonate) with increasing temperatures up to 1200 
o
C [72, 80]. Oils 

formed have been identified to be asphaltene, aliphatic, aromatic and polar in nature 

[79].  

 

Besides natural leather, artificial / synthetic leather (such as faux, vinyl or 

leatherette) is also popular, as it is much cheaper, provides better flexibility and is 

more versatile in comparison to real leather [83]. Artificial leather refers to a group 

of natural fibre or synthetic leathers that are commonly plasticised / coated with 

polyvinylchloride (PVC) or polyurethane (PU) and treated to resemble real leather 

[83, 84]. In comparison to PVC leather (plasticised and dyed), which is only used to 
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manufacture low stress tolerance materials, PU leather (cotton coated with PU) is 

much more commonly utilised for the production of upholstery, bags, shoes and 

belts, as it is much more flexible, resistant, durable and possesses high tensile 

strength – all favourable properties required for the production of good quality, 

strong material.  

 

In general, when artificial leather is subjected to heat, it has been reported to undergo 

immediate ignition accompanied by slow smouldering and burning, forming ash as 

its end product [76]. Artificial leather has higher heat release rates and generates 

more smoke (carbon monoxide) in comparison to its natural counterpart, making it 

highly susceptible to fires [76].  

 

PVC leather, however, is relatively resistant to fire and can barely sustain a flame, it 

can undergo combustion and pyrolysis to generate a variety of aromatics and 

chlorinated compounds through side group scission [85]. Across a range of 

temperatures (500-1000 
o
C), PVC decomposes to generate benzene, hydrogen 

cyanide, chlorinated aliphatic hydrocarbons, monoaromatic and polyaromatic 

hydrocarbons, naphthalene, chloro-benzenes, n-alkenes and a range of volatile and 

semi-volatile products [86-91]. As PU is made from amines and isocyanates, the 

pyrolysis of PU causes the polymer to undergo decomposition across the 350-850 
o
C 

via the breakdown of urethane and ester linkages, generating amines, aromatic 

amines, amino-isocyanates, diisocyanates, dienes, cyclic compounds, diols, hydrogen 

cyanide, styrene, benzene and naphthalene [81, 92, 93]. 

 

4.3 Synthetic Fibres 

 

Accounting for 68% of all fibres produced worldwide [94], synthetic fibres are man-

made fibres that were developed to enhance and improve the physical and chemical 

properties of natural fibres [56]. These fibres are divided into three main groups: 

synthetic fibres, made from the polymerisation of petroleum oils and petrochemicals 

to form long, linear chains (e.g. polyester, nylon, acrylic, elastane); semi-synthetic 

regenerated fibres, made from the regeneration of the polymer structure of naturally 



168 

 

occurring fibres (e.g. viscose, rayon, modal); and inorganic fibres, fibres that are 

made from glass, carbon, metal and ceramic (e.g. acetate) [56, 94, 95]. The four main 

groups under synthetic fibres are polyester, nylon, acrylic and polyolefins. Other 

synthetic fibres also include spandex / elastane (LYCRA
®
).  

 

4.3.1 Polyester 

Polyesters are one of the most common and widely used synthetic polymer [95]. 

Polyester’s characteristic traits of resistance to abrasion and water, good elasticity 

and rigidity, strength and versatility as well as being cheap to produce and 

manufacture, has made its application very favourable in the manufacture of 

clothing, home furnishings, reinforced fibres, insulation, and as packaging and film 

material for food and drinks [85, 95-98].  

 

Polyester is essentially a white thermoplastic composed of linear chain 

macromolecules consisting of at least 85% diol (ethane-1,2-diol / ethylene glycol) by 

mass and 15% dicarboxylic acid (benzene-1,4-dicarboxylic acid / terephthalic acid) 

(Figure 4.7), which are linked together by ester bonds [94, 99]. Polyesters can be 

referred to in two ways, depending on what they are used for [100]: 65% of 

polyesters are manufactured for the clothing and textile industry and are simply 

referred to as ‘polyester fibres’, whereas in the plastic and bottle industry (35%), they 

are referred to as ‘polyethylene terephthalate’ (PET) [96, 100].  

 

                                             

benzene-1,4-dicarboxylic acid                                 ethane-1,2-diol 

 

 

 

polyethylene terephthalate 

 

Figure 4.7: Monomers of polyester and chemical structure of polyester 

     

    + 
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The majority of polyester fibres are synthesised through condensation polymerisation 

reactions and in particular by a process called continuous polymerisation, where the 

fibre is subjected to elevated temperatures and forced through fine holes to form long 

strands of fibres, in the presence of a catalyst [96, 98, 101]. The physical and 

chemical properties of polyester can vary as they depend on the end product and 

level of polymerisation during manufacture. Generally, upon heating, polyester 

softens at 80-90 
o
C [22], and at its melting point of 200-260 

o
C, the fibres melt and 

fuse together to form hard beads [98, 102]. With the increase in temperature, these 

melted fibres ignite with difficulty and have been documented to auto-ignite at 450-

530 
o
C [22, 103, 104]. The thermal decomposition temperature of polyester can 

range from 230-450 
o
C up to 570-900 

o
C depending on the size and type of 

molecules in the polymer and the duration of burning [5, 105-109]. Table 4.7 gives 

an overview of some of the thermochemical properties of polyester. 

 

Table 4.7: Thermochemical properties of polyester. Adapted from [108] and [22]. 

Thermochemical property Measured value 

Melting point 250-300 
o
C 

Heat of combustion 25-32 MJ/kg 

Flash ignition 400 
o
C 

Auto-ignition 450-500 
o
C 

Flame temperature 750 
o
C 

 

As polyester is essentially carbon, oxygen and hydrogen, its thermal decomposition 

pathway generates volatile hydrocarbons and oxygenates, together with carbon 

dioxide, carbon monoxide and water [103, 108, 110]. When heated to its thermal 

decomposition temperature above 300 
o
C, random scission of the C-O ester bond 

occurs, generating highly flammable, intermediate compounds (i.e. ethylene oxide, 

vinyl-alcohol, methane, diethyl ether, 2-methyl-1,3-dioxolane, acetaldehyde) that are 

then subjected to further decomposition at the C-C bonds to generate smaller, more 

stable compounds [107, 108, 111, 112]. The pyrolysis of polyesters have been 

documented to generate a series of n-aldehydes (acetaldehyde, benzaldehyde, 

butanaldehyde, formaldehyde), aromatics and aromatic esters (benzene, toluene, p-

xylene, phenol, biphenyl), furan (tetrahydro-furan), vinyl-terepthstyrenes, 

naphthalene, ketones, n-alkanes (methane, butane), n-alkene (butane), n-cycloalkanes 
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and n-cycloalkenes together with acid and acid esters (benzoic acid, terephthalic acid 

esters, benzoic acid, ethenyl ester;) [34, 56, 85, 103, 106-110, 113, 114].  

 

Although a range of volatile products can be formed through the pyrolysis of 

polyesters, the type of products detected largely depends on the temperatures attained 

during pyrolysis [115]. Lower temperature episodes, particularly at the initial stage 

of decomposition, have been noted to generate acetaldehyde, formaldehyde, and 

carbon dioxide as their main pyrolysis products, whereas at higher temperatures, 

aromatic and aliphatic hydrocarbons, methyl acetate, alcohols and acids were 

detected at high levels [107, 115]. Edge et al. [111] and Dzieciol and Trzeszczynski 

[115] documented a maximum presence of acetaldehyde at 300 
o
C and 400 

o
C, 

respectively. At 500 
o
C, maximum levels of benzoic acid, formaldehyde, methyl-

alcohol and dioxane were recorded [103, 115], whereas temperatures above 700 
o
C 

generated high levels of aromatics, branched alkenes, naphthalene, benzaldehyde and 

acetophenone [5, 106]. 

 

4.3.2 Nylon 

Nylons are long chains of aliphatic polyamides that are widely used as a synthetic 

polymer in the fabric and plastic industry [109, 116, 117]. The monomers of nylon 

are repetitive units of either amino acid or equal portions of diamine and dicarboxylic 

acid, which are linked together through peptide bonds and possess amide repeating 

units (–CO–NH–) (Figure 4.8) [109, 118, 119] of which, less than 85% are attached 

to two aromatic rings in the polymer chain [98]. 

                 +                   

Diamine                                                              Dicarboxylic 

                     Polymerisation 

 

 

Polyamide repeat unit 

 

Figure 4.8: Monomers of nylon 
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Nylons can be either aliphatic (nylon 6, nylon 6,6), aliphatic / aromatic or aromatic 

polyamides [109]. While aliphatic and a mixture of aliphatic / aromatic nylons are 

common, aromatic nylons such as Nomex
®

 are specifically designed for the 

production of protective clothing as they possess extremely high thermal stability 

[117, 118]. Nylons are categorised and named based on the composition of their 

monomers [116, 117]. When nylons are made from the hydrolytic polymerisation of 

Ω-amino carboxylic acids, single numbered nylons are formed (nylon 6, nylon 12). If 

the monomers are made up of diamine-dicarboxylic acids that undergo 

polycondensation, double numbered nylons are formed (nylon 6,6, nylon 6,12). 

Nylon 6, with a chemical formula of [-NH-(CH2)6-C(O)-]n is generated through the 

polymerisation of caprolactam in the presence of water [109], whereas nylon 6,6 [-

NH-(CH2)6-NH-C(O)-(CH2)4-C(O)-]n, being one of the most widely used groups of 

nylon, is made from the hexamethylenediamine salt of adipic acid [109, 117]. Nylon 

12 [-NH-(CH2)11-CO-]n is formed through the polymerisation of α-lauryl lactam, 

while nylon 6,12 [-NH-(CH2)6-NH-C(O)-(CH2)10-CO-]n contains the monomer 

hexamethylenediamine and 1,12-dodecanedioic acid [119]. 

 

As nylons can exist in a number of different forms and polymer sizes, their thermal 

properties and flammability vary and have been documented to generate a range of 

volatile products that differ based on their composition, length of molecule / 

hydrocarbon chain and pyrolysis temperature (Table 4.8) [108, 109, 117, 118, 120].  

 

Table 4.8: Thermal properties of nylon. Adapted from [117, 118, 121, 122]. 

Nylon Melting Point 

(
o
C) 

Ignition 

Temperature (
o
C) 

Minimum Thermal 

Decomposition Temperature 

(
o
C) 

172-260  

 

421-590 

310-380 

Nylon 6 215-220 583 

Nylon 12 179-210 310-380 

Nylon 6,6 250-260 310-340 

Nylon 6,12 218 310-380 

 

As a class, nylons are moderately resistant to thermal decomposition (LOI of 21%) 

[59] and have been documented to resist decomposition up to 340 
o
C [118]. Aliphatic 

nylons tend to decompose at lower temperatures (300-400 
o
C) as compared to 

aromatic nylons (> 451 
o
C), as the latter contain relatively stable aromatic rings that 



172 

 

are difficult to decompose [109, 118]. As temperatures rise above 310 
o
C (up to 900 

o
C), nylon undergoes pyrolysis and typically generates carbon dioxide and water as 

its major products, together with mononitriles, amides, amines, ketones, dienes, 

acids, hydrocarbons and char (depending on the circumstances) [109, 116-119, 123, 

124]. The presence of branched n-alkenes, benzaldehyde, indene, acetophenone and 

naphthalene were also documented from nylon carpets burnt in tin cans in Almirall et 

al.’s study [125]. The main pyrolysis pathway responsible for the generation of a 

range of pyrolysis products from nylons is mainly due to the scission of the peptide 

bonds (C(O)-NH), along with the C-C(O) and C-C bonds [109, 118, 123]. These 

scissions give rise to NH3, CO2, CO and low molecular weight fragments that 

subsequently undergo further decomposition to generate flammable volatiles [59]. 

Random scission of the weak C-N bonds generates amides and alkenes, and with 

dehydration, nitriles are formed. Further hydrolysis of the peptide bonds leads to the 

formation of amines and acids. When the C-C bonds break, various hydrocarbons, 

dienes, nitriles and cyclic compounds are formed. 

 

Looking into specific nylon groups, nylon 6, when heated, softens and melts at 50 
o
C 

and 215 
o
C, respectively [22]. It undergoes decomposition at 400 

o
C and pyrolysis at 

600 
o
C to generate a range of pyrolysis products as described above, whereby its 

main route of thermal decomposition is through depolymerisation, to form its 

monomer, caprolactam [59, 109, 110, 116]. Volatile at 140 
o
C [59], caprolactam is a 

specific nylon 6 by-product, produced in high yield during pyrolysis and formed 

when the polyamide undergoes C-N bond cleavage (cyclisation of amino hexanoic 

acid) at the polymer backbone [56]. It has also been detected in minor amounts 

coming from the pyrolysis of nylon 6,6 and nylon 6,12 [109, 119]. Nylon 6 has also 

been reported to generate benzonitrile and toluene at higher temperature ranges, 

typically between 800-950
o
C [119]. Through the cleavage of the C-N, C-O and C-C 

bonds, the pyrolysis of nylon 12 produces more fragment molecules as compared to 

nylon 6, generating lauryl lactam as its major product together with toluene, 

mononitriles, hydrocarbons, acids, amides and a range of C2-C12 nitriles at 800-950 

o
C [109, 116, 119]. 
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Nylon 6,6 has been documented to soften at 50 
o
C, melt at 265 

o
C and experience the 

onset of pyrolysis between 310-403 
o
C [22], where the carbonyl-methylene 

(CO=CH2) bond in apidic acid undergoes free radical attack and subsequently suffers 

carbon monoxide loss to form cyclopentanone as its major by-product [126], together 

with nitriles, ketones, aromatics, olefins, dimers and trimers [109, 118, 119, 123, 

127, 128]. Nylon 6,6 also has a high ignition temperature of 530 
o
C and LOI of 20-

21.0% [22]. Nylon 6,12 undergoes cyclisation (structural rearrangement leading to 

the formation of cyclic products) to generate lauryl lactam, caprolactam, toluene and 

undecane-nitrile as its major product that, undergoes further decomposition to 

produce nitriles (mononitriles and dinitriles) and cyclic oligomers [116, 119, 127]. 

 

With increasing temperature and burning duration, nylon loses most of its mass due 

to the thermal breakdown and generation of volatile pyrolysis products. The residual 

char that is formed during this process can undergo further decomposition to 

ultimately generate carbon dioxide, water, ammonia and hydrogen cyanide [119]. 

 

4.3.3 Acrylic 

In the textile industry, acrylics refers to linear macromolecules consisting of not less 

than 85% acrylonitrile repeating units [-CH2-CH(CN)-] and not more than 15% 

additives and copolymers [94, 129]. In general, acrylics are made up of 68% carbon, 

26.4% nitrogen and 5.6% hydrogen [130, 131]. Acrylics possess high elasticity, 

excellent heat retention and a soft and flexible texture, making them useful as 

blankets, sweaters, socks and home furnishings [94, 98, 129, 131]. 

 

Because pure polyacrylonitrile (PAN) fibres don’t dye well, acrylics that are 

manufactured for the synthetic fibre industry contain acrylonitrile (90-94%) as the 

main constituent (Figure 4.9), with the additional presence of one or two polymerised 

copolymers [98, 129, 132]. Copolymers can be either neutral (vinyl acetate, methyl 

acrylate, methyl methacrylate, ethyl acrylate) or ionic (styrene sulfonate, allyl 

sulfonate) in nature [129]. The common copolymers that are utilised in the 

manufacture of acrylics are vinyl acetate and methyl acrylate (Figure 4.10) [132]. 
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Other monomers such as styrene sulfonate and ethyl acrylate can also be used to 

synthesise acrylic (Figure 4.11) [132].  

 

 

Acrylonitrile 

 

Figure 4.9: Chemical structure of acrylonitrile 

 

                  

          Vinyl acetate                     Methyl acrylate 

 

Figure 4.10: Chemical structure of common monomers of acrylic 

 

                          

               Methyl metacrylate                    Ethyl acrylate                        Styrene sulfonate                          

 

Figure 4.11: Chemical structure of other monomers of acrylic 

 

When heat is applied, acrylic softens and melts at 100 
o
C and > 220 

o
C, respectively 

[22], and it has been reported to undergo three distinctive temperature-dependent 

pyrolysis stages: 250-350 
o
C, 350-550 

o
C and > 550 

o
C [133]. Across these stages, 

the processes of volatilisation (homolytic cleavage (the bond electron pair is split 

evenly between two products) and chain scission forming free radicals) and 

cyclisation compete with the production of char, and they are largely governed by the 

heating rate and oxygen availability [130, 133-135]. These free radicals attack the 

polymer chain to cause fragmentation into smaller, more stable products. The 

residual solid that is left after volatilisation and decomposition constitutes char. 

 

At 280-590 
o
C, the pyrolysis of acrylic generates, as its major products, cyanogen, 

hydrogen cyanide, nitriles (acrylonitrile, acetonitrile, vinyl acetonitrile), cyano-

alkanes and cyano-alkenes [130, 136], while at 700 
o
C, in addition to these products, 
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acids, nitriles (isobutyronitrile, propionitrile, methacrylonitrile), substituted 

aromatics, dimers, trimers, tetramers and acrylates (ethyl acrylate, methyl 

methacrylate, butyl acrylate) have been reported to be present [34, 132, 137]. 

Substituted aromatic compounds such as dicyano-benzene are formed through an 

additional pyrolysis mechanism: dehydrogenation and / or dehydrocyanide reactions 

followed by cyclisation of the polymer [134], whereas substituted alkanes and 

alkenes (dicyano-propene and dicyano-butene) are formed through the elimination of 

the HCN and methyl radical, respectively [130]. 

 

As pyrolysis is a function of temperature, higher temperatures cause more rapid 

fragmentation, inducing larger yields of volatile species (dicyano- / tricyano- / 

tetracyano- alkane and alkene) [130] and low molecular weight products 

(hydrocyanic acid, acetonitrile, acrylonitrile, methacrylonitrile, low molecular weight 

hydrocarbon) [130, 137]. However, once the maximum temperature is attained for 

the yield of specific compounds, their production starts to decrease, as observed by 

Minagawa et al. [137] who reported that the yield of acetonitrile and acrylonitrile 

dwindled after 700 
o
C and 800 

o
C, respectively (Figure 4.12). 

  

 

 

Figure 4.12: Temperature-dependent yield of acrylonitrile (AN), acetonitrile (AcN), hydrocarbons, 

hydrogen cyanide (HCN) and ammonia (NH3) [137] 
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4.3.4 Spandex / Elastane 

Known for its outstanding elasticity [138] and its wide application in sportswear and 

swimwear [139], spandex (or elastane) is made from synthetic fibres containing long 

chains of at least 85% segmented polyurethane linkage units (synthesised from 

polyester and diisocyanate) (Figure 4.13) and the remaining 15% polyurea [139-

142]. As the resultant polymer contains both long fibres in the amorphous region and 

short, rigid fibres in the crystalline structure, these network arrangements are 

responsible for the formation of an elastomeric fibre [140, 142], facilitating 

stretching and recoiling [143] and giving the fibre its superior stretchability, strength, 

versatility, lightweight nature and resistance to abrasion [140, 144]. 

 

 

 

Figure 4.13: Polyurethane repeat unit 

 

The synthesis of spandex requires pre-polymers that form the backbone of the 

polymer, stabilisers to secure integrity and colorant for selling purposes. The 

common pre-polymers used in the manufacture of spandex is macroglycol (polyester 

/ polycarbonate), a long chain of polymer containing –OH groups at both ends which 

is responsible for flexibility and diisocyanate, the short chain polymer containing –

NCO groups at both ends which provides rigidity and strength. These pre-polymers 

are then reacted together and commonly undergo a solution dry spinning (dissolved 

in solvent which is then evaporated) technique to generate the desired fibres [141, 

144]. Other techniques like the melt extrusion (heat and pressure is applied to 

polymer fibres and is forced through fine holes continuously), reaction spinning 

(chemicals are added to increase the viscosity of the fibres during spinning) and 

solution wet spinning (fibres submerged in a chemical bath) can also be utilised to 

generate spandex fibres (Figure 4.14) [142]. LYCRA
® 

and Dorlastan
®
 are some of 

the common trade names of spandex / elastane [144]. 
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Figure 4.14: Spandex manufacturing methods [142] 

 

The physical and chemical properties of spandex / elastane depend on the processing 

conditions and pre-polymers used during the manufacturing process [139, 142]. In 

general, spandex fibres have shown good thermal stability up to 200 
o
C [139]. Across 

190-205 
o
C, spandex fibres undergo complete stretching comparable to that of 

melting, where the physical cross-linking between the segments are broken down. 

 

4.4 Semi-Synthetic Fibres 

4.4.1 Rayon 

Rayon is a semi-synthetic fibre, made of purified cellulose fibres obtained from 

wood pulp that has been chemically modified and solidified [145, 146]. According to 

the Federal Trade Commission [147], rayon refers to regenerated cellulose fibres in 

which substituents have not replaced more than 15% of the hydrogens in the 

hydroxyl group [68]. The fibres undergo a process called spinneret to form soft 

filaments that then become the regenerated cellulose fibres. Besides having a soft and 

comfortable feel, rayon fibres are highly absorbent and drape well; they are also 

http://cameo.mfa.org/materials/fullrecord.asp?name=regenerated%20cellulose
http://web.archive.org/web/20080406101953/http:/www.afma.org/f-tutor/techpag.htm#spinneret
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versatile and don’t insulate heat [148]. They are used widely in clothing, home 

furnishings and the manufacture of industrial products. In general, rayon has a 

melting point of 150 
o
C and burns rapidly, emitting yellow flames [146]. The most 

common forms of rayon are viscose and modal [97]. Both of these textiles are 

essentially 100% cellulose, although they have undergone different processes and 

have their own individual characteristics [149]. 

 

4.4.1.1 Viscose 

Viscose is a group of rayon that is made up of regenerated cellulose (cellulose 

xanthate), often blended with varying proportions of other fibres, and is commonly 

used in the manufacture of textiles [145, 150]. Its starting material is wood pulp 

containing short cotton fibres that have been steeped in an alkaline solution and 

treated with carbon disulfide; it is then dissolved in a sodium hydroxide solution and 

spun to become viscose [94, 145, 146, 151]. Viscose is easily dyed at low 

temperatures, possesses good abrasion and sunlight resistance and can be used for 

woven or non-woven fabrics, (e.g. rubber and cellophane) [148]. As viscose is 

essentially cellulose, its thermal properties are similar to cellulose, where it has been 

documented to pyrolyse at 350 
o
C and auto-ignite at 420 

o
C [22]. 

 

4.4.1.2 Modal 

Modal is an improved version of viscose, containing regenerated cellulose fibres that 

originate from beech wood rather than wood pulp [94]. These fibres undergo a higher 

degree of polymerisation and modified precipitating baths (additives added during 

the spinning process) [149], thus enhancing their physical and chemical properties so 

that they are more resistant and have better dry and wet tensile strength, good 

dimensional stability, moisture regain, air permeability, a pleasant texture (soft and 

silky) and resistance to shrinkage and fading [94, 148]. These properties have made 

modal very popular in the manufacture of sleepwear, towels, bath robes, exercise 

clothing and underwear, either on its own or blended with cotton, wool or other 

synthetic fibres [148]. 
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4.5 Fibre Blends 

 

While natural and synthetic fibres are relatively versatile and desirable in their pure 

state, more often than not they are sold in the form of blends with other fibres to 

enhance favourable features and / or to improve the textile’s characteristics [44, 49, 

98, 112]. For example, linen combined with 15% polyester is shown to improve the 

fabric’s abrasion properties, while linen-rayon blends possess increased elasticity and 

crease resistance [152]. Cotton blended with high molecular weight modal fibres 

possesses better tensile strength, flexibility and endurance [149] whereas a cotton-

wool blend produces textiles with lower shrinkage properties while maintaining the 

favourable characteristics of wool [98].  

 

Although fibre blends can improve a textile’s properties, an opposite outcome can 

also occur, especially in the fibre’s thermal properties as observed by Ordoyno and 

Rowan [153]. They identified that the presence of wool in polyester reduced the 

synthetic fibre’s thermal stability as a result of the chemical interactions between the 

by-products of both fibres. The physical and thermal properties of blended fibres can 

be quite different from each fibre’s individual properties, and this should be taken 

into consideration when dealing with cases of blended polymers [109]. 

 

Since all fibre polymers are chemically different, the process of pyrolysis generates 

specific volatile fingerprints characteristic of each fibre that can be used as an 

indicator and positive identifier of the fibre [154]. When it comes to blended fibres, 

although they are subjected to various thermal decomposition pathways (either 

individually, concurrently or co-pyrolysed with the mixture of fibres present), the 

thermal decomposition is an intramolecular one, independent of the other type(s) of 

fibre(s) in the blend [5]. As such, the pyrolysis profile generated from a fibre blend is 

more of a superimposition of two fibres rather than a merged one [65, 154, 155]. 

However, the intermolecular reactions between the molecules during pyrolysis [109] 

can potentially alter the characteristic by-products relied on for individual fibre 

identification [109], especially if the proportions of the fibre blends are not equal or 

if these by-products are produced at low levels or not present at all [22].  
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Knowledge of these interactions in fibre blends is essential in identifying potential 

interferences and understanding the pyrolysis mechanism involved during these 

interactions, as well as the type of volatile products generated as an outcome of this 

process [156]. Perlstein [51] studied the use of pyrolysis products as a diagnostic tool 

for identifying the individual fibres that made the textile blends of polyester with 

cotton and polyester with wool. He proposed the use of identified diagnostics peaks 

from the pyrolysis of individual fibres rather than the pattern recognition method to 

identify individual fibres in blended fabrics. Yang and Hardin [157] also reported 

this, particularly for polyester and cotton blends, and proposed an additional use of a 

calibration chart and regression curve to determine ratio calculation for fabric blends. 

 

4.6 Experimental Methods 

4.6.1 Textile Samples 

20 different used (not new) textiles were sampled as per Table 4.9. These materials 

were chosen as they represent common fabrics used in the textile and home 

furnishing industry. Each textile was cut using scissors into 12 swatches, (8.5 cm × 3 

cm) and placed in a 125 mL tin can (WA Products, UK). The first six swatches were 

used as control samples, and the second set of six swatches were subjected to burning 

/ pyrolysis.  

Table 4.9: The composition of a range of 20 used textiles 

Label Composition 

A 100% cotton 

B 95% cotton + 5% elastin 

C 50% cotton + 33% viscose + 17% polyester 

D 50% cotton + 50% modal 

E 100% acrylic 

F 50% acrylic + 50% cotton 

G 100% polyester 

H 100% viscose 

I 65% polyester + 35% cotton 

J 64% polyester + 32% viscose + 4% elastin 

K 64% polyester + 33% rayon + 3% elastin 

L 50% polyester + 50% viscose 

M 47% viscose + 28% linen + 22% polyester + 3% elastin 

N 100% nylon 

O 80% nylon + 20% elastin 

P 96% wool + 4% LYCRA
®

 

Q 100% silk 

R 100% denim 

S 100% leather 

T 95% cotton + 5% spandex 
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4.6.2 Generation of Thermal Decomposition Products 

4.6.2.1  Preliminary Method Validation for Optimal Generation of Pyrolysis 

Products from Textile Samples 

 

4.6.2.1.1 Control Samples / Unburnt Textiles 

Six samples from each textile type were placed into individual (n=6) 125 mL tin cans 

(WA Products, UK) and sealed with a lid containing one ACS 10 mm × 20 mm 

(ACS, 3M Corporation, USA) that was hooked onto a medium-sized paper clip and 

held firmly on the inner part of the lid by individual magnets placed on the outer part 

of the lid. The tin containing the textile sample and the ACS was left to incubate in 

an oven for 16 hours at 80 
o
C. This was to allow any volatile products present in the 

unburnt textile to undergo volatilisation and to be adsorbed onto the ACS.  

 

4.6.2.1.2 Burnt Textiles 

A preliminary experiment was conducted to identify the burning behaviour of all 

textiles in Table 4.9 and to aid in narrowing down the number of textiles which 

would be subjected to further experimentation.  

 

A tin can containing the textile sample was attached to a retort stand at a position 

measuring 20 cm from the base of the stand. The tin can was then heated over a 

Bunsen flame and held in place until ignition occurred. The temperature in the tin 

was monitored using a k thermocouple linked to a PicoLog TC-08 data logger (Pico 

Technology Limited, UK) connected to a laptop computer to facilitate temperature 

recording per second. Using an aluminium sticky tape, the end of the thermocouple 

was attached to the tin so that it hung above the headspace of the textile sample. If 

the sample ignited, it was allowed to burn for a specific textile-dependent duration 

(until the flames reduced in size and a drop in temperature was noted) before the 

flame was extinguished through oxygen deprivation by a lid being placed onto the 

tin. To facilitate this, the Bunsen flame and the thermocouple were removed 10 

seconds before the lid was placed on the tin. The lid was removed 4 minutes after 

extinguishment and the tin immediately sealed with another lid bearing one 10 mm × 

20 mm ACS (ACS, 3M Corporation, USA).  
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If the sample did not ignite, it was heated until two thirds of the sample was 

consumed and a drop in temperature was noted. A lid was then placed onto the tin 

and it was allowed to cool for 4 minutes before immediately being sealed with 

another lid bearing one 10 mm × 20 mm ACS (ACS, 3M Corporation, USA). 

 

The entire process was repeated six times for each textile type. 

 

4.6.3 Passive Headspace Adsorption with Activated Carbon Strip (ACS)  

The headspace extraction was undertaken according to the optimised method in 

2.2.4.3. 

 

4.6.4 Gas Chromatography – Mass Spectrometry 

The GC-MS analysis was conducted following the optimised method from 2.4.2. 

 

The total ion chromatogram (TIC) produced for each control (unburnt) and burnt 

textile sample was analysed based on the retention times and m/z values. Each 

significant peak from both the unburnt and burnt samples, was then identified by 

comparing the data against the National Institute of Standards and Technology 

(NIST) library and standard mixtures. The burning behaviour of each textile was 

recorded, together with its time-temperature profile. 

 

The full range of textiles was then narrowed down to a smaller set of textiles which 

would be utilised for further experimentation. This was done in a two-step 

elimination process: (1) through scrutiny of the TIC of each textile, eliminating those 

that were producing little or no pyrolysis products, and (2) for those textiles that 

produced considerable amounts of pyrolysis products, they were narrowed down 

based on the consistency and number of pyrolysis products generated across six sets 

of repeat samples. These reduced groups of textiles from (1) were then subjected to 

another round of pyrolysis, six times for each textile type, adhering to the methods in 

4.6.2.1.2, 4.6.3 and 4.6.4. Pyrolysis products that appeared in at least four of the six 

repeat samples were considered as major identifying peaks for that particular textile. 
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4.7 Results and Discussion 

4.7.1 Control Samples / Unburnt Textiles 

A preliminary experiment was conducted to determine the use of new and used 

clothing for this study. Results indicated that there were no significant differences 

across the range of pyrolysis products generated from both types of samples, with the 

exception of limonene which was present in used clothing. This compound could 

have potentially transferred onto used clothing from citrus-based detergents / 

cleaners used to wash clothing or from the use of perfumes / fragrances containing 

citrus oil extracts [158-160]. Given that the clothing and textiles involved in a fire 

scene are more likely to have been used rather than brand new, and because no 

noticeable differences were detected in the type of pyrolysis products generated from 

new and used clothing, the next stage of this work subjected used clothing for further 

experimentation. 

 

Control samples refer to textile samples in Table 4.9 that were not subjected to 

pyrolysis and burning but to volatilisation at 80 
o
C for 16 hours in the oven. This was 

undertaken in order to ascertain if any volatile products were naturally present in the 

substrate prior to pyrolysis or combustion. If present, these volatile products, which 

are referred to as substrate background products [85], can cause potential 

interference in the interpretation of pyrolytic data obtained from fire scenes, 

particularly for the positive identification of ignitable liquid residues (ILR) and 

potentially human remains. 

 

From the 20 different textile types and blends, only three textiles generated 

detectable volatiles in the control samples: 100% cotton (A), 65% polyester + 35% 

cotton (I) and 80% nylon + 20% elastin (O); the volatiles are detailed in Table 4.10. 

Textile (A) produced n-butyl ether, textile (I) generated an alkane group that could 

not be specified given the less discriminative m/z abundances while textile (O) 

produced ethyl-benzene and p-xylene. The peak height (h) and area (a) of the four 

volatile products were as follows: n-butyl ether (h 1075, a: 27218), alkene (h:1512, 

a:15723), ethyl-benzene (h:758, a:1214) and p-xylene (h:1218, a:18800). These 

products were detected at relatively low levels in comparison to those which would 
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be expected post-pyrolysis and post-combustion. The remaining 17 textiles did not 

generate any detectable substrate background products. 

 

Table 4.10: Presence and absence of substrate volatile products generated from 20 different textile types 

and blends 

 

Substrate background products have been discussed in Chapter 1 (1.5). These 

products can complicate the analysis and interpretation of target molecules, 

particularly in the identification of ignitable liquid residue (ILR) and potential human 

remains [161, 162]. Target molecules are compounds used to identify the presence of 

specific ILR based on the type, abundance and clustering pattern of the peaks 

detected [91]. If these target molecules are present in a sample, it can be indicative of 

the presence of ILR, thus helping investigators to determine the cause of and 

circumstances leading to the fire. 

 

Label Composition Volatiles Retention 

Time (min) 

Compound m/z 

A 100% cotton √ 9.52 n-butyl ether 44, 57, 87 

B 95% cotton + 5% elastin × - - - 

C 50% cotton + 33% viscose 

+ 17% polyester 

× - - - 

D 50% cotton + 50% modal × - - - 

E 100% acrylic × - - - 

F 50% acrylic + 50% cotton × - - - 

G 100% polyester × - - - 

H 100% viscose × - - - 

I 65% polyester + 35% 

cotton 

√ 15.53 alkane 57, 71, 85 

J 64% polyester + 32% 

viscose + 4% elastin 

× - - - 

K 64% polyester + 33% 

rayon + 3% elastin 

× - - - 

L 50% polyester + 50% 

viscose 

× - - - 

M 47% viscose + 28% linen 

+ 22% polyester + 3% 

elastin 

× - - - 

N 100% nylon × - - - 

O 80% nylon + 20% elastin √ 9.04 

9.21 

ethyl-benzene 

p-xylene 

91, 106 

91, 105, 

106 

P 96% wool + 4% LYCRA
®

 × - - - 

Q 100% silk × - - - 

R 100% denim × - - - 

S 100% leather × - - - 

T 95% cotton + 5% spandex × - - - 
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Substrate background products can come from a range of unburnt items found at fire 

scenes, either natural or synthetic, these include shoes, furniture, upholstery, 

clothing, kitchen appliances, flooring and many more [125, 161-165]. They have 

been reported to produce compounds that have the same boiling point ranges to the 

target compounds of ILR [91, 164, 166]. For example, the natural occurrence of 

turpentine in unburnt pine wood padding misled investigators to conclude that ILR 

was present at a fire scene, as this is a target molecule for ILR identification [167]. 

Unburnt polyethylene bags produce a range of n-alkanes [162], while vinyl floorings 

have been reported to generate TXIB (2,2,4-trimethyl-1,3-pentanediol diisobutyrate) 

and Isopar H, both of which are isoparaffinic products from petroleum distillates in 

ILR [165]. Other compounds such as toluene, branched cycloalkanes, C9-aldehydes, 

octanol and C3-alkyl-benzene have also detected from unburnt synthetic floorings 

[91]. Unburnt boots and walking shoes are also known to produce toluene and a 

range of other ignitable liquid volatiles resulting from the manufacturing process 

(adhesive) [161] or picked up from the environment [161, 168].  

 

In the case of clothing, unburnt synthetic leather has been reported to produce 

hexanal, decanal, octanal, ethyl-hexanol and furan-methanol [91]. Particularly for 

cotton-based materials, low levels of toluene and p-xylene have been detected as 

well; however, at low levels these compounds are expected to have been generated 

from the environment or occur as a consequence of the manufacturing process [91, 

168]. Similar findings were also noted in this study from 100% unburnt cotton with 

the presence of low levels of n-butyl ether.  

 

The presence and abundance of the substrate background products generated from 

textiles (A), (I) and (O) in this study were scrutinised in the next stage of the work 

where the textiles were subjected to burning. This was to identify if the presence and 

proportion of these volatile products differ in any way after burning [91]. 
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4.7.2 Temperature Profile and Burning Behaviour of Textiles 

4.7.2.1 Pre-Optimised Burnt Textiles 

In the first step elimination process, all of the textiles in Table 4.9 generated 

considerable amounts of pyrolysis products with the exception of 65% polyester + 

35% cotton (I), 47% viscose + 28% linen + 22% polyester + 3% elastin (M) and 95% 

cotton + 5% spandex (T). These three textiles were, as a consequence, omitted from 

further scrutiny and the sample set relabelled in Table 4.11 to avoid confusion. This 

reduced set of 17 textile samples that were subjected to further six burnings exhibited 

variations in their thermal and burning properties, detailed in Table 4.11. 

 

Across the six repeats, the following textiles auto-ignited: 100% cotton (A), 95% 

cotton + 5% elastin (B), 50% cotton + 33% viscose + 17% polyester (C), 50% cotton 

+ 50% modal (D), 80% nylon + 20% elastin (H), 100% viscose (K) and 100% leather 

(Q). For textiles (H) and (K), four and five out of the six samples respectively, auto-

ignited while the rest did not experience auto-ignition. Maximum temperatures 

attained during the auto-ignition of textiles (A), (B), (C), (D), (H), (K) and (Q) were 

in the range of 490-780 
o
C (Figures 4.15, 4.16, 4.17, 4.18, 4.22, 4.25 and 4.31, 

respectively). 

 

100% acrylic (E), 100% silk (I), 96% wool + 4% LYCRA
®
 (L) and 100% polyester 

(M) did not auto-ignite. The maximum temperatures attained across these textiles 

were below 300
o
C (Figures 4.19, 4.23, 4.26 and 4.27, respectively). 

 

In terms of auto-ignition, the remaining textiles exhibited a mixture of results as, 

across the six repetitive samples within the same textile type, some auto-ignited 

while others did not. For 50% acrylic + 50% cotton (F), 100% nylon (G), 100% 

denim (J) and 50% polyester + 50% viscose (O), more than half of the repeats did not 

auto-ignite (Figures 4.20, 4.21, 4.24 and 4.29, respectively). In 64% polyester + 33% 

rayon + 3% elastin (N) and 64% polyester + 32% viscose + 4% elastin (P), exactly 

half of the repeats ignited (Figures 4.28 and 4.30, respectively). 

 

 

 



187 

 

Table 4.11: Thermal behaviours of textiles and their blends 

Label Composition Ignition Max 

Temperature 

Attained (
o
C) 

Other 

observation 

A 100% cotton Yes 720 (Figure 4.15) - 

B 95% cotton + 5% 

elastin 

Yes 710 (Figure 4.16) - 

C 50% cotton + 33% 

viscose + 17% 

polyester 

Yes 780 (Figure 4.17) - 

D 50% cotton + 50% 

modal 

Yes 490 (Figure 4.18) Yellow smoke 

E 100% acrylic No 290 (Figure 4.19) Yellow 

smoke, 

pungent odour 

Appears 

melted 

F 50% acrylic + 50% 

cotton 

No-5 out of 6 did not 

ignite, 1 ignited 

500 (Figure 4.20) Yellow smoke 

 

G 100% nylon No-4 out of 6 did not 

ignite, 2 ignited 

580 (Figure 4.21) - 

H 80% nylon + 20% 

elastin 

Yes-4 out of 6 

ignited, 2 did not 

ignite 

620 (Figure 4.22) - 

I 100% silk No 270 (Figure 4.23) Yellow smoke 

J 100% denim No-4 out of 6 did not 

ignite, 2 ignited 

580 (Figure 4.24) - 

K 100% viscose Yes-5 out of 6 

ignited, 1 did not 

ignite 

720 (Figure 4.25) - 

L 96% wool + 4% 

LYCRA
®

 

No 275 (Figure 4.26) Yellow 

smoke, 

pungent odour 

M 100% polyester No 245 (Figure 4.27) Appears 

melted 

N 64% polyester + 33% 

rayon + 3% elastin 

Yes- half ignited, half 

did not ignite 

620 (Figure 4.28) - 

O 50% polyester + 50% 

viscose 

No-4 out of 6 did not 

ignite, 2 ignited 

550 (Figure 4.29) - 

P 64% polyester + 32% 

viscose + 4% elastin 

Yes-half ignited, half 

did not ignite 

615 (Figure 4.30) - 

Q 100% leather Yes 705 (Figure 4.31) - 
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Figure 4.15: Time-temperature profile of 100% cotton (A) 

 

Figure 4.16: Time-temperature profile of 95% cotton + 5% elastin (B) 

 

Figure 4.17: Time-temperature profile of 50% cotton + 33% viscose + 16% polyester (C) 
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Figure 4.18: Time-temperature profile of 50% cotton + 50% modal (D) 

 

Figure 4.19: Time-temperature profile of 100% acrylic (E) 

 

Figure 4.20: Time-temperature profile of 50% acrylic + 50% cotton (F) 
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Figure 4.21: Time-temperature profile of 100% nylon (G) 

 

Figure 4.22: Time-temperature profile of 80% nylon + 20% elastin (H) 

 

Figure 4.23: Time-temperature profile of 100% silk (I) 
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Figure 4.24: Time-temperature profile of 100% denim (J) 

 

Figure 4.25: Time-temperature profile of 100% viscose (K) 

 

Figure 4.26: Time-temperature profile of 96% wool + 4% LYCRA® (L) 
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Figure 4.27: Time-temperature profile of 100% polyester (M) 

 

Figure 4.28: Time-temperature profile of 64% polyester + 33% rayon + 3% elastin (N) 

 

Figure 4.29: Time-temperature profile of 50% polyester + 50% viscose (O) 
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Figure 4.30: Time-temperature profile of 64% polyester + 32% viscose + 4% elastin (P) 

 

Figure 4.31: Time-temperature profile of 100% leather (Q) 
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Table 4.12: Burning properties of natural, semi-synthetic and synthetic fibres. Adapted from [170]. 

 

Fibres 

Behaviour to 

flame 

Behaviour in flame Type of smoke Odour 

NATURAL 

Cellulosic 

Cotton 

Linen 

Does not melt or 

shrink, moves 

away from flame 

Burns quickly without 

melting 

Grey Burnt 

paper 

Protein 

Wool 

Silk 

Melts down, curls 

up and moves 

away from flame 

Burns slowly, yellow 

flame 

Grey Burnt hair 

SEMI-SYNTHETIC 

Rayon 

Viscose 

Does not melt or 

shrink 

Burns quickly without 

melting, yellow flame 

Grey Burnt 

paper 

ARTIFICAL 

Polyamide Melts down and 

shrinks away from 

flame 

Burns slowly and 

melts, yellow flame 

Grey Boiled 

celery 

Polyester Melts down and 

shrinks away from 

flame 

Burns slowly and 

melts, yellow flame 

Black Aromatic, 

sweet 

Acrylic Melts down and 

shrinks away from 

flame 

Burns and melts, bright 

flame 

Black Acrid, 

pungent 

 

4.7.2.2 Post-Optimised Burnt Textiles  

The remaining textiles were subjected to further six burnings and the alphabetical 

numbering for the optimised textiles follows those detailed in Table 4.11. In the 

second step elimination process, textiles that did not generate consistent pyrolysis 

products in at least three of the six repeats were eliminated. From the list of textiles 

in Table 4.11, 50% cotton + 33% viscose + 17% polyester (C), 100% nylon (G), 

100% silk (I) 100% viscose (K), 100% polyester (M) and 64% polyester + 32% 

viscose + 4% elastin (P), were omitted from scrutiny in the next stage of study and 

the results for the remaining textiles tabulated. 

 

4.7.3 Pyrolysis Products of Textiles 

4.7.3.1 100% Cotton (A) 

The pyrolysis of pure cotton produced a range of products, particularly aromatics, 

furans, ketones, acid and acid esters, n-aldehydes, n-alkyl-benzenes and 

levoglucosenone (Table 4.13). n-Butyl ether was not detected from the burnt cotton 

samples even though it was present in the control samples (Table 4.10).  
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Table 4.13: Pyrolysis products generated from 100% cotton (A) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.72 methacrylaldehyde 
 

√ √ √ √ √ √ 

2 2.99 pyruvaldehyde 

 

   √ √ √ 

3 3.20 2-methyl-furan 

 

√ √ √ √ √ √ 

4 4.27 benzene 
  

√ √ √ √ √ √ 

5 4.38 3-methyl-3-buten-2-one 

 

√ √ √ √ √ √ 

6 5.12 propanoic acid 

 

   √  √ 

7 5.56 2,5-dimethyl-furan 

 

√ √ √ √ √ √ 

8 7.06 toluene 

 

√ √ √ √ √ √ 

9 7.85 2-furancarboxylic acid, 

heptyl ester 
 

√ √ √ √ √ √ 

10 8.15 furfural 

 

√ √  √ √ √ 

11 8.69 1-(acetyloxy)-2-

propanone 

 

   √  √ 

12 9.03 ethyl-benzene 

 

√ √ √ √ √ √ 

13 9.20 p-xylene 

 

√ √ √ √ √ √ 

14 9.60 2-ethyl-5-methyl-furan 

 

   √  √ 

15 10.27 propanoic acid, ethenyl 

ester  

√ √  √ √ √ 

16 10.31 1-(acetyloxy)-2-

butanone 

 

√ √  √ √ √ 

17 10.37 5-methyl-2-

furancarboxaldehyde  

   √  √ 

18 12.15 levoglucosenone 

 

   √  √ 

 

In terms of qualitative reproducibility, n-aldehydes of methacrylaldehyde, furfural / 

2-furancarboxaldehyde, aromatics and n-alkyl-benzenes (benzene, toluene, ethyl-

benzene, p-xylene), furans (2-methyl-furan, 2,5-dimethyl-furan), ketones (3-methyl-

3-buten-2-one, 1-(acetyloxy)-2-butanone) and acid esters (2-furancarboxylic acid, 

heptyl ester; propanoic acid, ethenyl ester) appeared in at least five of the six sets, 

while the remaining compounds were less consistent. A representative TIC (set 6) of 

textile (A) is represented in Figure 4.32. 
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Levoglucosenone, detected in two of the six sets is reported to be the major 

intermediate pyrolysis product of cellulose at temperatures of 300 
o
C [6, 21, 25-27]. 

At temperatures above 300 
o
C, this intermediate product undergoes decomposition to 

generate a range of furans, n-aldehydes and ketones [5, 6, 15, 27, 29, 30, 32, 33]. All 

six samples auto-ignited and attained maximum temperatures of 650-719 
o
C during 

pyrolysis (Figure 4.15). At these high temperatures, the generated levoglucosenone 

would have undergone decomposition into smaller, more stable compounds, which 

would explain why it was not detected in the majority of the samples.  

 

Pyrolysis products such as methacrylaldehyde, pyruvaldehyde, furfural, 2-methyl-

furan, benzene, toluene, 5-methyl-2-furancarboxaldehyde, 3-methyl-3-buten-2-one 

and the ketones that were detected in this study have been reported in the literature to 

be the major identifying peaks from the pyrolysis of cotton [25, 27, 29, 30, 32, 33, 

82].  

 

No n-alkanes, n-alkenes, n-cycloalkanes and n-cycloalkenes were revealed which is 

contrary to what that has been mentioned in some of the literature (C1-C6 n-alkanes 

and n-alkenes) [27, 32, 33]. While acetic acid, 1,3-butadiene-1-carboxylic acid and 

2,2-diethoxypropionate, ethyl ester [27, 29, 32] have been reported to be by products 

of cotton pyrolysis (none of which were detected in this study), this work identified 

the consistent presence of an additional two acid esters (i.e. 2-furancarboxylic acid, 

heptyl ester; propanoic acid, ethenyl ester). 
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Figure 4.32: A representative TIC of 100% cotton (A) (set 6) 
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4.7.3.2 95% Cotton + 5% Elastin (B) 

The pyrolysis of 95% cotton + 5% elastin produced a greater number of products, 

similar to 100% cotton (Table 4.13), but with the addition of ether, oxy-alkane, oxy-

alkene, n-alkene, alcohol, n-cycloalkene, furans, limonene, acid esters and aromatic 

functional groups (Table 4.14), none of which were detected in pure cotton.  

 

Table 4.14: Pyrolysis products from 95% cotton + 5% elastin (B) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.71 methacrylaldehyde 
 

√  √  √ √ 

2 2.99 pyruvaldehyde 

 

√  √  √ √ 

3 3.20 2-methyl-furan 

 

√  √  √ √ 

4 3.57 tetrahydro-furan 

 

√  √ √ √ √ 

5 3.92 2,3-dihydro-furan 
 

√  √  √ √ 

6 4.27 benzene 
 

√  √ √ √ √ 

7 4.38 3-methyl-3-buten-2-

one 

 

√  √  √ √ 

8 4.98 1-(ethenyloxy)-3-

methyl-butane  

√ √ √ √ √ √ 

9 5.12 propanoic acid 

 

√    √  

10 5.56 2,5-dimethyl-furan 

 

√  √  √ √ 

11 7.06 toluene 

 

√  √ √ √ √ 

12 7.44 3-butenyl propyl ether  √  √  √ √ 

13 7.65 1-propoxy-butane  √  √  √ √ 

14 7.86 2-furancarboxylic 

acid, heptyl ester 
 

√  √  √ √ 

15 8.15 furfural 

 

√  √    

16 8.22 3-methylene-

cycloheptene  

  √  √ √ 

17 8.70 1-(acetyloxy)-2-

propanone 

 

√    √ √ 

18 9.04 ethyl-benzene 
 

√  √  √ √ 

19 9.15 2-propenoic acid, 

methyl ester  

√    √ √ 

20 9.20 p-xylene 
 

√  √  √ √ 

21 9.34 4-butoxy-1-butene  √  √  √ √ 
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 Table 4.14 continued 

22 9.60 o-xylene 

 

√  √  √  

23 9.73 1-nonene      √ √ 

24 9.90 2-furanmethanol, 

tetrahydro-  

√  √  √ √ 

25 10.27 propanoic acid, ethenyl 

ester  

√  √  √ √ 

26 10.30 1-(acetyloxy)-2-

butanone 

 

√  √  √ √ 

27 10.37 5-methyl-2-

furancarboxaldehyde  

√  √  √  

28 10.70 1,3,5-trimethyl-benzene 

 

√  √  √ √ 

29 11.68 limonene 

 

√    √  

30 12.15 levoglucosenone 

 

√      

31 12.42 1-undecene  √    √  

32 14.97 oxalic acid, hexyl 

neopentyl ester 
 

√     √ 

 

In terms of qualitative reproducibility, the following appeared in at least four of the 

six sets: n-aldehydes (methacrylaldehyde, pyruvaldehyde), aromatics and n-alkyl-

benzenes (benzene, toluene, ethyl-benzene, p-xylene, 1,3,5-trimethyl-benzene), 

furans (2-methyl-furan, tetrahydro-furan, 2,3-dihydro-furan, 2,5-dimethyl-furan), 

ketones (3-methyl-3-buten-2-one, 1-(acetyloxy)-2-butanone), oxy-alkanes and oxy-

alkenes (1-(ethenyloxy)-3-methyl-butane, 1-propoxy-butane, 4-butoxy-1-butene), 

acid esters (2-furancarboxylic acid, heptyl ester; propanoic acid, ethenyl ester), ether 

(3-butenyl propyl ether) and an alcohol (2-furanmethanol, tetrahydro-). Other 

compounds were inconsistent across the repeats. A representative TIC (set 1) of 

textile (B) is represented in Figure 4.33.  

 

Looking at the temperatures attained across the repeats (Figure 4.16), sets 2 and 4, 

with the lowest number of pyrolysis products detected, experienced the highest 

temperatures (652-715 
o
C). These temperatures could have resulted in secondary 

decomposition of the volatiles generated during the pyrolysis process. Other samples 

experienced maximum temperatures between 551-641 
o
C, and produced a greater 

variety of pyrolysis products. 
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Figure 4.33: A representative TIC of 95% cotton + 5% elastin (B) (set 1) 
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Limonene, detected in two of the six sets of repeats, are a group of flammable, cyclic 

terpenes (consisting of two isoprene units) [171] found in essential oils, particularly 

from citrus oil extracts [159, 160]. It is known for its citrus-like scent and is often 

used in the cosmetic, fragrance and detergent industry [172]. Its presence could have 

been due to the use of detergents, cleaning agents or perfumes applied to the clothing 

prior to burning that volatilised when heat was applied. This is corroborated by Agu 

[173] and Lentini et al. [161] who both detected the presence of limonene from the 

pyrolysis of used wool clothing, cotton shirts and cardboard. Limonene has also been 

reported to be produced naturally and released during the pyrolysis of wood [161, 

174], particularly white and yellow pinewood [82]. Under reduced pressure 

conditions, high concentrations of limonene have also been reported to have been 

generated from the pyrolysis of rubber in vehicle tyres [175]. The presence of 2-

furanmethanol, tetrahydro-; from textile (B) has also been detected previously from 

cellulosic materials [162]. 

 

4.7.3.3 50% Cotton + 50% Modal (D) 

The pyrolysis of 50% cotton + 50% modal generated similar groups of compounds to 

textiles (A) and (B), but with additional dioxolane, ketones, sugar, n-alkanes, n-

alkenes, acid and acid esters (Table 4.15). 

 

However, when looking at the qualitative reproducibility, most of the compounds did 

not appear consistently across the six repetitive test sets. Pyrolysis products that 

appeared in at least four of the six repeats were n-aldehydes (furfural), furans (2-

methyl-furan, 2,5-dimethyl-furan) and aromatics and n-alkyl-benzenes (benzene, 

toluene, ethyl-benzene, p-xylene). The list of compounds is presented in Table 4.15 

and a representative TIC (set 6) of textile (D) is represented in Figure 4.34.  
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Table 4.15: Pyrolysis products generated from 50% cotton + 50% modal (D) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.71 methacrylaldehyde 
 

 √   √ √ 

2 2.99 pyruvaldehyde 

 

 √   √ √ 

3 3.09 acetic acid 

 

     √ 

4 3.20 2-methyl-furan 

 

√ √  √  √ 

5 3.92 2-methyl-1,3-

dioxolane  

 √   √ √ 

6 4.27 benzene 
 

√ √ √ √ √ √ 

7 4.38 3-methyl-3-buten-2-

one 

 

 √   √ √ 

8 5.12 propanoic acid 

 

    √ √ 

9 5.56 2,5-dimethyl-furan 

 

√ √   √ √ 

10 6.15 3-penten-2-one 

 

     √ 

11 6.82 propanoic acid, 2-

methyl 

 

    √ √ 

12 7.00 propanoic acid, 2-

oxo-, methyl ester 

 

    √ √ 

13 7.06 toluene 

 

√ √  √ √ √ 

14 7.45 pentanoic acid 

 

    √ √ 

15 7.85 1-octene  √      

16 7.86 1-(2-furanyl)-

ethanone 

 

 √   √ √ 

17 8.15 furfural 

 

√ √   √ √ 

18 8.69 1-(acetyloxy)-2-

propanone 

 

    √ √ 

19 9.04 ethyl-benzene 
 

√ √  √ √ √ 

20 9.20 p-xylene 
 

√ √   √ √ 

21 9.48 2-methyl-2-

cyclopenten-1-one 
 

    √ √ 

22 9.54 2-furanmethanol, 2-

formate  

    √ √ 

23 9.60 2-ethyl-5-methyl-

furan  

    √ √ 

24 9.68 2-methyl-3-octanone 

 

    √ √ 

25 9.73 1-nonene   √ √    √ 
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Table 4.15 continued 

26 10.27 propanoic acid, 

ethenyl ester  

 √   √ √ 

27 10.31 1-(acetyloxy)-2-

butanone 

 

    √ √ 

28 10.37 5-methyl-2-

furancarboxaldehyde  

    √ √ 

29 10.70 1,3,5-trimethyl-

benzene 
 

 √    √ 

30 10.76 2,5-dihydro-3,5-

dimethyl-2-furanone 
 

    √ √ 

31 10.84 2-furanmethanol, 

acetate 
 

    √ √ 

32 11.18 1-decene  √ √    √ 

33 11.83 acetophenone 

 

√    √ √ 

34 12.03 2-furanmethanol, 

propanoate 

 

    √ √ 

35 12.15 levoglucosenone 

 

    √ √ 

36 12.42 1-undecene  √     √ 

37 12.55 undecane  √      

38 13.51 dodecane      √ √ 

39 13.63 butanoic acid, 2-

furan-, methyl ester  

    √ √ 

40 13.83 4,6-O-furylidene-D-

glucopyranose 

 

     √ 
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Figure 4.34: A representative TIC of 50% cotton + 50% modal (D) (set 6) 
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In terms of temperatures attained across the six sets of repeats (Figure 4.18), the 

highest temperature (492 
o
C) was recorded in set 3, which was also the set that 

generated the least pyrolysis products. The remaining sets attained maximum 

temperature of between 409
 o

C and 478 
o
C. Temperatures attained in textile (D) were 

much lower in comparison to those attained in textiles (A) and (B).  

 

Although modal is essentially cotton, its fibres have undergone treatment of various 

kinds which alter its chemical structure, thermal properties, thermal decomposition 

mechanism and as a consequence, the resulting pyrolysis products. Similar outcomes 

are expected of other cellulose based textiles such as viscose, rayon and denim, 

depending on the percentage of these fibres in the textile. Dioxolane detected in 

textiles (D) refers to a group of organic acetal compound containing the dioxolane 

ring. It has good water solubility and is often used as a solvent and a monomer or 

comonomer in the synthesis of polymers [176]. It possesses an auto-ignition 

temperature of 273 
o
C [177] and is most likely to have been generated from the 

pyrolysis of modal rather than cotton, as it was not seen in textiles (A) or (B). The 

same is true for the additional acids, acid esters, ketones and alcohols that were seen 

only in textile (D). The presence of acetic acid and furanmethanol compounds 

detected in textile (D) was also reported by Stauffer et al. [162], having generated 

from the pyrolysis of different forms of cellulosic materials. The presence of a sugar; 

4,6-O-furylidene-D-glucopyranose in textile (D) is expected as both cellulosic 

components (cotton and modal) are essentially made up of sugar monomers, namely 

D-glucopyranose [7, 8]. A glucopyranose derivative was also detected from the 

pyrolysis of 50% cotton + 33% viscose + 17% polyester (C) (Appendix 2.0), with 

majority of its pyrolysis products (although inconsistently) detected in textile (D). 

 

As the percentage of cotton reduces from textiles (A) to (B) to (D), a shift is seen in 

the pyrolysis profile generated: n-alkanes, n-alkenes, dioxolanes, aromatic groups 

and alcohols start to appear, and an increase in the number of ketones and acid esters 

is observed. The increase in the percentage of the additional fibre seems to have 

increased the complexity of the pyrolysis profile as compared to cotton on its own.  
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Another observation was that, although all three fibres auto-ignited, the maximum 

temperatures they attained decreased proportionally with the percentage of cotton: 

from 719 
o
C (A) (100% cotton) to 715 

o
C (B) (95% cotton) and dropping markedly 

to 492 
o
C for textile (D) (50% cotton). Cotton, with an LOI of 18.4% [16], burns 

readily at its pure state however, in the presence of an additional fibre such as elastin 

or modal, the thermal behaviour of cotton obviously changes. For textile (B), 

maximum temperatures attained were relatively high and similar to textile (A) as the 

percentage of elastin was minor (5%) in (B), and in textile (D), where the proportions 

of fibres were equal (50% cotton, 50% modal), a marked change in temperature was 

noted with a difference of over 200 
o
C from textiles (A) and (B) to textile (D).  

 

This observation is expected; as the percentage of the blended fibre increases, its 

thermal properties are dominantly displayed. This observation is supported by 

Cardamone [18] who reported that textiles containing two or more fibre blends 

exhibited distinctive burning behaviour, not characteristics of their individual fibres, 

and this burning profile has been reported to be largely influenced by the proportions 

of the individual fibres in the blends. If the proportion of one fibre is significantly 

higher than the other, the majority of the burning behaviour of that textile blend is 

expected to be similar to that of the highly proportioned fibre [19, 156]. 

 

4.7.3.4 100% Acrylic (E) 

The pyrolysis of pure acrylic generated a variety of nitriles and derivatives, aromatics 

and derivatives, n-alkyl-benzenes, cyanide and cyanic compounds, pyridine, 

pyrazine, piperidine, n-alkanes, n-alkenes, acid esters and acid salt, n-aldehyde, 

ketone, naphthalene and amines (Table 4.16) with good qualitative reproducibility 

across all six samples. While the majority of the pyrolysis products appeared 

consistently across all or at least in five of the six sets, benzene and N, N-dimethyl-1-

tetradecanamine were only detected in four and three of the six repeats, respectively. 

A representative TIC (set 3) of textile (E) is represented in Figure 4.35. 

 

The majority of the products were seen to be nitriles of various kinds: n-alkane / n-

alkene nitrile, methyl-nitrile, n-alkane / n-alkene dinitrile, methyl- n-alkane / -n-
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alkene nitrile, benzonitrile, and cyanic compounds; iso- / cyano-alkane- / n-alkene-  

benzene, corresponding to those presented in pervious literature [130, 132, 136, 137]. 

These nitrile and cyanic based compounds are expected as the monomers of acrylic 

are acrylonitrile repeating units [-CH2-CH(CN)-] [127]. When heat is applied, the 

monomers break down to form unstable radicals that in turn cleave the polymer 

backbone, accompanied by elimination of hydrogen, cyclisation (structural 

rearrangement to form cyclic products)  of C≡N and conjugation, to yield a variety of 

cyanic and nitrile constituents, depending on the temperature to which it is subjected 

[130, 133, 134]. 

 

Table 4.16: Pyrolysis products from 100% acrylic (E) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.60 propanenitrile 
 

√ √ √ √ √ √ 

2 2.95 2-methyl-2-

propenenitrile 
 

√ √ √ √ √ √ 

3 3.21 isobutyronitrile 
 

√ √ √ √ √ √ 

4 3.65 3-butenenitrile 
 

√ √ √ √ √ √ 

5 4.00 butanenitrile 
 

√ √ √ √ √  

6 4.27 benzene 

 

√  √ √ √  

7 4.77 2-pentenenitrile 
 

√ √ √ √ √ √ 

8 5.43 2-methyl-butanenitrile 
 

√ √ √ √ √ √ 

9 5.54 2-methyl-3-butenenitrile 

 

√ √ √ √ √ √ 

10 6.33 methallyl cyanide 
 

√ √ √ √ √ √ 

11 6.77 pentenenitrile 
 

√ √ √ √ √ √ 

12 6.79 2-methyl-2-butenenitrile 

 

√ √ √ √ √ √ 

13 6.98 pentanenitrile  
 

√ √ √ √ √ √ 

14 7.06 toluene 

 

√ √ √ √ √ √ 

15 7.26 2,2’-iminobis-acetonitrile 
 

√ √ √ √ √ √ 

16 7.81 1-isocyano-butane 
 

√ √ √ √ √ √ 

17 7.91 3-methyl-2-methylene-

butanenitrile 
 

√ √ √ √ √ √ 

18 8.22 4-methyl-pentanenitrile 

 

√ √ √ √ √ √ 

19 8.55 5-cyano-1-pentene 
 

√ √ √ √ √ √ 

20 8.82 3-hexenedinitrile 

 

√ √ √ √ √ √ 
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Table 4.16 continued 

21 8.92 hexanenitrile 
 

√ √ √ √ √ √ 

22 9.04 ethyl-benzene 
 

√ √ √ √ √ √ 

23 9.20 p-xylene 
 

√ √ √ √ √ √ 

24 9.31 2-methyl-5-hexenenitrile 

 

√ √ √ √ √ √ 

25 9.51 styrene 
 

√ √ √ √ √ √ 

26 9.62 2-methylene-4-

pentenenitrile  

√ √ √ √ √ √ 

27 9.66 2-methyl-hexanedinitrile 

 

√ √ √ √ √ √ 

28 9.71 3-methyl-hexanenitrile 
 

√ √ √ √ √ √ 

29 10.06 (1-methylpropylidene)-

propanedinitrile  

 

√ √ √ √ √ √ 

30    10.40  benzaldehyde 
 

√ √ √ √ √ √ 

31 10.57 heptanonitrile 
 

√ √ √ √ √ √ 

32 10.64 benzonitrile 

 

√ √ √ √ √ √ 

33 10.68 3,5-dimethyl-pyridine 

 

√ √ √ √ √ √ 

34 10.94 pentanedinitrile 

 
 

√ √ √ √ √ √ 

35 10.99 cyclohexanecarbonitrile 

 

√ √ √ √ √ √ 

36 11.13 2-methylene-

pentanenitrile  

√ √ √ √ √ √ 

37 11.18 1-decene  √ √ √ √ √ √ 

38 11.30 2-methy-pentanedinitrile 

 

√ √ √ √ √ √ 

39 11.44 hexanedinitrile 

 

√ √ √ √ √ √ 

40 11.50 1-(methylethenyl)-

pyrazine 

 

√ √ √ √ √ √ 

41 11.68 limonene 

 

√ √ √ √ √ √ 

42 12.07 1-isocyano-4-methyl-

benzene 
 

√ √ √ √ √ √ 

43 12.13 pentanoic acid, 5-cyano-, 

methyl ester 

  

√ √ √ √ √ √ 

44 12.24 4-methyl-benzonitrile 

 
 

√ √ √ √ √ √ 

45 12.42 1-undecene  √ √ √ √ √ √ 

46 12.90 2,4-dihydroxy-

benzaldehyde  

 √ √ √ √ √ 
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Table 4.16 continued 

47 13.33 3,5-xylylisocyanate 

 

 

√ √ √ √ √ √ 

48 13.44 1-acetyl-4-piperidone 

 

√ √ √ √ √ √ 

49 13.52 1-dodecene  √ √ √ √ √ √ 

50 13.63 dodecane  √ √ √ √ √ √ 

51 13.84 3,3-dimethyl-piperidine 

 

√ √ √ √ √ √ 

52 14.34 ethyl 4-methylbenzoate 

 

 √ √ √ √ √ 

53 14.51 1-tridecene  √ √ √ √ √ √ 

54 14.69 [(methylsulfenyl)-

methyl]-benzene  

√ √ √ √ √ √ 

55 14.97 naphthalene-1,4-diol, 

4-O-benzoyl(ether) 

 

√ √ √ √ √ √ 

56 15.43 1-tetradecene  √ √ √ √ √ √ 

57 15.53 tetradecane  √ √ √ √ √ √ 

58 16.04 1-pentadecene  √ √ √ √ √ √ 

59 16.07 4-pyrrolidinopyridine 

 

√ √ √ √ √ √ 

60 16.38 N, N-dimethyl-1-

dodecanamine  
 √ √ √ √ √ 

61 17.98 N, N-dimethyl-1-

tetradecanamine  
 √ √ √   

62 18.77 3-(dodecylamino)-

propanenitrile  
 √ √ √ √ √ 
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Figure 4.35: A representative TIC of 100% acrylic (E) (set 3) 
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The 100% acrylic (E) was part of the group of textiles that did not undergo auto-

ignition. Throughout the burning process, the highest temperatures attained across 

the sets were below 300 
o
C, ranging from 210

 o
C to 294 

o
C (Figure 4.19). Although 

acrylic has a low LOI of 18% [129], no ignition occurred in any of the tests. This can 

be explained by Bajaj’s [129] findings in which he documented the melting point of 

dry polyacrylonitrile to be 320 
o
C, where the molecule undergoes cyclisation before 

reaching its melting point. Contrary to this, other researchers have documented that 

acrylic melts at temperatures above 220 
o
C [22] and undergoes significant pyrolytic 

decomposition at temperatures between 290-590 
o
C [22, 130]. Temperatures attained 

in this study might not have been high enough to induce significant decomposition to 

produce enough flammable volatiles to cause ignition. This is supported by Horrocks 

et al. [133] who reported that, at temperatures of 250-350 
o
C, the dominant process 

that occurs is cyclisation, while at higher temperatures, volatilisation takes over and 

this causes the fibre to produce more volatile flammables that readily ignites.   

 

Major products that have been reported from the pyrolysis of acrylic at various 

temperature ranges are as follows: cyanogen, hydrogen cyanide, acrylonitrile, 

acetonitrile and vinyl-acetonitrile at 280-450 
o
C [136]; hydrogen cyanide, 

acetonitrile, acrylonitrile, methacrylonitrile, 1,3-dicyano-propene, 1,3-dicyano-

butene, 2,4-dicyano-butene, 1,3-dicyano-butane, 2,4,6-tricyano-hexene, 1,3,5-

tricyano-hexane, 1,3,5-tricyano-hexane and 2,4,6,8-tetracyano-octene at 590 
o
C 

[130]; hydrogen cyanide, acetonitrile, acrylonitrile, acetic acid, methacrylonitrile, 

1,3-dicyano-propene, 1,3-dicyano-butene and 1,3,5-tricyano-hexane at 700°C [132]; 

and hydrogen cyanide, acrylonitrile, acetonitrile, propionitrile, isobutyronitrile and 

methacrylonitrile at 500-900 
o
C [137]. The pyrolysis of acrylic has been reported 

occur at temperatures between 500-700 
o
C, in which random fragmentation and 

secondary decomposition yield abundant volatiles and particularly high levels of 

hydrogen cyanide, acetonitrile and acrylonitrile [137]. These products were however, 

not detected in this study. Similar findings were also documented by Surianarayanan 

et al. [130] and it appears to be temperature related; at temperatures below 425 
o
C, as 

in this study, these products were not detected. Notwithstanding this, a significant 

number of thermal decomposition products were observed. 
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In addition to this, ammonia, reported in the literature from the pyrolysis of 

polyacrylonitrile [137] was also not detected in this work, similar to findings by 

Causin et al. [132] and Minagawa et al. [137]. Ammonia requires extended periods 

and elevated temperatures to form. Although the pyrolysis process was relatively 

long in this study, the temperatures attained by the samples were too low to facilitate 

the release of ammonia [137]. Although hydrogen cyanide, acetonitrile, acrylonitrile 

and ammonia were not detected in this work, cyanic compounds, amine groups, 

benzaldehydes, styrene, pyrazine, pyridine, piperidine, naphthalene and high 

molecular weight n-alkanes and n-alkenes were all present in the samples upon 

analysis. These compounds could have resulted as a consequence of the various 

cleavage and scission pathways the fibre was subjected to during the early stages of 

thermal decomposition.  

 

4.7.3.5 50% Acrylic + 50% Cotton (F) 

The pyrolysis of 50% acrylic + 50% cotton generated a variety of compounds (Table 

4.17) similar to those from 100% acrylic (E) but with the absence of the long chain 

n-alkanes and n-alkenes, pyridine, piperidine, acid ester, n-aldehyde, naphthalene 

and amines (Table 4.16).  

 

In terms of qualitative reproducibility, the pyrolysis products generated by the 

acrylic-cotton blend were less consistent across the sets as compared to those from 

100% acrylic (E). However, most of the products were detected in at least four of the 

six repeat samples. A representative TIC (set 4) of textiles (F) is represented in 

Figure 4.36. 
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Table 4.17: Pyrolysis products from 50% acrylic + 50% cotton (F) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.60 propanenitrile 
 

√ √ √ √ √ √ 

2 2.95 2-methyl-2-propenenitrile 
 

√ √ √ √ √ √ 

3 3.21 isobutyronitrile 
 

√ √ √ √ √ √ 

4 3.65 3-butenenitrile 
 

  √ √ √  

5 3.77 propyl-cyclopropane 
 

√ √ √ √ √  

6 4.00 butanenitrile 
 

√ √ √ √   

7 4.27 benzene 

 

√ √ √ √  √ 

8 4.38 3-methyl-3-buten-2-one 

 

√ √ √ √  √ 

9 4.78  2-pentenenitrile 
 

√ √ √ √   

10 5.45 2-methyl-butanenitrile 
 

√ √ √ √   

11 5.56 2,5-dimethyl-furan 

 

√ √ √ √  √ 

12 6.15 1-methyl-1H-pyrrole 
 

  √ √   

13 6.34 methallyl cyanide 
 

  √ √   

14 6.75 pentenenitrile 
 

√ √ √ √   

15 6.80 2-methyl-2-butenenitrile 

 

  √ √  √ 

16 7.06 toluene 

 

√ √ √ √   

17 7.25 2,2’-iminobis-acetonitrile 
 

  √ √  √ 

18 7.67 3-methyl-2-methylene-

butanenitrile 
 

  √ √   

19 7.81 4-methyl-pentanenitrile 

 

√ √ √ √  √ 

20 7.87 2-ethyl-5-methyl-furan 

 

  √ √   

21 8.55 5-cyano-1-pentene 
 

√ √ √ √  √ 

22 8.69 1,6:2,3-dianhydro-4-O-

acetyl-β-D-allopyranose 

 

  √ √  √ 

23 8.92 hexanenitrile 
 

√ √ √ √  √ 

24 9.04 ethyl-benzene 
 

√ √ √ √  √ 

25 9.20 p-xylene 
 

√ √ √ √  √ 

26 9.30 2-methyl-5-hexenenitrile 

 

√  √ √  √ 

27 9.50 2-dimethyl-2-cyclopenten-

1-one 
 

  √ √  √ 

28 9.58 1-(1H-pyrazol-4-yl)-

ethanone 

 

√  √ √  √ 
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Table 4.17 continued 

29 10.08 3,4-dimethyl-2-

cyclopenten-1-one  

√  √ √  √ 

30 10.35 3-methyl-2-

cyclopenten-1-one  
  √ √  √ 

31 10.77 2,5-dihydro-3,5-

dimethyl-2-furanone 
 

  √ √  √ 

32 10.84 2-furanmethanol, 

acetate 
 

  √ √  √ 

33 10.94 pentanedinitrile 
 

√ √ √ √ √ √ 

34 11.00 2-furanmethanol, 

tetrahydro-  
  √ √  √ 

35 11.13 2-methylene-

pentanedinitrile  

√ √ √ √ √ √ 

36 11.30 2-methyl-

pentanedinitrile  

√ √ √ √ √ √ 

37 11.44 hexanedinitrile 

 

√ √ √ √ √ √ 

38 11.50 (1-methylethenyl)-

pyrazine 

 

√ √ √ √ √ √ 

39 12.07 1-isocyano-4-methyl-

benzene 
 

√  √ √  √ 

40 12.24 4-methyl-benzonitrile 

 

√  √ √  √ 

41 12.50 pyrazine 

 

√  √ √  √ 

42 13.30 3,5-xylylisocyanate 

 

   √  √ 
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Figure 4.36: A representative TIC of 50% acrylic + 50% cotton (F) (set 4) 
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The acrylic-cotton blend (F) also generated additional groups of compounds not seen 

in 100% acrylic (E): sugar, ketones, furan, alcohol, pyrrole and alkyl-cycloalkane. 

These additional compounds, particularly 3-methyl-3-buten-2-one, 2,5-dimethyl-

furan, 2-ethyl-5-methyl-furan, 2-dimethyl-2-cyclopenten-1-one, 2,5-dihydro-3,5-

dimethyl-2-furanone; 2-furanmethanol, acetate; and 2-furanmethanol, tetrahydro-; 

are attributed to be by-products from the pyrolysis of the cotton counterpart in the 

textile mixture, as they were seen to be present in the pyrolysis profile of cotton 

blends in textiles (A), (B) and (D). Although not detected in the pyrolysis of cotton 

blend in textiles (A) and (B), the presence of a pyranose compound; 1,6:2,3-

dianhydro-4-O-acteyl-β-D-allopyranose detected in textile (F) is most likely a result 

of the decomposition of the sugar monomer present in cellulose [178] and has been 

previously mentioned in the literature to be an isomeric form of levoglucosan [27]. 

This claim is further corroborated with the detection of different forms of pyranose 

from the pyrolysis of 50% cotton + 50% modal (D) and 50% cotton + 33% viscose + 

17% polyester (C) (Appendix 2.0). Additional ketone groups, pyrrole, and alkyl 

cycloalkane detected in textiles (F) could potentially be by-products of the pyrolytic 

interaction between cotton and acrylic or from the thermal decomposition of cotton 

at temperatures below 500 
o
C.  

 

An overlap in the aromatic profiles produced by both pure cotton (A) and pure 

acrylic (E) was noted, whereby benzene, toluene, ethyl-benzene and p-xylene were 

all produced by both the natural and synthetic fibres. Thus, these volatiles should not 

be used as characteristic identifying products for either fibre in blends although they 

are present consistently and at high concentration across the two different groups of 

fibres. 

 

Although the proportions of acrylic and cotton in the textile are equal, and their 

pyrolytic profiles are expected to be a superimposition of the two fibres rather than a 

merged one, the volatile profile generated in this study clearly demonstrates the 

dominant features of acrylic, which produced more than half of the volatile products 

in the pyrolytic profile as compared to cotton. From the 42 volatile products 

generated, only eight were produced from the pyrolysis of cotton. Similarly, the 
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burning behaviour of the cotton-acrylic blend (F) was also largely influenced by the 

presence of acrylic rather than cotton. This is particularly noted when five of the six 

textiles did not auto-ignite and reached maximum temperatures in the range of 221-

321 
o
C only (Figure 4.20). It was only the sixth repeat that ignited and reached a 

maximum temperature of 482
o
C. This failure to auto-ignite was also documented in 

pure acrylic fibres (E). As cotton has proven to auto-ignite easily and experience 

secondary decomposition [6] at temperatures between 280-310 
o
C [18], the presence 

of acrylic must have prevented the auto-ignition of the cotton fibres in the blended 

textiles. The possible intermolecular reaction between the acrylic and cotton fibres 

clearly altered the thermal properties of each individual fibre, particularly for cotton.  

 

4.7.3.6 80% Nylon + 20% Elastin (H) 

The pyrolysis of 80% nylon + 20% elastin generated a range of products: dienes, 

furan, nitriles, aromatics, n-alkyl-benzenes, alkyl-cycloalkane / cycloalkene, cyanic 

compounds, acids, n-alkanes, n-alkenes, n-cycloalkanes, cyclic / dialkyl-ether, alkyl- 

/ oxy-alcohols, capro- / aromatic ketones, n-aldehyde oligomer, lactam compounds, 

caprolactam and acrylic ester (Table 4.18).   

 

In terms of qualitative reproducibility, compounds that appeared in at least four of 

the six sets were of furan (tetrahydro-furan), aromatics (benzene, toluene), nitrile 

(hexanenitrile), alcohol (4-butoxy-1-butanol), ethers (dibutyl ether, n-butyl ether), 

acid (n-decanoic acid) and caprolactam. The remaining pyrolysis products generated 

were present in only half or less of the repeats. A representative TIC (set 3) of textile 

(H) is represented in Figure 4.37. 
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Table 4.18: Pyrolysis products from 80% nylon + 20% elastin (H) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.97 1,2-hexadiene 
 

  √ √   

2 3.57 tetrahydro-furan 
 

 √ √ √ √ √ 

3 4.00 butanenitrile 
 

  √ √  √ 

4 4.27 benzene 

 

√  √ √ √ √ 

5 4.87 3-pentenenitrile 
 

  √ √   

6 4.99 ethenyl-cyclobutane 
 

√  √ √   

7 5.46 1,5-heptadiene    √ √   

8 6.34 methallyl cyanide 
 

  √ √  √ 

9 6.71 pentanenitrile 
 

  √ √  √ 

10 7.06 toluene 

 

√  √ √  √ 

11 7.26 2,2'-iminobis-acetonitrile 
 

  √ √  √ 

12 7.44 pentanoic acid 

 

  √ √  √ 

13 7.67 1-propoxy-butane 
 

  √ √  √ 

14 7.82 3-methylene-heptane 
 

  √ √  √ 

15 7.85 1-octene    √ √  √ 

16 8.23 1,5-cyclooctadiene 
 

  √ √  √ 

17 8.54 5-cyano-1-pentene 
 

  √ √  √ 

18 8.92 hexanenitrile 
 

√ √ √ √ √ √ 

19 9.04 ethyl-benzene 
 

  √ √  √ 

20 9.20 p-xylene 
 

  √ √  √ 

21 9.31 2-methyl-5-hexenenitrile 

 

  √ √   

22 9.35 4-butoxy-1-butene    √ √  √ 

23 9.52 n-butyl ether  √ √ √ √  √ 

24 9.60 1,2-diethenyl-

cyclobutane 
 

 √ √  √  

25 9.62 2-methylene-4-

pentenenitrile  

 √ √  √  

26 10.40 6-cyano-1-hexene 
 

 √ √  √  

27 10.63 benzonitrile 

 

 √ √  √  

28 10.90 5-hexenoic acid 

 

 √ √  √  

29 11.04 propanedioic acid, 

propyl- 

 

 √ √  √  

30 11.30 3-hydroxypropyl-oxirane 
 

 √ √  √  
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 Table 4.18 continued 

31 11.51 2-ethyl-1-hexanol 

 

 √ √  √  

32 12.47 caprolactone 

 

 √ √  √  

33 12.60 4-heptanol 
 

 √ √  √  

34 12.72 4-butoxy-1-butanol 
 

 √ √ √ √  

35 13.23 N-vinylbutyrolactam 

 

 √ √  √  

36 13.51 1-dodecene   √ √  √  

37 13.56 N-methylcaprolactam 

 

 √ √  √  

38 13.73 caprolactam 

 

 √ √ √ √  

39 14.43 N-acetylcaprolactam 

 

 √ √  √  

40 14.51 1-tridecene   √ √  √  

41 14.78 4-(prop-2-enoyloxy)-

pentadecane 

 

 √ √  √  

42 14.88 dibutyl ether   √ √ √ √  

43 14.97 n-decanoic acid 

 

 √ √ √ √  

44 15.43 1-tetradecene   √ √  √  

45 16.34 pentadecane   √ √  √  

46 17.08 4-hydroxybutyl 

acrylate  

 √ √  √  

47 17.12 1-hexadecene   √ √  √  

48 18.60 2,4,6-tripropyl-1,3,5-

trioxane 

 

 √ √  √  

49 18.67 2,4,6-tris(1-

methylethyl)-1,3,5-

trioxane 
 

 √ √  √  
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Figure 4.37: A representative TIC of 80% nylon + 20% elastin (H) (set 3) 
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Although a range of products was generated, only three sets (sets 3, 4 and 6) 

generated considerable amounts of pyrolysis products, whereas the other three 

generated very low numbers of products (sets 1, 2 and 5). This directly corresponds 

to the temperature and burning duration attained by the fibres during pyrolysis.  The 

nylon-elastin blend (H) was among the group of textiles that exhibited a mixture of 

results in terms of auto-ignition, as four of the textile samples ignited whereas the 

other two did not (Figure 4.22). Sets 1, 3, 4 and 6 ignited and attained maximum 

temperatures of 498-616 
o
C, and sets 3, 4 and 6 produced considerably more 

pyrolysis products in comparison to sets 2 and 5 which did not ignite (< 314 
o
C). In 

contrast to this, little pyrolysis products were detected in set 1 even though ignition 

was achieved however in this case, ignition was only sustained for a very short 

period of time. From this behaviour, it is evident that temperatures attained by the 

polyamide fibre during the burning process largely affects the presence and type of 

pyrolysis products detected [126].
 
Although only accounting for 20% of the fibre 

blend, the elastin could have interfered with nylon’s ability to auto-ignite. This is 

expected as when the proportion of the blended fibre increases, its thermal properties 

are exerted to the blend or could even alter the overall burning properties to produce 

new characteristics, not identifiable to any of the individual fibres [18].  

 

The following pyrolysis products detected are corroborated in the literature as 

thermal decomposition products from the pyrolysis of nylon across a range of 

temperatures; furans [179], aromatics [119, 125, 179], nitriles [109, 119], acids [56] 

and caprolactam [59, 109, 123]. Ether and alcohols have not been previously 

reported. Although low levels of ethyl-benzene and p-xylene were detected in the 

control samples of (H) (Table 4.10), they were only present in three of the six sets. 

 

The thermal decomposition of nylon, particularly nylon 6, begins at temperatures 

above 310 
o
C [117, 118] and follows an intramolecular process accompanied by a 

hydrogen transfer that leads to the cleavage of the weak C-N bond [124]. This 

process, documented at 400-600 
o
C, is responsible for the generation of caprolactam, 

the main and specific by-product of nylon 6 [59, 109, 110, 116]. In this study, 

caprolactam was detected in high abundance in four of the six repeat samples (sets 3, 



222 

 

4, 5 and 6). Sets 3, 4 and 6 achieved temperatures above 518 
o
C and set 5 achieved a 

temperature of approximately 318 
o
C. Although temperatures were much lower than 

400 
o
C in set 5, the generation of caprolactam was not inhibited. This is not 

surprising, as the minimum decomposition temperature for a range of nylon groups 

has been documented to be around 300-380 
o
C [117, 118, 121]. The absence of 

caprolactam in set 2 is most likely due to lower temperatures (302 
o
C) while although 

set 1 auto-ignited and reached temperatures of 498 
o
C, the duration of burning was 

very short. Caprolactam was also detected in five of the six sets of 100% silk (I) 

pyrolysis (Appendix 4.0). Being a natural polyamide [180], silk possesses similar 

molecules, namely L-lysine [56, 118] to synthetic nylon, (L-lysine is used to 

synthesise caprolactam, a monomer of nylon [181]) and thus during thermal 

decomposition, it undergoes pyrolytic breakdown to generate caprolactam. By 

contrast, the pyrolysis of 100% nylon (G) (Appendix 3.0) did not yield any 

caprolactam across the six sets of repeats. This could be due to the variation in the 

type of nylon used to synthesise textile (G), as caprolactam is a specific by-product 

indicative of nylon 6 only [109, 110], having detected inconsistently at low levels 

across nylon 6,6 and nylon 6,12 [119]. Besides caprolactam, N-acetylcaprolactam, N-

methylcaprolactam, N-vinylbutyrolactam and caprolactone, all derivatives of 

caprolactam, were also detected in sets 3, 4 and 6. While N-acetylcaprolactam has 

been reported in the literature as a by-product of nylon 6 [109], the other three have 

not been previously reported from the pyrolysis of nylon 6. 

 

The thermal decomposition process is then followed by the cleavage of the CO-CH2 

bond and subsequently the C-C bonds [109, 116, 118, 123]. The hydrocarbons, 

dienes, styrene, furan, nitriles, ketone, aromatics, acids and cyclic compounds 

detected in this study, and supported in the literature [109, 119, 123, 125, 179] are 

formed through the scission of the C-O and C-C bonds in the nylon molecule [109]. 

Nitriles are formed from the scission of the C-C bonds in molecules containing the 

C-N end group, while acids (hexanoic acid, hexenoic acid, decanoic acid) are formed 

through thermal hydrolysis that generates an acid end chain. Although low molecular 

weight n-alkanes and n-alkenes have been reported consistently in the literature [109, 

118, 119, 179], only Almirall et al. [125] reported the presence of C9 and C14-C15 



223 

 

branched alkenes from the pyrolysis of nylon carpets at 800 
o
C. This work 

established the presence of an additional high molecular weight n-alkane and n-

alkene, pentadecane and hexadecane, respectively, detected at temperatures below 

616 
o
C, in addition to the presence of n-aldehyde oligomers of 2,4,6-tripropyl-1,3,5-

trioxane; 2,4,6-tris(1-methylethyl)-1,3,5-trioxane; and an acrylic ester (4-

hydroxybutyl acrylate); although, they were only detected from three of the ignited 

set of fibres. The presence of these products could also be due to additional side 

chain reactions, as observed by Senoo et al. [126]. 

 

4.7.3.7 100% Denim (J) 

The pyrolysis of 100% denim generated furans, dioxolanes, aromatics, n-alkyl-

benzenes, ketones, acid and acid esters, n-aldehyde and caprolactam (Table 4.19). 

From the list of pyrolysis products generated across the repetitive samples, only 

furans (2-methyl-furan, 2,5-dimethyl-furan), dioxolane (2-methyl-1,3-dioxolane), 

aromatics (benzene, toluene), acid ester (propanoic acid, ethenyl ester; 2-

furanmethanol, 2-formate; / formic acid, furfuryl ester;), ketones (3-methyl-3-buten-

2-one and 1-(acetyloxy)-2-butanone) and n-aldehyde (5-methyl-2-

furancarboxaldehyde) were present in at least four of the six sets of repeats. The 

remaining products were seen in less than half of the samples. A representative TIC 

(set 2) of textile (J) is represented in Figure 4.38. 

 

Since denim is cellulosic in nature, its burning properties are expected to be similar 

to those of cotton. However, its burning characteristics exhibited in Figure 4.24 

displayed a mixture of results, as only two out of the six samples (sets 2 and 6) auto-

ignited reaching maximum temperatures of 498-574 
o
C, similar to cotton, and 

generating more pyrolysis products in comparison to the remaining sets (sets 1, 3, 4 

and 5). The remaining sets attained maximum temperatures of 121-268 
o
C while 

generating few or no pyrolysis products. Again, the presence of additives and the 

manufacturing process to which the fibre was subjected could have altered its 

burning characteristics. Neither levoglucosan nor any of its isomers were detected in 

the pyrolysis of denim, but the additional (although inconsistent) presence of an acid 
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ester (2-furanmethanol, 2-formate / formic acid, furfuryl ester) was noted. This acid 

ester was also present in 50% cotton + 50% modal (D) samples. 

 

Table 4.19: Pyrolysis profile of 100% denim (J) 

No Retention 

Time (min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.20 2-methyl-furan 

 

√ √ √ √  √ 

2 3.90 2-methyl-1,3-dioxolane 

 

√ √ √   √ 

3 4.27 benzene 
 

√ √ √ √  √ 

4 4.38 3-methyl-3-buten-2-one 

 

√ √ √ √  √ 

5 5.14 propanoic acid 

 

 √    √ 

6 5.56 2,5-dimethyl-furan 

 

√ √ √ √  √ 

7 6.60 1,3-dioxolane 

 

 √    √ 

8 7.06 toluene 

 

√ √ √ √  √ 

9 7.43 pentanoic acid 

 

 √    √ 

10 7.86 1-(2-furanyl)-ethanone 

 

 √ √    

11 8.67 1-(acetyloxy)-2-

propanone 

 

 √ √   √ 

12 9.03 ethyl-benzene 
 

 √     

13 9.23 p-xylene 
 

 √     

14 9.48 2-ethyl-5-methyl-furan 

 

 √    √ 

15 9.54 2-furanmethanol, 2-

formate  

√ √ √   √ 

16 9.60 1-(1H-pyrazol-4-yl)-

ethanone 

 

 √ √   √ 

17 10.25 propanoic acid, ethenyl 

ester  

√ √ √   √ 

18 10.30 1-(acetyloxy)-2-

butanone 

 

√ √ √   √ 

19 10.37 5-methyl-2-

furancarboxaldehyde  

√ √ √   √ 

20 10.84 2-furanmethanol, 

acetate 
 

 √ √   √ 

21 13.73 caprolactam 

 

 √    √ 
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Figure 4.38: A representative TIC of 100% denim (J) (set 2) 
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Most of the pyrolysis products detected in textile (J) are products of from pyrolysis 

of cotton identified across textiles (A), (B) and particularly in textile (D). As denim 

is essentially cotton, it is not surprising to see similar chromatographic output among 

these textiles. Having said that, the presence of caprolactam detected here, although 

at low concentrations is somewhat surprising. As mentioned in 4.7.3.6, caprolactam 

is an important intermediate pyrolysis product of nylon 6 and is used as a positive 

indicator of nylon 6 when present at high abundance [116]. Although denim is made 

from 100% cotton, additives such as spandex / elastane are usually added in small 

amounts to increase its performance and appearance [38]. Besides that, denim is also 

dyed with a mixture of phenylglycine reacted in potassium hydroxide-sodium 

hydroxide (KOH-NaOH) and sodium amide (NaNH2) to create its characteristic 

indigo colour [182]. It has also been mentioned in the literature that the polyamine 

dye component commonly used in dying cellulosic textile materials contains an 

epoxidised polyamide group in its mixture [183]. Either one or all of these factors or 

the interactions between these factors, could have been responsible for the presence 

of caprolactam in denim as they could potentially contribute the N group needed to 

form the lactam molecule [36].  

 

4.7.3.8 96% Wool + 4% LYCRA
®
 (L) 

The pyrolysis of 96% wool + 4% lycra
®
 produced a range of nitriles, furans, 

aromatics, n-aldehyde, n-alkyl-benzenes, alkyl-aromatics, diazine, α-amino acid, 

alcohol, isocyano and phenolic compounds (Table 4.20). The qualitative 

reproducibility of textile (L) was rather poor with only sets 1 and 4 producing more 

than one pyrolysis product. A representative TIC (set 1) of textile (L) is represented 

in Figure 4.39. 

 

Textile (L) was part of the group of textiles that did not undergo auto-ignition. 

Maximum temperatures attained across the repeats were 217-282 
o
C (Figure 4.26). 

With its high LOI value of 25-28% and nitrogen, sulfur and moisture content [18, 22, 

58], wool is known to be the natural fibre that is most resistant to flames and fires 

[55] and has been reported to auto-ignite only at higher temperatures of 570-600 
o
C 

[59]. However, some researchers have identified the ability of wool to auto-ignite at 
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temperatures as low as 385 
o
C [62].  None of these temperatures were attained in this 

study, even with prolonged burning.  

 

Table 4.20: Pyrolysis products from 96% wool + 4% LYCRA® (L) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.19 isobutyronitrile 
 

√      

2 3.56 tetrahydro-furan 
 

√   √   

3 4.00 butanenitrile 
 

√   √   

4 4.27 benzene 

 

√      

5 5.40 2-methyl-butanenitrile 
 

√      

6 5.54 3-methyl-butanenitrile 
 

√   √   

7 7.06 toluene 

 

√   √   

8 8.16 bis(1,1-dimethylethyl)-

diazene  
 

√   √ √  

9 8.20 4-methyl-pentanenitrile  

 

√   √   

10 9.03 ethyl-benzene  
 

√   √   

11 9.20 p-xylene  
 

√      

12 9.50 styrene  
 

√      

13 10.06 5-methyl-hexanenitrile  
 

√      

14 10.39 benzaldehyde  
 

√      

15 10.55 propyl-benzene 
 

√      

16 10.63 benzonitrile  

 

√      

17 10.70 1-methylethyl-benzene 

 

√      

18 10.72 phenol 

 

√      

19 10.92 4-methyl-phenol  

 

√      

20 11.94 L-arginine, N2-

[(phenylmethoxy)carbonyl]- 

 

√      

21 12.24 1-isocyano-3-methyl-

benzene  

 

√      

22 13.59 benzenepropanenitrile 

 

√      

23 14.96 1-butoxy-4-butanol 
 

√      
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Figure 4.39: A representative TIC of 96% wool + 4% LYCRA® (L) (set 1) 
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Wool is essentially a helical chain of α-amino acid polypeptides containing 

chemically reactive disulfide bonds [55, 58]. The thermal degradation of wool begins 

as an endothermic reaction involving the dehydration of wool fibres at 120-160 
o
C 

[52], followed by cleavage of the weak disulfide bonds to produce small amounts of 

volatiles and inorganic compounds [22, 58, 62]; this progresses into an exothermic 

reaction involving a series of temperature-dependent pyrolysis stages that generate 

the major bulk of volatile products (> 245 
o
C) [18, 52]. The pyrolysis of wool is 

proven to be largely dependent on the temperature and duration of burning [32] and 

at certain temperatures, different types of pyrolysis products have been reported [18]. 

These products include furans, n-aldehydes, ketones, methyl-ketones, nitriles, 

alcohols, aromatics and phenolic compounds, reported from the pyrolysis of wool at 

various temperatures [18, 32, 64, 65, 67]. 

 

Across the literature, a number of products have been reported to be wool’s major or 

distinctive pyrolysis products. Among them are phenol and 4-methyl-phenol at 370 

o
C and 480 

o
C, respectively [18]; toluene and nitriles at 590 

o
C [64], aromatic and 

phenolic compounds at 700 
o
C [65]; and alcohol, furan, n-aldehyde, aromatic and 

ketone at 800 
o
C [32]. These products were also present in this study, particularly in 

set 1. The majority of these products were also detected from the pyrolysis of 100% 

silk (I) (Appendix 4.0). This is not surprising as both silk and wool are made up of 

animal proteins and amino acids [52, 55]. These volatiles are by-products generated 

from the breakdown of various α-amino acids. While nitriles are formed through the 

pyrolysis of valine, alanine, leucine and isoleucine [64], phenolic compounds are 

generated from the pyrolysis of tyrosine [67], and phenylalanine breaks down to 

form aromatics [64]. Thiols and sulfur compounds, detected in previous work [18, 

59] are formed through the decomposition of cysteine [18, 55] but were absent from 

the samples in this study. L-Arginine, an α-amino acid detected in this study, can be 

attributed to its presence at 7-10% in the polypeptide chain of wool [184]. The 

additional presence of styrene and diazene in this work is also highlighted. 
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4.7.3.9 64% Polyester + 33% Rayon + 3% Elastin (N) 

The pyrolysis of 64% polyester + 33% rayon + 3% elastin generated a large number 

of products, namely n-aldehydes, furans, dioxolanes, n-alkyl-benzenes, ketones, acid 

and acid esters, methyl- alkenes and alkanes, aromatics and its derivatives, biphenyls, 

naphthalene, n-alkanes, n-alkenes and vinyl-benzenes as detailed in Table 4.21.  

 

Across the six sample sets, qualitative reproducibility was poor as, out of the 59 

pyrolysis products generated, only 14 were present in at least four of the six sets of 

repeats. These reproducible products were furans (2-methyl-furan, tetrahydro-furan, 

2,5-dimethyl-furan), dioxolane (2-methyl-1,3-dioxolane), aromatics and n-alkyl-

benzenes (benzene, toluene, ethyl-benzene, p-xylene), ketones (3-methyl-3-buten-2-

one, 1-(acetyloxy)-2-butanone, acetophenone), n-aldehyde (1-furfural) and acid 

esters (2-propenoic acid, methyl ester; propanoic acid, ethenyl ester;). A 

representative TIC (set 4) of textile (N) is represented in Figure 4.40. 

 

Table 4.21: Pyrolysis products from 64% polyester + 33% rayon + 3% elastin (N) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.71 methacrylaldehyde 
 

√   √ √  

2 2.99 pyruvaldehyde 

 

√   √ √  

3 3.21 2-methyl-furan 

 

√  √ √  √ 

4 3.56 tetrahydro-furan 
 

√  √ √ √ √ 

5 3.80 2,3-dihydro-furan 

 

   √ √  

6 3.89 2-methyl-1,3-

dioxolane  

√  √ √ √ √ 

7 4.27 benzene 
 

√ √ √ √ √ √ 

8 4.38 3-methyl-3-buten-2-

one 

 

√  √ √ √ √ 

9 5.12 propanoic acid 

 

   √ √  

10 5.56 2,5-dimethyl-furan 

 

√  √ √ √ √ 

11 6.15 2,3-dimethyl-1-butene 

 

   √ √  

12 6.58 2-ethyl-1,3-dioxolane 

 

   √ √  
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Table 4.21 continued 

13 6.87 1-cyclobutyl-ethanone 

 

√   √ √  

14 7.06 toluene 

 

√  √ √ √ √ 

15 7.70 3-furfural 

 

   √ √  

16 7.85 1-octene     √ √  

17 8.16 1-furfural 
 

√   √ √ √ 

18 8.42 3-methyl-3-penten-2-

one 
 

   √ √  

19 8.69 1-(acetyloxy)-2-

propanone 

 

√   √ √  

20 8.77 1,3-dioxolane 

 

   √ √  

21 9.04 ethyl-benzene 
 

√  √ √ √ √ 

22 9.16 2-propenoic acid, 

methyl ester  

√  √ √ √  

23 9.20 p-xylene 
 

√  √ √ √ √ 

24 9.35 4-butoxy-1-butene  √   √ √  

25 9.50 styrene 
 

√   √ √  

26 9.60 1-(2-furanyl)-ethanone 

 

√   √ √  

27 9.73 1-nonene     √   

28 10.12 1-methylethyl-benzene 

 

   √ √  

29 10.25 propanoic acid, ethenyl 

ester  

√   √ √ √ 

30 10.30 1-(acetyloxy)-2-

butanone 

 

√   √ √ √ 

31 10.36 5-methyl-2-

furancarboxaldehyde  

√   √ √  

32 10.37 benzaldehyde 
 

   √ √ √ 

33 10.56 propyl-benzene 
 

   √ √  

34 10.64 benzonitrile 

 

   √ √  

35 10.71 1-ethyl-2-methyl-

benzene  
   √ √  

36 10.91 α-methyl-styrene 
 

   √ √  

37 11.07 benzofuran 

 

   √ √  

38 10.20 1-decene     √ √  

39 11.50 1-propenyl-benzene 
 

   √ √  

40 11.75 1-ethynyl-4 methyl 

benzene 
 

   √ √  
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Table 4.21 continued 

41 11.83 acetophenone 

 

√  √ √ √ √ 

42 12.03 3-methyl-

benzaldehyde  
   √ √  

43 12.15 levoglucosenone 

 

√   √ √  

44 12.24 benzoic acid, methyl 

ester 
 

√   √ √  

45 12.73 benzoic acid, ethenyl 

ester 
 

   √ √  

46 13.10 benzoic acid, ethyl 

ester 
 

   √ √ √ 

47 13.23 1-(4-methylphenyl)-

ethanone 
 

   √ √  

48 13.40 naphthalene 
 

   √ √  

49 13.51 1-tridecene     √   

50 13.64 tridecane     √   

51 14.02 o-toluic acid, 4-

nitrophenyl ester 

 

   √ √  

52 14.26 1-(4-ethylphenyl)-

ethanone 
 

   √ √  

53 14.34 p-toluic acid, ethyl 

ester  

   √ √  

54 14.51 1-tetradecene     √ √  

55 15.00 4-ethylbenzoic acid, 

2,3-dichlorophenyl 

ester 
 

   √ √  

56 15.27 biphenyl 

 

   √ √  

57 15.43 1-pentadecene  √   √ √  

58 15.72 diphenylmethane 
 

   √ √  

59 16.21 4-methyl-1,1'-biphenyl 

 

   √ √  

 



233 

 

 

 

Figure 4.40: A representative TIC of 64% polyester + 33% rayon + 3% elastin (N) (set 4) 
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The samples exhibited a mixture of burning properties as half of the samples ignited 

whereas the other half did not (Figure 4.28). Sets 2, 3 and 5 auto-ignited, reaching 

maximum temperatures between 598-636 
o
C, while maximum temperatures between 

243-308 
o
C were attained for sets 1, 4 and 6. Polyesters are known to be quite 

resistant to heat, melting around 200-260 
o
C to form beads [98, 102] and igniting 

with difficulty at temperature ranges of 450-530 
o
C [103, 104]. The initial auto-

ignition of textiles (N) in sets 2, 3 and 5 could have potentially been due to the rayon 

(purified cellulose) content of the textile rather than the polyester (cf. Table 4.11 in 

which 100% polyester (M) did not ignite across the six sets), as rayon is essentially 

cellulose and readily burns at lower temperatures [22]. Once ignited, the heat 

generated from the flames could have raised the temperature of the fibre high enough 

to induce the ignition of polyester.  

 

Although low molecular weight aliphatic hydrocarbons (C1-C4) have been reported 

previously from the pyrolysis of polyester [115], this work identified the presence of 

high molecular weight n-alkanes and n-alkenes. These are attributed to be by-

products of rayon pyrolysis. With a melting point of 150 
o
C [146], rayon undergoes 

thermal decomposition that follows the breakdown of cellulose to generate a variety 

of n-alkanes and n-alkenes, as seen in the pyrolysis of cellulosic fibres in textiles (B) 

and (D). These high molecular weight n-alkanes and n-alkenes together with 23 other 

pyrolysis products detected in textile (N) were also present from the pyrolysis of 

100% nylon (G) (Appendix 3.0). These similarities are believed to be due to the 

chemical nature of these textiles; both are synthetic fibres commonly made from 

petroleum based products and share a range of similar pyrolysis products upon heat 

decomposition [118]. However, 100% nylon (G) can be distinguished from 64% 

polyester + 33% rayon + 3% elastin (N) through the range of additional nitriles and 

its derivatives in its pyrolytic profile. With similar composition and proportions, it is 

not surprising that a similar range of pyrolysis products to textiles (N) (with the 

exception of n-alkanes and n-alkenes) were also observed from the pyrolysis of 64% 

polyester + 32% viscose + 4% elastin (P) (Appendix 7.0), with the additional 

presence of terephthalic acid, 2-chlorophenyl ethyl ester; reported in textiles (P). 
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4.7.3.10 50% Polyester + 50% Viscose (O) 

The pyrolysis of textile O (50% polyester + 50% viscose) generated less than half of 

the pyrolysis products detected in textile (N). Textile (O) generated furans, ketones, 

aromatics, acid esters, n-alkyl-benzenes, n-aldehydes, biphenyl, nitrile and dioxolane 

as detailed in Table 4.22.  

 

All of these pyrolysis products were present in textile (N), with textile (O) generating 

the additional presence of 1-(2-furanyl)-ethanone and o-xylene; however, no n-

alkanes, n-alkenes or α-methyl-styrene were present in textile (O). The qualitative 

reproducibility across textile (O) also poor, with only four products present in at least 

four of the six sets of repeats. A representative TIC (set 6) of textile (O) is 

represented in Figure 4.41. 

 

Similar to textile (N), textile (O) also exhibited a mixture of results in terms of auto-

ignition characteristics: sets 5 and 6 auto-ignited with a maximum temperature of 

561 
o
C and 529 

o
C, respectively, but the remaining sets did not auto-ignite reaching 

maximum temperatures of between 244-280 
o
C (Figure 4.29). 

 

Table 4.22: Pyrolysis products from 50% polyester + 50% viscose (O) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.21 2-methyl-furan 

 

√  √   √ 

2 3.89 2-methyl-1,3-dioxolane 

 

√  √   √ 

3 4.27 benzene 
 

√  √  √ √ 

4 4.38 3-methyl-3-buten-2-one 

 

√  √   √ 

5 5.56 2,5-dimethyl-furan 

 

√  √   √ 

6 7.06 toluene 

 

√  √  √ √ 

7 7.70 3-furfural 

 

√  √    

8 7.86 1-(2-furanyl)-ethanone 

 

     √ 

9 8.69 1-(acetyloxy)-2-

propanone 

 

     √ 
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Table 4.22 continued 

10 9.04 ethyl-benzene 
 

√  √  √ √ 

11 9.20 p-xylene 
 

  √  √ √ 

12 9.50 styrene 
 

  √  √ √ 

13 9.60 o-xylene 

 

  √   √ 

14 10.12 1-methylethyl-benzene 

 

     √ 

15 10.25 propanoic acid, ethenyl 

ester  

√  √   √ 

16 10.30 1-(acetyloxy)-2-butanone 

 

√  √    

17 10.36 5-methyl-2-

furancarboxaldehyde  

√  √    

18 10.37 benzadelyde 
 

√  √  √ √ 

19 10.56 propyl-benzene 
 

     √ 

20 10.64 benzonitrile 

 

    √ √ 

21 10.71 1-ethyl-2-methyl-benzene 
 

     √ 

22 11.07 benzofuran 

 

     √ 

23 11.75 1-ethynyl-4 methyl 

benzene 
 

     √ 

24 11.83 acetophenone 

 

  √  √ √ 

25 12.15 levoglucosenone 

 

  √    

26 12.73 benzoic acid, ethenyl ester 

 

    √ √ 

27 13.10 benzoic acid, ethyl ester 

 

    √ √ 

28 13.40 naphthalene 
 

     √ 

29 15.27 biphenyl 

 

    √ √ 
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Figure 4.41: A representative TIC of 50% polyester + 50% viscose (O) (set 6) 
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The pyrolysis of polyester begins with the random scission of the weak C-O ester 

bonds to generate intermediate products, such as ethylene oxide, which in turn 

undergoes trans-esterification (substitution of a R ester group to a R’ of an alcohol) 

at higher temperatures to generate acetaldehyde, formaldehyde, 2-methyl-1,3-

dioxolane, vinyl and other intermediate products [34, 107, 108, 111]. While 

acetaldehyde and formaldehyde were not detected in this study, 2-methyl-1,3-

dioxolane and vinyl products were detected in both textiles (N) and (O) and was also 

present from the pyrolysis of 64% polyester + 32% viscose + 4% elastin (P) 

(Appendix 7.0). However, as 2-methyl-1,3-dioxolane was also present in textiles (D) 

(50% cotton + 50% modal), (G) (100% nylon) (Appendix 3.0), (J) (100% denim) and 

(K) (100% viscose) (Appendix 5.0), it is not suitable to be utilised as a characteristic 

indicator of polyester. 

 

With higher temperatures, typically 300-700 
o
C [5, 103, 106, 107, 111, 115], random 

scission of the polymer and breakdown of the strong C-C bonds takes place to form 

n-aldehydes, aromatics, low molecular weight n-alkanes and n-alkenes, aromatic 

esters, carboxylic acid and acid esters, furans, ketones, alkyl-benzenes and 

dioxolanes [34, 85, 103, 109, 110, 113], all of which were detected in this work. 

These high temperatures could also break other bonds in the molecule and cause 

inter- and intramolecular transformation to take place, generating complex products 

such as benzoic acid, ethenyl ester;, naphthalene, styrene, toluene, biphenyl, ethyl-

benzene and phenol [82, 107, 115], all of which were present across both textiles (N) 

and (O).  

 

Similar to other textiles, the pyrolysis of polyester is a function of temperature and, 

as such, the production, type and abundance of pyrolysis products generated are 

directly proportional to the temperature until a maximum production temperature is 

attained for a particular by-product [108, 115]. For example, Joseph and Tretsiakova-

McNall [112], Edge et al. [111] and Dzieciol [115] all reported the maximum 

presence of acetaldehyde at 300 
o
C, 300 

o
C and 400 

o
C, respectively, whereas 

formaldehyde, methyl-alcohol and dioxane were reported to have a maximum 

production temperature of 500 
o
C [115]. Sugimura and Tsuge [185] reported that 
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biphenyl and benzene, as reported in textiles (N) and (O), were only detected at 

temperatures above 500 
o
C, having generated from terephthalic acid, while Kinoshita 

et al. [103] identified the increasing presence of benzoic acid and its derivatives, as 

seen in textiles (N) and (O), at temperatures of between 450-500 
o
C. Generally, 

lower temperatures generate n-aldehydes, ether and oxides, whereas higher 

temperatures facilitate the production of aromatics, aliphatic hydrocarbons, methyl 

acetates, branched alkenes, ketones, alcohols, acids and acid esters [103, 112, 115]. 

Besides temperature, the size and type of monomer molecules used to synthesise the 

resultant polymer also significantly influence the physical and thermal properties of 

polyester, as these characteristics dictate the fibre’s melting point, thermal 

decomposition temperature, ignition temperature and the type of pyrolysis products 

generated [105-108]. 

 

While the majority of the products generated in textiles (N) and (O) are attributable 

to the thermal decomposition of the polyester content, the presence of a group of 

compounds indicates the pyrolysis of cotton / rayon / modal / viscose; these 

characteristic by-products are furans (2-methyl-furan, 2,5-dimethyl-furan), ketones 

(3-methyl-3-buten-2-one, 1-(acetyloxy)-2-butanone, 1-(acetyloxy)-2-propanone), 

acid ester (propanoic acid, ethenyl ester), n-aldehydes (5-methyl-2-

furancarboxaldehyde, 1-furfural, 3-furfural, methacrylaldehyde, pyruvaldehyde) and 

levoglucosenone [5, 15, 29, 30, 32]. These volatile products were not only recorded 

in the pyrolysis of textiles (N) and (O), but also in the pyrolysis of textiles (A) (100% 

cotton, Table 4.13), (B) (95% cotton, Table 4.14) and (D) (50% cotton + 50% modal, 

Table 4.15). These products were also detected from the pyrolysis of 100% viscose 

(K) (Appendix 5.0) and 64% polyester + 32% viscose + 4% elastin (P) (Appendix 

7.0), further supporting the contribution of the cellulose based fibre to the pyrolytic 

profile of textiles (N) and (O). The presence of benzoic acid, ethyl ester; in 100% 

viscose (K), 64% polyester + 33% rayon + 3% elastin (N) and 50% polyester + 50% 

viscose (O) indicates that this acid is formed through the decomposition of viscose / 

rayon rather than polyester. 
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As the percentage of polyester reduces from 64% in textile (N) to 50% in textile (O), 

the number of detected pyrolysis products reduced considerably from 59 to 29, 

generating fewer high molecular weight acid and acid esters, methyl-aromatics and 

aromatic substituents, together with the absence of n-alkanes, n-alkenes and α-

methyl-styrene in textile (O) as compared to (N). With the reduction in the 

proportion of polyester and an increase in the presence of cellulosic fibres (rayon / 

viscose), the pyrolysis profile generated seemed to have been affected, with fewer 

polyester-based pyrolates in textile (O) as compared to textile (N). Similar to cotton 

blends in textiles (B) and (D), the blended fibres in textiles (N) and (O) seem to have 

altered the thermal characteristics of the each contributing fibre; as the proportion of 

polyester in the blended fibre increases, the dominance of the fibre in influencing the 

overall thermal properties of the textile and type of pyrolysis products generated also 

increased greatly and vice versa [18, 19, 109]. 

 

4.7.3.11 100% Leather (Q) 

The pyrolysis of 100% leather generated a range of products, particularly n-alkanes, 

n-alkenes, alkyl- / cyclo- / vinyl- / chloro- / chloroethoxy- / dichloro- n-alkanes and 

n-alkenes, aromatics, n-alkyl-benzenes, furans, nitriles, ketones, sulfides, alkyl-

aldehyde and pyrroles as detailed in Table 4.23. 

 

Out of the 48 pyrolysis products generated, 21 were present in at least four of the six 

sets of repeats. They were aromatics and n-alkyl-benzenes (benzene, toluene, ethyl-

benzene), chloro-alkanes (1,2-dichloro-propane, 1-(2-chloroethoxy)-butane), nitriles 

(2-methyl-butanenitrile, 3-methyl-butanenitrile, 4-methyl-pentanenitrile), pyrrole (1-

ethyl-1H-pyrrole), sulfides (dimethyl disulfide, dimethyl trisulfide), vinyl-

cycloalkane (ethenyl-cyclobutane), n-alkane (tetradecane) and n-alkenes (1-octene, 

decene, undecene, dodecene, tridecene, tetradecene, pentadecene, 8-hexadecene). 

The majority of the pyrolysis products detected from 100% leather (Q) were also 

present from the pyrolysis of porcine bones (Table 2.3 and Appendix 1.0) and the 

human toe samples (Table 3.14).  
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All of the six sets of repeats of leather auto-ignited, attaining high maximum 

temperatures between 490-684 
o
C (Figure 4.31). From the six sets, set 4 was the only 

set that did not produce any detectable pyrolysis products. A representative TIC (set 

6) of textile (Q) is represented in Figure 4.42.  

 

Table 4.23: Pyrolysis products from 100% leather (Q) 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.00 2-ethyl-butanal 

 

     √ 

2 3.14 1-hexene   √ √   √ 

3 3.21 2-methyl-furan 
 

     √ 

4 3.48 3-methyl-cyclopentene 
 

 √     

5 4.27 benzene 
 

√ √ √  √ √ 

6 4.43 5-methyl-1-hexene 
 

√     √ 

7 4.50 tetrahydro-2-methyl-furan 
 

√     √ 

8 4.90 ethenyl-cyclobutane 
 

√ √ √   √ 

9 5.03 1,2-dichloro-propane 
 

√ √ √   √ 

10 5.59 2-methyl-butanenitrile 
 

√ √   √ √ 

11 5.74 3-methyl-butanenitrile 
 

√ √   √ √ 

12 6.08 1-methyl-cyclohexane 
 

     √ 

13 6.16 3-ethenyl-cyclohexanone 

 

     √ 

14 6.36 dimethyl disulfide 
 

√ √ √   √ 

15 6.60 methylene-cyclohexane 
 

     √ 

16 7.06 toluene 

 

√ √ √  √ √ 

17 7.82 2-methylene-heptane 
 

 √ √   √ 

18 7.86 1-octene  √ √ √   √ 

19 7.98 2-ethyl-5-methyl-

tetrahydro-furan  
     √ 

20 8.00 1-ethyl-1H-pyrrole 
 

√ √ √   √ 

21 8.17 2-octene       √ 

22 8.22 4-methyl-pentanenitrile 

 
√ √   √ √ 

23 8.48 (1-methylethyl)-

cyclopentane 
 

     √ 

24 9.04 ethyl-benzene 
 

√ √ √  √ √ 

25 9.20 p-xylene 
 

 √    √ 

26 9.72 1-nonene   √ √   √ 
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Table 4.23 continued 

27 9.90 nonane   √     

28 10.13 1-(2-

chloroethoxy)-

butane 

 
√ √ √  √ √ 

29 10.34 3-methyl-1H-

pyrrole  
 √     

30 10.64 dimethyl 

trisulfide 
 

√ √ √   √ 

31 11.18 1-decene   √ √  √ √ 

32 11.95 butyl-benzene 
 

     √ 

33 12.42 1-undecene  √ √ √   √ 

34 12.55 undecane   √ √    

35 13.35 2-decanone 

 

     √ 

36 13.52 1-dodecene  √ √ √  √ √ 

37 13.63 dodecane   √     

38 14.51 1-tridecene  √ √ √  √ √ 

39 14.61 tridecane  √ √   √  

40 15.43 1-tetradecene  √ √ √  √ √ 

41 15.53 tetradecane  √ √   √ √ 

42 16.08 1-chloro-

undecane 
 √     √ 

43 16.30 1-pentadecene  √ √ √  √ √ 

44 16.40 pentadecane  √ √   √  

45 17.12 8-hexadecene  √ √ √  √ √ 

46 17.24 1-hexadecene      √  

47 17.32 hexadecane      √  

48 18.62 1-heptadecene   √   √ √ 
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Figure 4.42: A representative TIC of 100% leather (Q) (set 6) 
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Leather is essentially a polymerised chain of polypeptides that has undergone 

chemical and mechanical processes to provide its distinguishable properties [18, 74, 

75]. When subjected to heat, leather decomposes to form carbonaceous residues, oils 

and gases [79, 81] and has been documented to auto-ignite and burn easily [77] at 

low temperatures of 200-250 
o
C [76, 186]. This is corroborated in the current study, 

as the onset of pyrolysis was reported to be at similar temperature ranges between 

170-217 
o
C (Figure 4.31). Its high flammability is a result of the high volatile matter 

content in leather, facilitating rapid combustion [77]. 

 

The pyrolysis of leather can be categorised into two distinctive temperature 

dependent stages (primary and secondary), which generate a range of gases and 

volatiles [80, 81] such as ammonia, carbon dioxide, hydrogen cyanide, sulfur 

dioxide, aromatics, aliphatic and branched hydrocarbons, carboxylic acids, n-

aldehydes, amines, nitrogenous compound (naphthalene, pyrrole), alcohols, nitriles 

and cyanic compounds [72, 79-82, 186-188]. While most of the organic compounds 

were detected, no cyanic compounds, alcohols, carboxylic acids or amines were 

detected in this work, although they are expected as the polypeptide chain is 

essentially a network of amino acids. When heated, the process of decarboxylation 

causes the protein to form a range of acids, amines, phenols and dioxan [187].  

 

Out of the 48 products generated in this study, 20 of which were n-alkanes and n-

alkenes with some of the remaining being hydrocarbon substitutes. Their presence 

has been reported previously in the literature, contributing up to 2% of the volatiles 

detected [188], depending on the temperature to which leather was subjected [79, 

186, 188]. Heavy molecular weight hydrocarbons, as detected in this work, are 

formed through extended burning durations at elevated temperatures, as these factors 

facilitate volatilisation of the heavy hydrocarbons [166].  

 

Since leather is formed from the skin of animals, it fundamentally contains high 

levels of water and protein with some lipids and minerals [77]. The protein make-up 

comprises of various amino acids that have been polymerised through condensation 

to form peptide bonds (-CO-NH-). As these bonds are present at every pair of amino 
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acids, the level of nitrogen in the polypeptide chain is very high, and when 

temperatures are high enough to break down the C-N bonds and any ring structure 

containing nitrogen in the polypeptide chain, nitrogenous compounds, such as nitriles 

and pyrroles, are formed, as detected in this work [72, 77, 79, 187]. Both of these 

products (nitriles and pyrroles) were also reported in the work of Font et al. [81]. 

Similar to hydrocarbons and nitriles, dimethyl disulfide and dimethyl trisulfide, that 

were detected in textiles (Q), are to be expected as leather contains sulfur and, when 

heated, the weak disulfide bonds within the polypeptide chain cleave to generate 

various forms of sulfur-based gases [77, 79], as seen in wool (4.7.3.8) [55, 58]. 

Besides generating from sulfur molecules within the polypeptide chain, sulfur gases 

such as sulfur dioxide have been reported to generate from decomposition of 

chromium sulfate, a chemical used in the chromium tanning process of leather [81]. 

The presence of chloro-based compounds (1-chloro-undecane, 1-(2-chloroethoxy)-

butane, 1,2-dichloro-propane) in this work is also highlighted. 

 

Besides temperature and heating duration, the raw material and the type of tanning 

process that it is subjected to can also significantly affect the burning properties, 

yield and type of pyrolysis product generated from leather [79, 186, 189, 190]. This 

is because different types of raw material and processes applied to leather generate a 

range of end products containing different levels of moisture, carbon, hydrogen, 

oxygen, nitrogen, sulfur and inorganic content, together with chemicals used in the 

tanning process [72, 79, 81, 186]. An example of this is illustrated in the works of 

Yilmaz et al. [79] and Font et al. [81] who identified that chromium tanned leather 

yielded more gaseous products, particularly sulfur dioxide, with increasing 

temperatures, whereas vegetable tanned leather did not.  

 

In addition to pure leather, another group of important leather is artificial leather; 

leather plasticised with PVC or coated with PU [83, 84]. This type of leather is more 

susceptible to flames and can generate a variety of products, similar to pure leather 

but with the addition of chlorinated compounds, chlorinated aliphatic hydrocarbons, 

amines, aromatic amines, isocyanates, amino isocyanates and dienes, again 
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depending on the temperature and burning duration to which it is subjected [85-87, 

92, 93, 173]. 

 

4.8 Conclusions 

 

This work highlights the variation in the burning properties and type of pyrolysis 

products generated over a range of textiles: natural, semi synthetic and synthetic. 

These variations were not only demonstrated with textiles from different sources (i.e. 

animal, plant and manufactured) but also within the same group and within the same 

type of textile. Some of the textiles did not experience any auto-ignition while others 

did and, more interestingly, some textiles exhibited different burning behaviour 

within the same textile type. These factors should be taken into consideration when 

dealing with the identification of textile samples in fire scenes, as it has been shown 

that major identifying peaks of certain textiles are not always present as pyrolysis 

products. 

 

This work has also established that each textile type can generate a specific group of 

compound(s) or product(s) which, when present together, are indicative of a 

particular type of textile. It should be noted, however, that the presence or absence of 

these characteristic products is largely dependent on temperature and burning 

duration. For cotton-based textiles, including rayon, modal, viscose and denim, these 

pyrolysis products include levoglucosenone, 2-methyl-furan, 2,5-dimethyl-furan, 2-

ethyl-5-methyl-furan, 3-methyl-3-buten-2-one, 1-(acetyloxy)-2-propanone, 1-

(acetyloxy)-2-butanone, 2-furancarboxylic acid, heptyl ester; 1-furfural, 5-methyl-2-

furancarboxaldehyde, 2-furanmethanol, acetate; / acetic acid, furfuryl ester; 2-

furanmethanol, 2-formate; / formic acid, furfuryl ester; 2-furanmethanol, tetrahydro-; 

propanoic acid, ethenyl ester; and pyranose sugars when present together. For acrylic 

fibres, the indicative pyrolysis products include a range of nitriles, dinitriles, methyl- 

/ alkyl- nitriles, pyridines, pyrazine, piperidine, acrylate, cyanic and isocyanic 

compounds present together, whereas for nylon 6 they are caprolactam, lactam and 

caprolactone-based compounds, together with n-butyl ether and dibutyl ether. When 

present together, phenol, 4-methyl-phenol and α-amino acids are indicators of wool, 
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whereas α-methyl-styrene, phenyl and biphenyl products together with naphthalene 

and benzoic acid derivatives such as benzoic acid, ethenyl ester;, 4-ethylbenzoic acid, 

2,3-dichlorophenyl ester; are positive identifiers of polyesters when present together. 

For leather utilised in this work, 1,2-dichloro-propane, 1-(2-chloroethoxy)-butane, 

dimethyl disulfide, dimethyl trisulfide, and high molecular weight n-alkenes are its 

major identifying peaks, and can be used to distinguish leather utilised in this work 

from human pyrolytic data. However as the source of the leather is not known, it is 

impossible to distinguish if the key indicators of leather identified in this work can be 

used for a range of different types of leather particularly if it’s of different origins 

(raw material). 

 

The influence of one or more blended fibres in a textile is also highlighted in this 

work. The presence of the blended fibre does not only influence the major fibre’s 

physical characteristics, but also its chemical, thermal and pyrolytic properties. As 

the proportion of the blended fibre increases, its dominance over the other major 

fibre(s) becomes more apparent and has been shown to alter the widely known 

pyrolytic profile of the major fibre. However, the pyrolytic profiles of the individual 

fibres in the blend are still present, with the additional presence of products 

generated from the inter-molecular reactions between the pyrolysis mechanisms of 

the blended fibres. 
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CHAPTER 5: GENERATION, ANALYSIS AND DISCRIMINATION OF 

PYROLYIS PRODUCTS FROM PORCINE BONE IN THE PRESENCE OF 

TEXTILES USING PATTERN RECOGNITION TECHNIQUES 

 

5.1 Introduction 

 

Interfering products refers to a wide range of natural or synthetic [1] compounds that 

are commonly encountered in a fire scene that interfere with the analysis and 

identification of target compounds by generating characteristic volatiles that either 

are within the boiling point range or emulate the m/z values of the compound(s) of 

interest [2-5]. Interfering products can present in three major forms: substrate 

background products or actual petroleum products that are present in the substrate 

material, pyrolysis products released from the combustion of the substrate, and 

combustion products [1, 6-11]. When a scene involves human or animal remains, 

potential key indicators of these remains could also be masked by interfering 

products, especially if the key indicators share similar chromatographic profiles with 

the interfering compounds and are present at low concentrations. Thus, it is crucial 

that the analyst is aware of the possible presence of these products.  

 

As the type of pyrolysis products from porcine bone (Chapter 2), human samples 

(Chapter 3) and from individual textiles (Chapter 4) have been established in 

previous chapters, this chapter concentrates on developing a robust methodology for 

the generation of pyrolysis products from porcine bone samples in the presence of 

contaminants – in this case, the textiles which produced the most repeatable products 

from Chapter 4 – under the laboratory conditions previously outlined. Data generated 

from the repeat experiments were used to ascertain the type and consistency of the 

pyrolysis products detected and how the combined chromatographic profiles varied 

from those of individual porcine and textile samples. The next stage of the work 

outlines the use of extracted ion current / chromatogram (EIC), extracted ion profile 

(EIP) and self-organising feature maps (SOFM) as a means to scrutinise and 

discriminate pyrolytic data obtained from porcine bone samples, individual textile 

samples, and the combination of porcine bone and textile samples. 
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5.2 Interfering Pyrolysis Products  

 

Interfering compounds are almost always observed from natural or synthetic 

polymeric organic materials such as carpet, wood, padding and floor tiles [7, 8, 12-

16], and textiles such as cotton, wool, polyester, acrylic and leather [5, 10]. The 

pyrolysis of natural, semi-synthetic and synthetic fibres has been studied, as detailed 

in Chapter 4. These interfering compounds can be present naturally in the original 

material or due to environmental transfers, and they may be generated during 

pyrolysis and / or combustion. They interfere with the analysis by generating 

fragments of the same m/z values as the target molecule or eluting in the same region 

as the target molecules [2, 5, 6, 16-19].  

 

Characteristic databases are available for ignitable liquid residues (ILR), with 

established standards developed and published for the analysis of ILR by the 

American Standard for Testing and Materials (ASTM) [20-24], as these profiles are 

those commonly contaminated with the presence of interfering products [25, 26]. 

Sub-divided into light (C4-C9), medium (C8-C13) and heavy (C9-C20+) petroleum 

distillates by the ASTM E1618-11 [22], these ILR have been studied and scrutinised 

over the years to identify their unique chromatographic patterns and chemical 

fingerprints. For example, petrol / gasoline has been identified through the presence 

of benzene, toluene, xylene, n-alkanes, n-alkyl-benzenes, indanes and naphthalenes 

at certain ratios [5, 7, 16, 19, 27-29]. The presence of kerosene and diesel are 

confirmed with high molecular weight n-alkanes, aromatics [29] and methyl-

naphthalenes [22]. Xylene and toluene are major constituents of paint thinner [7, 16], 

whereas C9-C11 paraffins, n-alkyl-benzenes, n-alkyl-cycloalkanes and terpenes [29] 

indicate the presence of turpentine [16, 22]. 

 

Across the literature, cotton-based materials have been shown to generate toluene, a 

common aromatic used in the positive identification of ILR [5] and a series of n-

alkanes, particularly present in the kerosene identification range [2]. Synthetic 

leather, commonly incorporated in the making of upholstery, produces n-alkenes and 

chloroalkanes, interfering with the elution of target compounds found in petrol [5]. 
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Natural (wool) and synthetic (nylon) carpets are known to decompose to form 

benzene, toluene, xylene, styrene, indanes, naphthalene and C3- and C4-alkyl-

benzene [7, 16, 19], compounds used in the positive identification of petrol. 

Polyester-based materials generally produce light and midrange volatiles [7], 

together with naphthalene, styrene and ethyl-benzene, complicating petrol 

identification [10]. The presence of kerosene, a common ILR, has also been detected 

from the decomposition of spandex [2]. In recent years, researchers have reported 

that blankets, carpets and clothing can act as wicks that, together with adequate fat, 

facilitate significant combustion of human remains / tissues in a fire [30-32]. In these 

situations, volatiles generated from the textile materials could have the potential 

either to emulate or to obscure any key volatile indicators of human or animal 

remains. 

 

While widespread work has been conducted on the interfering products associated 

with ILR, a knowledge gap in terms of the possible interfering compounds for human 

/ animal identification is still large. Currently, only a few researchers have started 

looking into generating and identifying potential volatile indicators of human / 

animal remains [33-35] in the absence of matrix contaminants. The work detailed 

here intends to fill this gap by looking into the effects of burning textile in the 

presence of porcine bone, to the pyrolytic profiles generated, using GC-MS data 

analysis processes and by adopting pattern recognition approaches. 

 

5.3 Pattern Recognition in GC-MS Data Analysis and Interpretation 

 

The classification and identification of ILR are largely dependent on pattern 

recognition techniques applied to the chromatographic outputs [36, 37]. Pattern 

recognition refers to the process of visually observing and analysing variables in 

order to recognise any emerging patters and regularities in a dataset [38, 39]. It refers 

to a set of techniques whereby samples are classified according to a characteristic 

property using measurements that are indirectly related to the property, generating an 

empirical relationship or classification rule [40]. The rule / relationship is then 

applied to various samples to predict the characteristic property that is in question. 
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The property in question may be the class of ILR suspected in a fire scene and the 

measurements are the area / height / ratio / order of elution / retention time / mass-to-

charge ratio of the chromatographic peak(s). These patterns are then used to answer 

the hypothesis or questions related to the process and experiment.  

 

Pattern recognition can either be subjective or objective [41]. Subjective pattern 

recognition refers to visual patterns commonly identified using extracted ion current / 

chromatogram (EIC), extracted ion profile (EIP) and target compound chromatogram 

(TCC), whereby the unknown chromatographic patterns are subjectively compared to 

those derived from a series of established reference standards and classified by their 

mass-to-charge ratio and / or retention times, if there are sufficient similarities [21, 

22, 26, 29, 36, 37, 42, 43]. Objective pattern recognition refers to the application of 

multivariate chemometric techniques (statistical techniques involving calculations of 

measurements on chemical data [38] when analysing and observing a number of 

target variables within and between groups [44]) utilised to perform comparison, 

classification and discrimination, objectively. These include principle component 

analysis (PCA), hierarchical cluster analysis (HCA), neural network, artificial neural 

network (ANN); self-organising feature maps (SOFM), and covariance mapping [38, 

41, 45-54].  

 

Most multivariate pattern recognition process involves two of the following sets of 

data [38, 55]: 

 

i. labelled or supervised scheme, where the technique requires the input of 

training algorithms of assigned groups to learn the structure of the data (i.e. it 

visualises the relationship between samples and variables that have been 

assigned to groups); 

ii. exploratory data / unsupervised scheme, where the technique does not 

require the input of training algorithms of assigned groups (i.e. it visualises 

the relationship between samples and variables but does not need them to be 

assigned to groups). 
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Multivariate analysis converts high dimensionality data into a two-dimensional 

format, facilitating a simpler and more valid interpretation by providing links 

between and within the samples and variables while revealing relationships, possible 

classification estimation and linkage of common vectors that otherwise, would not be 

visible under normal analytical conditions [41]. It is a powerful tool that facilitates 

the interpretation of complex data and has been widely used in the field of fire debris 

analysis, predominantly for ILR detection and classification, particularly in the 

presence of background interferences [39, 45, 47, 48, 51, 56].  

 

5.3.1 Extracted Ion Current / Chromatogram (EIC) and Extracted Ion Profile 

(EIP)  

GC-MS is well-known and favoured for its ability to provide a wealth of 

information, facilitate data manipulation and allow intricate levels of pattern 

recognition [26, 47, 49, 57]. One of these features includes the use of extracted ions 

[51, 57-59]. Each class of compound possesses one or more characteristic m/z ion(s) 

depending on its structure [58], and if these are known, the process of extracting 

pertinent structural indicators (fragment ions) from the entire data set can be 

conducted [58]. When characteristic m/z values are inputted into the GC-MS Data 

Analysis Software, the algorithm recovers any chromatographic peaks from the mass 

spectrum containing the identical m/z value(s), generating either an extracted ion 

current / chromatogram (EIC) or an extracted ion profile (EIP) [36, 49, 60].  

 

In single ion EIC, individual ions are extracted independently, generating n number 

of chromatograms, corresponding to the number (n) of m/z values requested, 

resulting in a more discrete dataset that allows for better distinction between some 

classes. In summed EIP, a group of ions that represent a class of chemical 

compounds is extracted simultaneously, summarising data from multiple individual 

EICs to generate a more detailed chromatogram, containing patterns of relative ratios 

of similar class compounds across a range of boiling points [49, 57]. An example of 

alkyl-substituted aromatics, namely C2, C3 and C4 alkyl-benzenes (m/z 91, 105, 119), 

is utilised here to illustrate the difference across both types of extraction; they were 

extracted from the total ion chromatogram (TIC) of gasoline displayed in Figure 5.0 
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(a). Figures 5.0 (b), (c) and (d) illustrate the three individual EIC chromatograms of 

m/z 91, 105 and 119, respectively, whereas in Figure 5.0 (e), a summed EIP is 

generated with the use of all three m/z values in one chromatogram. The latter is 

much preferred as it requires the generation of only one chromatogram that contains 

a larger information pool at higher abundances required for analysis and 

interpretation [54]. EIP also facilitates a higher signal-to-noise ratio, aiding in 

reducing interferences from background compounds [22] while enabling ratios of 

compounds to be visually compared on one scale [36]. However, the use of EIP risks 

the loss of minor components that are not easily seen at the common baseline scale, 

and in these instances, EIC is a better option [36]. 

 

Similarly, the process can be applied to a whole range of compounds including n-

alkenes, n-cycloalkanes and n-cycloalkenes, aromatics, ketones, alcohols, indanes 

and naphthalenes. For hydrocarbons, the characteristic ions are based on their 

successive alkyl / methylene (CH2) group, generating a range of ion fragments in the 

order of 14 mass-to-charge units apart [47, 49, 57]. For example, in a complex TIC 

of gasoline (Figure 5.1(a)), the presence of saturated n-alkanes can be detected by 

inputting its major fragment ions (m/z 43, 57, 71, 85, 99; succession of 14) (Figure 

5.1 (b)). This generates an EIP that highlights the presence of n-alkanes in a less 

complex chromatogram. Similarly with unsaturated n-alkenes, its corresponding 

fragment ions (m/z 41, 55, 69, 83, 97) reduce by two for each double bond in 

comparison to n-alkanes [47, 49]. 

 

 

 

 

 

 

 

 

 

 



272 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.0: (a) TIC of gasoline, (b) EIC of ion 91, (c) EIC of ion 105, (d) EIC of ion 119, (e) EIP of ions 91, 

105, 119 for n-alkyl-benzenes [57] 

 

(a) 

(b) 

(c) 

(d) 

 (e) 

500000 
Abundance 

140000 

170000 

40000 

2.0

0 3.0

0 4.0

0 5.0

0 6.0

0 7.0

0 8.0

0 9.0

0 10.0

0 11.0

0 12.0

0 

220000 

Time--

> 

Gasoline Total Ion Chromatogram 

Ion 91 extracted from TIC above 

Ion 105 extracted from TIC above 

Ion 119 extracted from TIC above 

Summed extracted ions 91, 105, 

119 



273 

 

 

 

 

 

 

 

 

 

  

 

Figure 5.1: (a) TIC of gasoline and (b) EIP of ions 43, 57, 71, 85, 99 for n-alkanes [57] 

 

However, the abundance of these fragment ions has to be considered for accurate 

identification, as the fragment ion m/z values are class-specific rather than class-

exclusive [49, 57, 61]. Using the previous example, although n-alkanes are identified 

by their major fragment ions of 43, 57, 71, and 85, the possibility of this class of 

hydrocarbons possessing low abundances of minor fragment ions m/z 55, 69, and 73 

(indicators of n-alkenes) is evident [57]. Thus, caution has to be applied when 

looking into the major and minor ion peak relative abundances in order to attain a 

more accurate and reliable interpretation. Similar caution is needed in cases where 

two or more different classes of compounds share one or more comparable fragment 

ions. This is the case with n-alkenes and n-cycloalkanes, as they both possess the 

same empirical formula of CnH2n [49]. When they fragment in the mass spectrometer, 

smaller n-cycloalkanes and the fragmentation of larger n-cycloalkanes generate 

fragment ions of m/z 41, 55 and 69, similar to those produced by n-alkenes [47]. 

However, n-cycloalkanes can be easily identified by the presence of the prominent 

ion 83, whereas n-alkenes are distinguishable by the presence of the prominent ion 

55 [49, 58]. A compilation of the major fragment ions used in the identification of a 

range of fire-debris-related compounds is detailed in Table 5.0.  
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Table 5.0: Major class / compound indicative fragment ions for commonly encountered compounds in fire 

debris analysis. Adapted from [2, 22, 29, 36, 47, 49, 57, 58, 62]. 

Class / Compound Major Fragment Ions 

n-alkanes (normal and iso) 29 43 57 71 85 99  

+14 n-alkenes 41 55 69 83   

n-cycloalkanes 41 55 69 83 97  

n-aldehydes 44 [33]       

n-alkyl-cyclohexanes 82 83      

simple aromatics 91 105 119 133    

polynuclear aromatics 128 142 156 170    

n-alkyl-benzenes 91 92 105 106 119 120  

n-alkyl-styrenes 104 117 118 132 146   

indanes 117 118 131 132    

naphthalenes 128 142 156 170    

ketones 44 58 72 86    

alcohols 31 45 59     

phenol 95 109 123     

benzene 77 78      

monoterpenes 93 136      

*Bold numbers refer to the most prominent ion(s) for identification of the class 

** +14 refers to the increase in m/z in the order of 14 for the fragment ions 

 

For the detection of petroleum-based ignitable liquids, the compounds of interest are 

saturated hydrocarbons (i.e. n-alkanes, both normal and iso), n-alkenes, cycloalkanes, 

and aromatics which are further classified into simple aromatics (mononuclear), 

polynuclear aromatics (naphthalenes) and indanes, and oxygenates. These 

compounds are not only found naturally in ignitable liquids but they are also present 

in fire debris analysis as interfering compounds [2, 22, 47, 49, 58]. The use of EIP 

and EIC in these cases has been well documented in the literature [2, 10, 12, 39, 47, 

53, 58, 63, 64]. 

 

The extensive use of EIC and EIP in fibre debris analysis [58] is due to their ability 

to facilitate the collection of the entire dataset while allowing the analysis of the 

compound(s) of interest and, at the same time, solving the issues of co-elution of 

contaminants and allowing data to be filtered accordingly to reduce data load, 

interferences and complexity [26, 36, 47, 57]. Both EIC and EIP are also useful to 

reveal compounds at low concentrations that are not usually detected from routine 

analysis as they are likely to be obscured by the presence of stronger, more 

concentrated contributors [58]. EIC and EIP also simplifies the analysis procedure, 
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particularly in reducing the complexity of the datasets involved into a more 

manageable format for efficient comparison, identification and interpretation [54]. 

EIC and EIP are also particularly useful in distinguishing different classes of 

petroleum-based products (distillate, isoparaffinic, naphthalenic) and is useful in ILR 

detection [63, 65].  

 

While subjective pattern recognition is proven to be useful, even in the presence of 

certain background contaminants [29, 36, 66], it has its own set of challenges and its 

limitations should be highlighted, particularly in the field of fire debris analysis and 

ILR identification. Certain guidelines must be followed in order to prevent incorrect 

analysis and interpretation [36]. This includes the need to select suitable fragment 

ion(s) from the set of standards for comparison, to compare an unknown sample to a 

set of known standards under identical chromatographic conditions and to perform 

visual comparisons not only on the EIC or EIP but also on the general patterns and 

peak ratios, and the overall relative abundances within the TIC. These guidelines 

render the process time consuming, tedious, and complex, relying heavily on the 

skillset, expertise and experience of the analyst who must know what to look for and 

how to go about distinguishing the peak(s) of interest from contaminants [26, 29, 36, 

37, 43, 45, 66]. 

 

5.3.2 Self-Organising Feature Maps (SOFM)  

In recent years, the use of self-organising feature maps (SOFM) / Kohonen neural 

network has gained more interest as an alternative approach for data visualisation 

involving forensic datasets. SOFM has been regarded to be an advanced artificial 

neural network (ANN) technique [41] that has demonstrated its effectiveness in 

analysing complex and non-linear data [67], predominantly in the field of drug 

design [67, 68], food science [69-71], environmental science and engineering [72-74] 

and lately in the field of forensic science [75-82].  

 

The artificial neural network in SOFM was developed by Teuvo Kohonen in 1982 

[83]. This network was developed using the human brain function as its model, 

loosely emulating its architecture in terms of how the brain neurons (basic unit) 
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process information and acquire knowledge [45, 84, 85]. Artificial neurons / nodes 

were then developed to collect signals and project points from a multi-dimensional 

space into a single or two-dimensional lattice, transforming these points into a visual 

and discrete topological feature map output [68, 84, 85]. The projection points are 

directly extracted from the multi-dimensional space onto the two-dimensional space, 

conserving their topology [67, 68, 85]. The closer the nodes are to each other, the 

more similar the compounds are as compared to those that are far apart. These neural 

networks self-organise themselves in an unsupervised scheme [68, 84] and facilitate 

the use of SOFM for [67, 68]: 

 

i. association 

ii. classification / clustering 

iii. modelling / perception 

iv. transformation / representation 

 

The SOFM network is essentially made up of two distinct [86] yet fully connected 

layers; input layer and output layer [74, 76, 84]. The input layer is comprised of 

neurons that represent the variables within the dataset, where each neuron receives an 

individual input signal [76], whereas the output layer creates a two-dimensional 

lattice onto which the input patterns are mapped [41, 77, 78] and consists of map 

units / neurons that represent nodes in the final structure [76]. The connection 

between the two layers is characterised by weight, where the values represent the 

strength of the connection [76]. A typical layout of the SOFM is illustrated in Figure 

5.2. 
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Figure 5.2: Two layer structure of the neural network in SOFM. X represents the number of input 

neurons. Wij represents the random weight values assigned to each neuron [87] 

 

The neural mapping process begins within the unsupervised, competitive learning 

scheme in SOFM when neurons in the output layers are assigned with random weight 

values upon the introduction of the input nodes to the input layer. Once this occurs, a 

two-step process follows [41, 74, 76, 78]: 

 

i. identification of the winning / best matching unit (BMU) neuron [88], which 

is the output neuron that is the closest in terms of its weight to the input 

vector and is identified when neurons in the output layer compete with each 

other.  

ii. updating optimised weight, whereby the weight of the winning neuron and 

the neighbouring neurons are tuned and updated so that they become closer 

to the input vectors.  

 

As this process continues, the neural network self-organises to configure the 

mapping of similar input vectors onto similar output neurons, generating clusters of 

similar patterns, visualised in the form of a topological map. If the different clusters 

are to be visualised, an additional step of performing cluster boundaries is conducted 

[76].  
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The visualisation of the output data in SOFM can be conducted in a number of 

meaningful ways, depending on the nature of the information acquired and what type 

of output is desired. Some of the common visualisation techniques utilised is distance 

matrix (U-matrix, P-matrix), hit histogram, similarity colouring, and component 

planes [38, 88-90]. To illustrate the visualisation of similarity colouring with SOFM, 

15 colours classified using the red, green, blue (RGB) values of 0 and 1 is taken as an 

example. White is given values of [1, 1, 1] while black is valued at [0, 0, 0]. The 

output map is presented in Figure 5.3. Obvious groupings can be identified from the 

map. The bottom right of the map consist of groups containing various shades of blue 

while shades of grey are grouped at the middle and middle top of the map. A closer 

look within the grey cluster, for example, reveals further clustering into light, 

medium and dark. Similarly, in the blue cluster shades of sky blue, dark blue, grey 

blue and cyan can be identified. 

 

 

Figure 5.3: Similarity colouring SOFM map output shows similarities and differences across a range of 

colours [91] 

 

In terms of the application of SOFM in the field of forensic science, a U-matrix 

visualisation for the classification of lighter fuels from the work of Mat Desa et al. 

[77] is used as an example. In their study, five types of lighter fluids were used and 

evaporated at six different concentrations. The output map is presented in Figure 5.4. 

Again, clear groupings can be identified from the map. The lighter fuel labelled ‘P’ 

can be seen clustering with borders in the middle of the map, whereas the ‘D’ 

labelled lighter fuel is grouped at the top left and middle of the map. Within each 
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cluster, a further grouping of the six different concentrations can be identified. For 

example, separation is observed for lighter fuels with concentrations labelled P10, 

P25, P50, P75, P90, P95 and Pneat. This demonstrates that SOFM can perform very 

well for forensic data, particularly in the analysis and discrimination of ILR. 

 

 

Figure 5.4: U-matrix SOFM topographic map output of five pure and evaporated lighter fuel samples. 

(D-Dunhill, P-Perma, R-Ronsonol, S-Swan, and Z-Zippo) [77] 

 

Although SOFM has been proven to be a powerful tool in facilitating the grouping of 

data with similar characteristics from a multi-dimensional lattice to a two-

dimensional space without affecting the topology of the input, its limitation is in its 

requirement for large quantities of pre-treated, good quality data in order to perform 

optimally [87], plus extra computational time for the neural network to learn patterns 

and algorithms [41].  
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5.4 Experimental Methods 

5.4.1 Pyrolysis Products from Textile Samples in the Presence of Porcine Bone 

  

5.4.1.1 Textile Samples 

The optimised textiles from 4.7.2.2 were utilised in this study as detailed in Table 

5.1. Each textile was cut using scissors into six swatches (8.5 cm × 3 cm), and each 

piece was placed in a 125 mL tin can (WA Products, UK) with its lid removed. 

 

Table 5.1: A range of 11 optimised textiles based on their composition 

Label Composition 

A 100% cotton 

B 95% cotton + 5% elastin 

D 50% cotton + 50% modal 

E 100% acrylic 

F 50% acrylic + 50% cotton 

H 80% nylon + 20% elastin 

J 100% denim 

L 96% wool + 4% LYCRA
®

 

N 64% polyester + 33% rayon + 3% elastin 

O 50% polyester + 50% viscose 

Q 100% leather 

 

5.4.1.2 Porcine Bone Samples 

Long pork bones were obtained from The Country Shop, Glasgow, Scotland, UK on 

a weekly basis to ensure the freshness of the samples. Each bone, was labelled 

according to the date obtained and stored in the laboratory freezer. The bones were 

left to defrost naturally at room temperature for 30 to 40 minutes before sample 

preparation. Once defrosted, each bone was held securely in a bench vice and a 

hacksaw was used to cut off the epiphysis on both ends of the bone. The epiphysis 

was removed to reduce variation in bone composition that might affect the 

reproducibility of the extraction process. Any remaining soft tissue on the bone was 

removed with scissors and tweezers. The diaphysis of the bone was then cut into 25 g 

± 1.50 g samples (n=6). Each bone fragment was then placed beside the textile 

sample in the same 125 mL tin can (WA Products, UK), with its lid removed. The 

process was repeated six times for each textile type. 
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5.4.1.3 Generation and Extraction of Thermal Decomposition Products 

The generation and extraction of thermal decomposition products followed the 

optimised methodology established in sections 2.4.3.2 and 2.4.3.3, respectively, with 

modification in the length of time for which the textile-porcine bone combinations 

were allowed to burn. For the purpose of this study, the term ‘combined samples’ is 

used to illustrate the combination of porcine bone and textile samples during the 

burning process. If auto-ignition occurred, the combined samples were allowed to 

burn to reach temperatures above 500 
o
C or until a reduction in the size of the flames 

occurred and when temperatures within the tin did not show any signs of increasing. 

These variables were determined through preliminary experiments with each of the 

combined samples. If auto-ignition did not occur, the combined samples were heated 

until two thirds of the samples were burnt. The experiment was repeated six times for 

each textile type in the presence of porcine bone. 

 

5.4.1.4 Gas Chromatography – Mass Spectrometry 

The GC-MS analysis utilised here followed the optimised method from section 2.4.2. 

The TIC produced for each combined sample was analysed based on the retention 

times and m/z values. Each significant peak was then identified by comparing mass 

spectrometric data against the National Institute of Standards and Technology 

(NIST) library and standard mixtures. 

 

The compounds appearing in the individual porcine bone samples (Chapter 2) and 

individual, optimised textile samples (Chapter 4) were then compared to those 

generated from the combined samples. 

 

5.4.2 Pattern Recognition 

5.4.2.1 Extracted Ion Chromatogram (EIC) and Extracted Ion Profile (EIP) 

Data acquisition was performed using the GC-MS Data Analysis MS Chemstation 

Software (version B.00.01 Hewlett Packard, Agilent Technologies) connected to the 

NIST/EPA/NIH Mass Spectral Library (NIST 08) (version 2.0f, Gaithersburg, MD) 

distributed by the National Institute of Standards and Technology (NIST)
©

 1987-

2008, United States of America [92]. Extracted ion chromatograms (EIC)s and 
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extracted ion profiles (EIP)s were obtained from six of the total ion chromatograms 

(TIC)s of porcine bone post-ignition (identified in section 2.5.2.2) based on the m/z 

values of the consistently appearing characteristic products. These products were a 

series of C8 to C17 n-alkanes and n-alkenes and a hexadecanitrile. EIC and EIP were 

applied from 5.50 minutes to 22.30 minutes for porcine bone samples. The pattern 

recognition process did not include any peaks prior to 5.50 minutes (except benzene 

and toluene) as it was masked by the solvent front. Although a number of aromatics 

and n-alkyl-benzenes were also consistently present in porcine samples, their m/z 

values were not inserted into the EIC and EIP as these products were not 

characteristic to porcine samples only, as they have been consistently reported across 

a range of ILR and other types of fuel load, as discussed previously.  

 

Once the EIC and EIP was conducted and validated on porcine bone samples post-

ignition, the characteristic m/z values were then applied to the TIC of the optimised 

set (i.e. the set with the highest number of pyrolysis products detected) within the 

combined samples (AA), (BB), (DD), (EE), (FF), (HH), (JJ), (LL), (NN), (OO) and 

(QQ), to determine the use and effectiveness of EIC and EIP in extracting the profile 

of porcine tissue in the presence of contaminants (i.e. textiles). 

 

5.4.2.2 Self-Organising Feature Maps (SOFM) 

Multivariate pattern recognition was conducted using the Self-Organizing Maps 

Viscovery Self Organising Map SOMine 5.0 Ink software powered by Viscovery
® 

GmbH 2009. To estimate the general performance of the SOFM model in clustering 

and predicting classification for a given set of data, validation of the model was 

conducted using the original textile dataset, having selected the optimised set for 

each individual textile (n=11) (4.7.3) and the individual porcine bone data (2.5.2.3) 

(n=1). The entire dataset was partitioned into 12 SOM-ward clusters, corresponding 

to 11 textile types and one porcine bone, and reported in the form of flat clusters for 

visualisation. 

 

Once the SOFM model was validated, the percentage of correct classification was 

determined. Performance values above 85% [41] demonstrate that the SOFM model 
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is capable of providing an objective analysis in the classification of complex data 

patterns from textile and porcine bone samples.  

 

5.4.2.2.1 SOFM of Individual Textile Samples 

Firstly, the type of compounds generated from the 11 individual textile types (n=6 

for each textile, so 11 × 6), were combined into an Excel spreadsheet and labelled as 

1 for present and 0 for absent. The data was then inputted into the SOFM software 

and the topological map was tuned to categorise the output into 11 SOM-ward 

clusters, labelled accordingly and reported in the form of clusters for visualisation. 

 

The number of pyrolysis products generated for each set (n=6) within the same 

textile type was then identified and the percentage of the compounds present within 

each set was determined by dividing the sum of products generated by set x by the 

total number of pyrolysis product generated for that particular type of textile and 

multiplying by 100. This process was then applied to the other textile types across 

their sets of repeats.  

 

The next stage involved the elimination of sets, according to the percentages of total 

compounds present. Percentages for the sets were rounded to the nearest whole 

number. An initial percentage of 100% was applied: sets that did not generate 100% 

of the total compounds detected within the same textile type were eliminated and the 

data was uploaded into the SOFM software. As mentioned previously, the 

topological map was tuned to categorise the output into 11 SOM-ward clusters 

(depending on how many textiles are represented), labelled accordingly and reported 

in the form of flat clusters for visualisation. The process was repeated for 90%, 80%, 

70%, 60%, 50%, 40%, 30%, 20%, 10% and < 5%. SOFM map outputs were then 

compared to determine the percentage, and hence the group of pyrolysis products, for 

which the software is capable of producing distinctive separation between the textile 

types.  

 

Once the percentage was determined, the datasets were then tuned to categorise the 

11 clusters into a U-matrix visualisation map and also into six SOM-ward clusters, 
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corresponding to the six groups of textile types – cellulose base (A, B, D, J), acrylic 

base (E, F), nylon (H), wool (L), polyester base (N, O), and leather (Q) – and 

visualised in the form of flat clusters and U-matrix maps. U-matrix maps are used to 

outline boundary lines within the maps, emphasising any groupings and 

classifications within and between samples. 

 

5.4.2.2.2 SOFM of Combined Samples 

Similar to section 5.4.2.2.1, the type of compounds generated from the 11 combined 

samples (n=6 for each, so 11 × 6), were combined into an Excel spreadsheet and 

labelled as 1 for present and 0 for absent. The data was then entered into the SOFM 

software and the topological map was tuned to categorise the output into 11 SOM-

ward clusters, labelled accordingly and reported in the form of flat clusters for 

visualisation. 

 

Following this a single, optimised porcine bone data (2.5.2.3) was added into the 

spreadsheet of the combined samples and inserted into the SOFM software. The 

topological map was then tuned to categorise the output into 12 SOM-ward clusters, 

one for porcine bone and 11 for combined samples, labelled accordingly and reported 

in the form of flat clusters for visualisation. 

 

After this, the most optimised (i.e. the most pyrolysis products generated (4.7.3)) 

textile data was added into the spreadsheet containing the combined samples and 

porcine bone data and uploaded into the SOFM software. This time, the topological 

map was then tuned to categorise the output into 23 SOM-ward clusters, one for 

porcine bone, 11 for individual textiles and 11 for combined samples, labelled 

accordingly and reported in the form of flat clusters for visualisation. 

 

The procedure detailed in 5.4.2.2.1 was conducted in the next stage of the analysis 

for the percentage of total compounds present, but this time with the combined 

samples.  
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Once the percentage was determined, the datasets were then tuned to categorise the 

11 clusters into a U-matrix visualisation map and also into six SOM-ward clusters, 

corresponding to the six groups of textile types – cellulose base (A, B, D, J), acrylic 

base (E, F), nylon (H), wool (L), polyester base (N, O), and leather (Q) and 

visualised in the form of flat clusters and U-matrix maps. As in 5.4.2.2.1, the U-

matrix maps were used to outline boundary lines within the maps, emphasising any 

groupings and classifications within and between samples. 

 

The final stage involved the addition of the optimised porcine bone and individual 

textile data to the spreadsheet of the optimised percentage data. The dataset was then 

tuned to categorise the output into 23 SOM- flat clusters and U-matrix clusters for 

visualisation; one for porcine bone, 11 for individual textiles and 11 for combined 

samples. 

 

5.5 Results and Discussion 

5.5.1 Temperature Profile Associated with the Burning of Combined Samples 

The six sets of repeats for each combined sample all underwent auto-ignition at 

varying times and durations and exhibited varying thermal behaviour. This will be 

discussed in detail in the following sections.  

 

5.5.2 Pyrolysis Products 

5.5.2.1 Porcine Bone + 100% Cotton (AA) 

The pyrolysis of pure cotton in the presence of porcine bone generated a wide range 

of products; which included n-alkanes, n-alkenes, n-cycloalkanes, n-cycloalkenes, 

alcohols, n-aldehydes, aromatics, n-alkyl-benzenes, furans, methyl-alkane / n-alkane 

nitriles, dienes, pyrroles, ketone, sulfide, alkyne, acid esters and a sugar (Table 5.2). 

A representative total ion chromatogram of the combined sample (AA) is illustrated 

in Figure 5.5. 
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Table 5.2: Pyrolysis products generated from 100% cotton in the presence of porcine bone (AA) across six 

repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1

  

2 3 4 5 6 

1 2.21 ethanol       

2 3.09 butanal       

3 3.16 2-butanone 

 

     

4 3.38 2-methyl-furan 

 
     

5 3.46 ethyl acetate 

 
     

6 3.63 3-methyl-

cyclopentene  
     

7 4.17 3-methyl-butanal 
 

     

8 4.20 butanenitrile 
 

     

9 4.27 benzene 
 

     

10 4.95 pentanal       

11 5.11 cyclohexene 

 
     

12 5.61 2-methyl-

butanenitrile  

     

13 5.72 2,5-dimethyl-furan 

 
     

14 6.32 1-methyl-1H-pyrrole 
 

     

15 6.49 dimethyl disulfide 
 

     

16 6.70 vinyl-cyclopentane 
 

     

17 6.90 pentanenitrile 
 

     

18 7.20 toluene 
 

     

19 7.44 1-methyl-

cyclohexene  
     

20 7.60 1,7-octadiene       

21 7.70 hexanal       

22 7.97 1-octene       

23 8.00 1-ethyl-1H-pyrrole 

 
     

24 8.29 2-octene       

25 8.33 4-methyl-

pentanenitrile  

     

26 8.45 octene isomer       

27 8.53 bicyclooctane 
 

    


28 8.58 cyclooctene 
 

     

29 8.83 1-ethyl-cyclohexane 
 

     

30 9.04 1,6-undecadiene       

31 9.15 ethyl-benzene 
 

     

32 9.23 2,4-octadiene       

33 9.31 p-xylene 
 

    

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Table 5.2 continued 

34 9.38 DL-xylose 

 

     

35 9.44 3-ethyl-

cyclohexene  
     

36 9.51 2-heptanone 

 
     

37 9.60 styrene 
 

     

38 9.64 1,8-nonadiene       

39 9.67 heptanal       

40 9.70 o-xylene 
 

     

41 9.80 1-nonene       

42 9.93 cyclooctane 
 

     

43 10.01 nonane       

44 10.06 2-nonene       

45 10.19 nonene isomer       

46 10.30 1,3-nonadiene       

47 10.36 propyl-cyclohexane 
 

     

48 10.37 propanoic acid, 

ethenyl ester  

     

49 10.44 1-butyl-1H-pyrrole 

 

     

50 10.48 2-heptenal       

51 10.53 butyl-cyclopentane 
 

     

52 10.68 propyl-benzene 
 

     

53 10.83 2,4-nonadiene       

54 10.95 1-octen-3-ol 
 

     

55 11.04 1-ethyl-4-methyl-

benzene  
     

56 11.19 2-pentyl-furan 

 
     

57 11.30 1-decene       

58 11.46 decane       

59 11.60 5-decene       

60 11.68 cis-3-decene 

 
     

61 11.97 1-pentyl-1H-

pyrrole  
     

62 11.98 cyclodecene 
 

     

63 12.06 butyl-benzene 
 

     

64 12.11 3-decen-1-ol       

65 12.28 propylidencyclo 

hexane  
     

66 12.48 nonanal       

67 12.58 1-undecene       

68 12.68 undecane       

69 12.80 2-undecene       

70 12.87 cycloundecene 
 

     

 



288 

 

Table 5.2 continued 

71 12.96 3-hexyl-cyclopentene 
 

     

72 13.11 pentyl-benzene 
 

     

73 13.33 (1-methylbutyl)-

benzene 
 

     

74 13.52 1-dodecene       

75 13.63 dodecane       

76 13.87 3-dodecene       

77 13.93 cyclododecene 

 

     

78 14.28 2,4-dodecadiene       

79 14.30 hexyl-benzene 
 

     

80 14.60 1-tridecene       

81 14.73 tridecane       

82 15.20 heptyl-cyclohexane 
 

     

83 15.29 heptyl-benzene 

 
     

84 15.44 1-cyclohexylheptane 

 
     

85 15.56 1-tetradecene       

86 15.65 tetradecane       

87 15.98 3-undecyl-

cyclopentene  
     

88 16.58 1-hexadecyne 
 

     

89 16.4 1-pentadecene       

90 16.56 pentadecane       

91 17.01 nonyl-cyclohexane 
 

     

92 17.17 cyclohexadecene 

 

     

93 17.24 1-hexadecene       

94 17.32 hexadecane       

95 17.87 5-hexadecene       

96 17.96 1-heptadecene       

97 17.98 2-heptadecene       

98 18.01 heptadecane       

99 19.36 hexadecanitrile 
 

     
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Figure 5.5: A representative TIC of porcine bone + 100% cotton (AA) (set 5)
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Out of the 99 compounds generated, furans (2-methyl-furan, 2-pentyl-furan, 2-5-

dimethyl-furan), aromatics, n-alkyl-benzenes, n-cycloalkanes and n-cycloalkenes, n-

alkanes and n-alkenes, pyrroles, nitriles, dienes and a ketone appeared in at least four 

of the six repeats, exhibiting good reproducibility, while the remaining compounds 

were less consistent. With only 36 and 33 products detected respectively, sets 2 and 6  

produced the lowest number of pyrolysis products while the remaining sets generated 

68-83 products, with set 5 producing the highest amount. The presence of ethanol in 

sets 2 and 4 is also highlighted in this work. 

 

All of the pyrolysis products generated by porcine bone (Table 2.3) were present in 

the combined samples (AA) with the exception of octane. However, only seven 

products from the pyrolysis of 100% cotton (A) (Table 4.13) were seen to be present 

in the combined samples (AA). They were 2-methyl-furan; 2,5-dimethyl-furan; 

propanoic acid, ethenyl ester; benzene; toluene; ethyl-benzene and p-xylene; the 

latter four were also present in porcine bone. Key indicators of cotton such as acids, 

acid esters, levoglucosenone, ketones or furancarboxyaldehyde were not detected in 

the combined samples, with the exception of the following: 2-methyl-furan (all sets); 

2,5-dimethyl-furan (sets 1 and 3-6); propanoic acid, ethenyl ester (set 1); and DL-

xylose, a sugar found in the cellulose structure of glucose [93] (set 2). The pyrolytic 

profile of porcine bone seemed to have dominated the type of compounds generated, 

in the combined sample (AA). The combined samples also generated the additional 

presence of n-aldehydes, methyl-alkane / alkane nitriles, dienes, cyclic compounds, 

n-alkyl-benzenes, alcohols, pyrroles, alkyne, acid ester and sulfide that were not 

documented to be present in either of the individual samples. However, the majority 

of these products with the exception of a few (n-aldehydes, alcohols, dienes, acid 

ester) were noted to have been present inconsistently, within the pyrolysis of porcine 

bone samples alone (Appendix 1.0).  

 

n-Aldehydes of butanal, 3-methyl-butanal, pentanal, hexanal, heptanal, 2-heptenal 

and nonanal were detected in two sets (sets 2 and 4) of the combined samples (AA). 

These n-aldehydes were not documented to be present in porcine bone or 100% 

cotton samples. However, the presence of n-aldehydes, dienes and alcohols from the 
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pyrolysis of cotton over a range of temperatures has been documented in the 

literature [94-97]. Some or all of these n-aldehydes were also present in the work of 

McLellan [35] and DeHaan et al. [33], from the pyrolysis of human and porcine fat.  

 

All of the combined samples (AA) auto-ignited, as evidenced by the temperature 

profiles across the six sets of repeats (Figure 5.6); similar results were also reported 

in the 100% cotton samples (A) (Table 4.11 and Figure 4.15). Both sets 2 and 4 

experienced auto-ignition in the first two minutes of heat exposure, although the 

flames only lasted for less than 20 seconds before extinguishing. The other four sets 

auto-ignited much later and generated flames that were self-sustaining for a period of 

1-2.5 minutes. Little to no fluctuations in temperature were noted in the combined 

samples (AA). The short burning durations in sets 2 and 4 could have prevented the 

generated n-aldehydes from undergoing decomposition. Similar observations were 

also observed in Agu’s [34] work in the first minute upon auto-ignition and in the 

work of DeHaan et al. [33] when the samples were exposed to high temperatures for 

only 10 seconds. Maximum temperatures attained across the six sets of repeats were 

in the range of 335-630 
o
C. 

 

Figure 5.6: Time-temperature profiles of six 100% cotton + porcine bone samples (AA) 

 

5.5.2.2 Porcine Bone + 95% Cotton + 5% Elastin (BB)  

The pyrolysis of 95% cotton + 5% elastin in the presence of porcine bone also 
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additional presence of n-cycloalkanes and n-cycloalkenes, methyl-alkane / n-alkane 

nitriles, furans, benzene derivatives and limonene, as detailed in Table 5.3. A 

representative total ion chromatogram of the combined sample (BB) is illustrated in 

Figure 5.7. 

 

Compounds that appeared in at least four of the six repeats were n-alkanes, n-

alkenes, aromatics, furans (2-methyl-furan, 2-pentyl-furan, 2,5-dimethyl-furan), 

pyrroles, n-cycloalkanes and n-cycloalkenes, methyl-alkane / n-alkane nitriles, n-

alkyl-benzenes and an alkyne. The remaining compounds were present in half or less 

of the repeats. Set 6 produced the lowest number of pyrolysis products (26), whereas 

the remaining sets generated larger numbers of pyrolysis products (70-90), with set 4 

generating the highest number of pyrolysis products. The presence of limonene is 

attributed to having generated from the used textile as it was also present in the (B) 

samples. 

 

Similar outcomes with combined samples (AA) were noted in combined samples 

(BB), whereby all of the pyrolysis products generated from porcine bone (Table 2.3) 

were detected in combined samples (BB) with the exception of octane. Fifteen 

compounds which generated from 95% cotton + 5% elastin (B) (Table 4.14) were 

detected in the combined samples (BB); they were: 2-methyl-furan; tetrahydro-furan; 

2,5-dimethyl-furan; limonene; o-xylene; 1,3,5-trimethyl-benzene; propanoic acid, 

ethenyl ester; 3-methyl-3-buten-2-one; 1-(acetyloxy)-2-butanone; nonene; undecene; 

benzene; toluene; ethyl-benzene and p-xylene; the latter six products were also seen 

in porcine bone samples. Only five key indicators of cotton were present in the 

combined samples (BB): 2-methyl-furan and 2,5-dimethyl-furan were in all sets, and 

3-methyl-3-buten-2-one; 1-(acetyloxy)-2-butanone and propanoic acid, ethenyl ester; 

were only present in set 3. The presence of tetrahydro-furan, is attributed to have 

generated from the cotton counterpart in the combined samples, as cellulose in cotton 

decomposes to generate a range of furans as documented in the literature [94, 95, 97-

100].  
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Table 5.3: Pyrolysis products generated from 95% cotton + 5% elastin in the presence of porcine bone 

(BB) across six repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.09 butanal       

2 3.14 1,5-hexadiene       

3 3.16 2-butanone 
 

     

4 3.38 2-methyl-furan 
 

     

5 3.63 3-methyl-cyclopentene 
      

6 3.77 tetrahydro-furan 
 

     

7 3.94 methyl-cyclopentane 
 

     

8 4.12 3-methyl-butanal 
 

     

9 4.22 butanenitrile       

10 4.27 benzene 
 

     

11 4.61 3-methyl-3-buten-2-

one  

     

12 4.75 2-methyl-1,3-

pentadiene 
      

13 5.11 cyclohexene 
 

     

14 5.14 pentanal       

15 5.61 2-methyl-butanenitrile 
 

     

16 5.71 3-methyl-butanenitrile 
      

17 5.72 2,5-dimethyl-furan 
 

     

18 6.32 1-methyl-1H-pyrrole 
      

19 6.49 dimethyl disulfide       

20 6.65 ethyl-cyclopentane 
      

21 6.70 vinyl-cyclopentane 
 

     

22 6.72 methylene-

cyclohexane 
 

     

23 6.90 pentanenitrile       

24 7.20 toluene 
 

     

25 7.44 1-methyl-cyclohexene 
 

 


 


26 7.60 1,7-octadiene       

27 7.61 2-propyl-furan 
 

     

28 7.62 3,4-nonadiene       

29 7.70 hexanal       

30 7.97 1-octene       

31 8.00 1-ethyl-1H-pyrrole 
 

     

32 8.29 2-octene       

33 8.33 4-methyl-

pentanenitrile  
     

34 8.45 octene isomer       

35 8.53 bicyclooctane 
 

     

36 8.58 cyclooctene       

37 8.68 2,6-octadiene       
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Table 5.3 continued 

38 8.83 1-ethyl-cyclohexane 
      

39 9.08 hexanenitrile       

40 9.09 2-ethyl-cyclohexane 
      

41 9.15 ethyl-benzene 
 

     

42 9.23 2,4-octadiene       

43 9.31 p-xylene 
 

     

44 9.44 3-ethyl-cyclohexene 
 

     

45 9.51 2-heptanone 
 

     

46 9.60 styrene 
 

     

47 9.67 heptanal       

48 9.70 o-xylene 
      

49 9.80 1-nonene       

50 9.93 cyclooctane       

51 10.01 nonane       

52 10.06 2-nonene       

53 10.19 nonene isomer       

54 10.30 1-propenyl-

cyclohexane  
  


 



55 10.39 propanoic acid, ethenyl 

ester  
     

56 10.46 1-butyl-1H-pyrrole 
 

  


 


57 10.48 propyl-cyclohexane 
 

     

58 10.53 butyl-cyclopentane 
 

     

59 10.68 propyl-benzene 
 

     

60 10.73 1-(acetyloxy)-2-

butanone 
 

    



61 10.78 1-ethyl-3-methyl-2-

benzene  
    



62 10.82 1,3,5-trimethyl-

benzene  
     

63 10.84 1-octen-3-ol 
 

     

64 11.04 1-ethyl-4-methyl-

benzene 
 

     

65 11.19 2-pentyl-furan 
 

     

67 11.30 1-decene       

68 11.46 decane       

69 11.68 cis-3-decene 
 

     

70 11.79 limonene 

 
     

71 11.88 2-octenal       

72 11.97 1-pentyl-1H-pyrrole 
 

     

73 12.06 butyl-benzene 
 

     

74 12.20 1-butyl-cyclohexene 
 

     

75 12.28 propylidencyclo 

hexane  
     
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Table 5.3 continued 

76 12.48 nonanal       

77 12.58 1-undecene       

78 12.59 5-undecene       

79 12.68 undecane       

80 12.80 2-undecene       

81 12.87 cycloundecene 
 

     

82 12.96 3-hexyl-

cyclopentene  
     

83 13.11 pentyl-benzene 
 

     

84 13.33 (1-methylbutyl)-

benzene 
 

     

85 13.52 1-dodecene       

86 13.67 5-dodecene       

87 13.63 dodecane       

88 13.87 3-dodecene       

89 13.93 cyclododecene 

 

     

90 14.28 2,4-dodecadiene       

91 14.30 hexyl-benzene 
 

     

92 14.60 1-tridecene       

93 14.73 tridecane       

94 15.20 heptyl-cyclohexane 
 

     

95 15.56 1-tetradecene       

96 15.65 tetradecane       

97 16.14 nonyl-cyclopentane 
 

     

98 16.58 1-hexadecyne 
 

     

99 16.4 1-pentadecene       

100 16.56 pentadecane       

101 17.01 nonyl-cyclohexane 
 

     

102 17.24 1-hexadecene       

103 17.32 hexadecane       

103 17.87 5-hexadecene       

104 17.96 1-heptadecene       

105 17.98 2-heptadecene       

106 18.01 heptadecane       

107 19.36 hexadecanitrile 
 

     
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Figure 5.7: A representative TIC of porcine bone + 95% cotton + 5% elastin (BB) (set 4) 
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Similar to combined samples (AA), the pyrolytic profile of porcine bone seemed to 

have dominated the type of compounds generated in the combined samples in 

comparison to those generated by 95% cotton + 5% elastin (B). In addition, n-

aldehydes, dienes, cyclic compounds, n-alkyl-benzenes, pyrroles, methyl-alkane /, 

alkane nitriles, sulfide, ketone, alkyne and alcohol that were detected in the 

combined sample were not present in either of the individual samples. However, 

majority of these products with the exception of a few (n-aldehydes, dienes, ketone, 

alcohol) were noted to have generated, although inconsistently, from porcine bone 

samples (Appendix 1.0). n-Aldehydes of butanal, hexanal, heptanal, 2-octenal and 

nonanal were only detected in set 3 of the combined samples (BB). 

 

Examination of the temperature profiles across the six sets of repeats (Figure 5.8) 

reveal that set 3 experienced the shortest burning duration (35 seconds) upon auto-

ignition. The remaining sets sustained auto-ignition for longer periods of time. 

Although set 1 auto-ignited rapidly in the early stages of heat exposure, it 

experienced a second burst of flames at 319 seconds that lasted for a longer duration. 

The double auto-ignition is thought to be due to the separate auto-ignition of: (1) 

porcine bone, (2) the cotton-elastin blend as 95% cotton + 5% elastin was part of the 

group of textiles that auto-ignited (Table 4.11 and Figure 4.16), and / or (3) the 

interaction of the bone and textile. Maximum temperatures attained across the six 

sets ranged from 504-706 
o
C, which were higher than those reported in (AA).  

 

Figure 5.8: Time-temperature profiles of six 95% cotton + 5% elastin + porcine bone samples (BB) 
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5.5.2.3 Porcine Bone + 50% Cotton + 50% Modal (DD) 

The pyrolysis of 50% cotton + 50% modal in the presence of porcine bone produced 

similar pyrolysis products to those from combined samples (AA) and (BB), but with 

better reproducibility (Table 5.4). Combined samples (DD) also produced additional 

acid, methyl acid, n-alkynes and levoglucosenone that were not detected in combined 

samples (AA) or (BB). A representative total ion chromatogram of the combined 

sample (DD) is illustrated in Figure 5.9. 

 

While most of the pyrolysis products (79) generated across the six sets were 

reproducible (i.e. present in at least four of the six repeats), propanedioic acid, 

propyl; propanoic acid, ethenyl ester; levoglucosenone; dimethyl disulfide; o-xylene;  

n-aldehydes, n-cycloalkanes, n-cycloalkenes and dienes were present inconsistently 

across the six sets of repeats. The majority of the sets generated large numbers of 

pyrolysis products with set 4 producing the highest (89); set 6 produced the lowest 

(57). The presence of limonene here is attributed to having generated from the used 

textile utilised in this study. 

 

Similar to (AA) and (BB), all of the pyrolysis products generated by porcine bone 

(Table 2.3) were present in the combined samples (DD) with the exception of octane. 

In combined samples (DD), however, more products from the pyrolysis from 50% 

cotton + 50% modal (D) (Table 4.15) were seen to be present as compared to (AA) 

and (BB). They were 2-methyl-furan; 2,5-dimethyl-furan; propanoic acid, ethenyl 

ester; levoglucosenone; 1,3,5-trimethyl-benzene; octane; decene; undecene; 

undecane; dodecene; benzene; toluene; ethyl-benzene and p-xylene. The latter nine 

were also present in porcine bone samples.  
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Table 5.4: Pyrolysis products generated from 50% cotton + 50% modal in the presence of porcine bone 

(DD) across six repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.09 butanal       

2 3.16 2-butanone 

 

     

3 3.38 2-methyl-furan 
 

     

4 3.63 3-methyl-

cyclopentene  
     

5 3.80 3-methyl-1,2-

pentadiene  
     

6 3.94 methyl-cyclopentane 
 

     

7 4.12 3-methyl-butanal 
 


 

  

8 4.35 2-methyl-butanal 
 


 

 


9 4.27 benzene 
 

     

10 4.75 2-methyl-1,3-

pentadiene  
  

 

11 5.11 cyclohexene 
 

  
 

12 5.14 pentanal       

13 5.61 2-methyl-butanenitrile 

 

     

14 5.71 3-methyl-butanenitrile 
 

     

15 5.72 2,5-dimethyl-furan 
 

     

16 6.22 3-methyl-cyclohexene 
 

     

17 6.32 1-methyl-1H-pyrrole 
 

     

18 6.49 dimethyl disulfide 
 

     

19 6.70 vinyl-cyclopentane 
 

   


20 6.77 4-methyl-cyclohexene 

 
   



21 7.20 toluene 
 

     

22 7.44 1-methyl-cyclohexene 
 

   


23 7.60 1,7-octadiene       

24 7.62 3,4-nonadiene 
      

25 7.61 2-propyl-furan 

 

     

26 7.70 hexanal       

27 7.97 1-octene       

28 8.00 1-ethyl-1H-pyrrole 

 

     

29 8.29 2-octene       

30 8.33 4-methyl-

pentanenitrile 
 

     

31 8.45 octene isomer       
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Table 5.4 continued 

32 8.53 bicyclooctane 

 
     

33 8.58 cyclooctene 
 

     

34 8.87 levoglucosenone 

 

 


 


35 9.09 2-ethyl-cyclohexane 

 
   



36 9.15 ethyl-benzene 

 

     

37 9.23 2,4-octadiene       

38 9.31 p-xylene 

 

     

39 9.38 propanedioic acid, propyl 

   

  

40 9.44 3-ethyl-cyclohexene 

 

     

41 9.51 2-heptanone 
 

     

42 9.60 cyclopropyl-cyclohexane 
 

     

43 9.64 1,8-nonandiene       

44 9.67 heptanal       

45 9.70 o-xylene 

 
   



46 9.80 1-nonene       

47 9.93 cyclooctane 

 
    



48 10.01 nonane       

49 10.06 2-nonene       

50 10.11 pentanoic acid, 3-methyl, 

methyl ester  

     

51 10.19 nonene isomer       

52 10.46 1-butyl-1H-pyrrole 

 
    



53 10.53 butyl-cyclopentane 

 
    



54 10.68 propyl-benzene 

 

     

55 10.75 propanoic acid, ethenyl 

ester 
    

 

56 10.82 1,3,5-trimethyl-benzene 

 

     

57 10.84 1-octen-3-ol 
 

     

58 11.04 1-ethyl-4-methyl-

benzene  
     

59 11.19 2-pentyl-furan 

 
     

60 11.30 1-decene       

61 11.46 decane       

62 11.60 5-decene       

63 11.68 cis-3-decene 
 

     

64 11.79 limonene 

 

     
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Table 5.4 continued 

65 11.97 1-pentyl-1H-pyrrole 

 

     

67 12.06 butyl-benzene 
 

     

68 12.48 nonanal       

69 12.58 1-undecene       

70 12.68 undecane       

71 12.80 2-undecene       

72 12.87 cycloundecene 

 

     

73 13.11 pentyl-benzene 

 

     

74 13.52 1-dodecene       

75 13.63 dodecane       

76 13.93 cyclododecene 

 

     

77 14.28 2,4-dodecadiene       

78 14.30 hexyl-benzene 

 

     

79 14.60 1-tridecene       

80 14.73 tridecane       

81 15.20 heptyl-cyclohexane 

 

     

82 15.43 1-tetradecyne 
 

     

83 15.56 1-tetradecene       

84 15.65 tetradecane       

85 16.14 nonyl-cyclopentane 
 

     

86 16.58 1-hexadecyne       

87 16.40 1-pentadecene       

88 16.56 pentadecane       

89 17.01 nonyl-cyclohexane 

 

     

90 17.10 1-octadecyne       

91 17.17 cyclohexadecane 

 

     

92 17.24 1-hexadecene       

93 17.32 hexadecane       

94 17.87 5-hexadecene       

95 17.96 1-heptadecene       

96 18.01 heptadecane       

97 19.36 hexadecanitrile 
 

     
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Figure 5.9: A representative TIC of porcine bone + 50% cotton + 50% modal (DD) (set 4) 
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Key indicators of cotton and modal that were present in the combined samples (DD) 

included 2-methyl-furan; 2,5-dimethyl-furan in all samples; propanoic acid, ethenyl 

ester; in sets 5 and set 6 and levoglucosenone in set 1. The presence of additional 

acid esters, propanedioic acid, propyl; in sets 5 and 6, and pentanoic acid, 3-methyl, 

methyl ester; in sets 1, 2, 4-6 in combined samples (DD) is attributed to have 

generated from the decomposition of cellulose in cotton and modal as the pyrolysis 

of these fibres are expected to generate acid and acid esters of various carbon chain 

lengths [95, 96]. Although the key indicators of cotton and modal were present at 

higher numbers in (DD), the pyrolysis profile of porcine bone clearly dominated that 

of 50% cotton + 50% modal (D) in the combined samples (DD). The combined 

samples also generated additional methyl-alkane nitriles, dienes, cyclic compounds, 

n-alkyl-benzenes, n-alkynes, pyrroles, alcohol and sulfide that were not documented 

to be present in either of the individual samples. Similar to the combined samples 

(AA) and (BB), the majority of these products with the exception of a few (n-

aldehydes, n-alkynes, dienes, alcohol) were noted to have occurred inconsistently 

with the porcine bone samples (Appendix 1.0). n-Aldehydes of butanal, 2-methyl-

butanal (only in set 1), 3-methyl-butanal (only in set 1, 5-6), pentanal, hexanal, 

heptanal, and nonanal were also detected in the combined samples (DD), as observed 

in (AA) and (BB), across sets 1, 4, 5 and 6. 

 

As evidenced by the temperature profiles across the six sets of repeats (Figure 5.10), 

all of the sets experienced large temperature fluctuations with a series of flame 

emissions during the burning process, in contrast to the combined (AA) samples and 

the majority of the combined (BB) samples. Sets 2-6 experienced auto-ignition at the 

early stages of heat application. In sets 2 and 6, the initial flames extinguished and 

subsequent flaming occurred thereafter with noted fluctuations in temperature. For 

set 5, the initial flames extinguished and two separate incidents of flaming developed 

subsequently. Set 1 auto-ignited much later, at 250 seconds; however, the flames 

extinguished with a marked drop in temperature before the second flaming occurred, 

increasing the temperature within the tin with noted fluctuations. The initial flames 

were sustained in sets 3 and 4. As in the combined (BB) samples, the multiple auto-

ignition is thought to be due to the separate auto-ignition of: (1) porcine bone; (2) the 
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cotton-modal blend, as 50% cotton + 50% modal was part of the group of textiles 

that auto-ignited (Table 4.11 and Figure 4.18), and / or (3) the interaction of the bone 

and textile. Maximum temperatures attained across the six sets ranged from 596-728 

o
C, higher than those reported in (AA) and (BB). 

 

Figure 5.10: Time-temperature profiles of six 50% cotton + 50% modal + porcine bone samples (DD) 

 

The additional pyrolysis products detected across (AA), (BB) and (DD) could have 

been generated by the pyrolysis of: (1) porcine bone, (2) the textile, and / or (3) 

through the pyrolytic interactions between the two samples. 

 

5.5.2.4 Porcine Bone + 100% Acrylic (EE) 

The pyrolysis of 100% acrylic in the presence of porcine bone generated a wide 

range of nitrile-based products (n-alkane / n-alkene / methyl- / methyl-alkane / 

methylene- nitrile / dinitrile), together with n-alkanes, n-alkenes, n-cycloalkanes and 

n-cycloalkenes, n-aldehydes, pyrroles, aromatics, n-alkyl-benzenes, dienes, furans, 

alkyne, acetate, sulfide, ketone, cyano-alkene and pyrazine (Table 5.5). A 

representative total ion chromatogram of combined sample (EE) is illustrated in 

Figure 5.11.  

 

From the 105 products generated, less than half were present in at least four of the 

six repeats. These products were mostly nitriles and their derivatives, aromatics, n-

alkanes, n-alkenes, n-alkyl-benzenes, cyano-alkene, ketone, pyrrole, furan and 
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pyrazine. Set 1 produced the highest number of pyrolysis products (82), whereas sets 

5 and 6 had the lowest in number (33). 

 

All of the pyrolysis products generated by porcine bone (Table 2.3) were present in 

the combined samples (EE) with the exception of octane and decane. While octane 

was also absent in the previous combined samples (AA), (BB) and (DD), the absence 

of decane in the combined sample (EE) was a new observation. Twenty-eight 

products from the pyrolysis of 100% acrylic (E) (Table 4.16) were detected in the 

combined samples (EE). These products included a range of nitriles and their 

derivatives, cyano-alkene (5-cyano-1-pentene), a pyrazine ((1-methylethenyl)-

pyrazine), aromatics and n-alkyl-benzenes (benzene, toluene, ethyl-benzene, p-

xylene, styrene), n-alkanes and n-alkenes (decene, undecene, dodecene, dodecane, 

tridecene, tetradecene, tetradecane, pentadecene). The aromatics (benzene, toluene, 

ethyl-benzene, p-xylene), n-alkanes and n-alkenes detected in the combined sample 

(EE) and the 100% acrylic (E) were also present in porcine bone. The range of 

nitriles and their derivatives, together with cyano-alkene and pyrazine, detected in 

the combined sample (EE) here served as reliable key indicators of acrylic. The 

remaining key indicators (pyridine, piperidine, cyanic and isocyanic compounds), 

detected in (E) were not present in combined samples (EE). 

 

Both the acrylic and porcine bone in the combined samples (EE) had equal 

dominance in the total ion chromatogram, generating almost equal amounts of 

pyrolytic products and significant amounts of key indicators of both materials. 

Combined samples (EE) also generated the additional presence of n-aldehydes, 

dienes, cyclic compounds, n-alkyl-benzenes, furans, pyrroles, alkyne, alcohol, sulfide 

and acetate that were not detected in either of the separate samples. However, the 

majority of these products with the exception of a few (n-aldehydes, dienes, alkyne, 

acetate, ketone, alcohol) were noted to have been generated, although inconsistently, 

from porcine bone samples (Appendix 1.0). n-Aldehydes of pentanal, hexanal and 

heptanal were detected in sets 2-4 while nonanal was only present in sets 2 and 4 in 

the combined samples (EE).  
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Table 5.5: Pyrolysis products generated from 100% acrylic in the presence of porcine bone (EE) across six 

repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.82 propanenitrile 
 

     

2 3.13 2-methyl-2-

propenenitrile  

     

3 3.38 isobutyronitrile 

 

  



 

4 3.47 ethyl acetate 

 
  

 

5 4.22 butanenitrile 
 

     

6 4.27 benzene 

 

   
 

7 5.11 cyclohexene 

 

     

8 5.14 pentanal       

9 5.61 2-methyl-

butanenitrile  

     

10 5.71 3-methyl-

butanenitrile  
     

11 6.32 1-methyl-1H-pyrrole 
 

     

12 6.49 dimethyl disulfide 
      

13 6.70 pyrrole 

 
     

14 6.90 pentanenitrile       

15 7.20 toluene 

 

     

16 7.39 2,2’-iminobis-

acetonitrile 
 

     

17 7.44 1-methyl-

cyclohexene  

     

18 7.60 1,7-octadiene       

19 7.61 2-propyl-furan 

 
  

 

20 7.70 hexanal       

21 7.79 3-methyl-2-

methylene-

butanenitrile 
 

     

22 7.97 1-octene       

23 8.00 1-ethyl-1H-pyrrole 

 

    


24 8.29 2-octene       

25 8.33 4-methyl-

pentanenitrile  

     

26 8.68 5-cyano-1-pentene 
 

     

27 9.02 3,5-octadiene       

28 9.08 hexanenitrile 
      

29 9.15 ethyl-benzene 
 

     

30 9.23 2,4-octadiene       
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Table 5.5 continued 

31 9.31 p-xylene 

 
     

32 9.51 2-heptanone 
 

     

33 9.60 styrene 

 

   

 

34 9.67 heptanal       

35 9.69 2-butyl-furan 

 

     

36 9.70 o-xylene 

 

    


37 9.80 1-nonene       

38 9.93 cyclooctane 
 

    


39 10.01 nonane       

40 10.06 2-nonene       

41 10.30 1,3-nonadiene       

42 10.46 1-butyl-1H-pyrrole 

 
 


 



43 10.51 heptanonitrile 
      

44 10.68 propyl-benzene 

 
     

45 10.84 1-octen-3-ol 

 
     

46 11.05 pentanedinitrile 
 

     

47 11.19 2-pentyl-furan 

 

     

48 11.25 2-methylene-

pentanedinitrile  

     

49 11.30 1-decene       

50 11.41 hexanedinitrile 

 

     

51 11.56 hexenedinitrile 

 

     

52 11.61 (1-methylethenyl)-

pyrazine 
 

     

53 11.94 heptanedinitrile 
 

     

54 11.97 1-pentyl-1H-pyrrole 

 
 

   

55 12.06 butyl-benzene 

 
    



56 12.48 nonanal       

57 12.58 1-undecene       

58 12.68 undecane       

59 12.80 2-undecene       

60 12.87 cycloundecene 

 
     

61 13.11 pentyl-benzene 

 

     

62 13.52 1-dodecene       

63 13.63 dodecane       

82 13.93 cyclododecene 

 

     

 



308 

 

Table 5.5 continued 

83 14.05 5,7-dodecadiene       

84 14.28 2,4-dodecadiene       

85 14.30 hexyl-benzene 

 

     

86 14.60 1-tridecene       

87 14.73 tridecane       

88 15.20 heptyl-cyclohexane 

 

     

89 15.29 heptyl-benzene 

 

     

90 15.42 cyclododecene 

 

     

91 15.56 1-tetradecene       

92 15.65 tetradecane       

93 16.14 nonyl-cyclopentane 

 
     

94 16.40 1-pentadecene       

95 16.43 2-pentadecene       

96 16.56 pentadecane       

97 17.01 nonyl-cyclohexane 

 

     

98 17.10 1-octadecyne       

99 17.17 cyclohexadecane 

 

     

100 17.24 1-hexadecene       

101 17.32 hexadecane       

102 17.87 5-hexadecene       

103 17.96 1-heptadecene       

103 17.98 2-heptadecene       

104 18.01 heptadecane       

105 19.36 hexadecanitrile 
 

     
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Figure 5.11: A representative TIC of porcine bone +100% acrylic (EE) (set 1) 
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Examination of the temperature profiles across the six sets of repeats (Figure 5.12) 

reveals that sets 2, 3 and 4 experienced a steep rise in temperature within the first 55 

seconds of heat application. Auto-ignition occurred thereafter but the flames only 

lasted for a short period (18-26 seconds). The short duration of burning across these 

sample sets could have prevented the generated n-aldehydes from undergoing 

decomposition. Sets 1, 5 and 6 auto-ignited much later and the flames were able to 

self-sustain for longer periods of time (around 108-126 seconds). However, these 

three sets experienced fluctuations in temperature and underwent a series of flaming 

events before stabilising. Temperatures recorded in set 1 were the highest at 661
 o

C 

and could be the reason set 1 generated the largest number of products. The series of 

flaming events is thought to be due the separate auto-ignition of: (1) porcine bone, 

which could have raised the temperatures in the tin, thus facilitating (2) the auto-

ignition of acrylic (100% acrylic was part of the group of textiles that did not auto-

ignite (Table 4.11 and Figure 4.19)); or (3) the interaction of the bone and textile. 

Maximum temperatures attained across the six sets of repeats were in the range of 

388-640 
o
C. 

 

Figure 5.12: Time-temperature profiles of six 100% acrylic + porcine bone samples (EE)
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5.5.2.5 Porcine Bone + 50% Acrylic + 50% Cotton (FF) 

The pyrolysis of 50% acrylic + 50% cotton in the presence of porcine bone generated 

fewer but similar types of pyrolysis products as compared to (EE), as detailed in 

Table 5.6. A representative total ion chromatogram of combined sample (FF) is 

illustrated in Figure 5.13. 

 

Poor reproducibility was noted in the combined samples (FF) as the majority of the 

pyrolysis products generated were detected in half or less of the repeats. From the 77 

compounds detected, only 20 were present in at least four of the six sets, and these 

products were mostly n-alkanes and n-alkenes, together with a furan, limonene, 

toluene and cyclo-alkane. Half of the sets (sets 1, 2, 6) produced a considerable 

number of pyrolysis products (58, 68 and 65, respectively) whereas the other half 

(sets 3, 4, 5) generated fewer products (29, 28 and 16, respectively). Limonene 

detected here is attributed to the used textile utilised in this study.  

 

All of the pyrolysis products generated by porcine bone (Table 2.3) were present in 

the combined samples (FF) with the exception of octane, propyl-benzene and 

hexadecanitrile. While octane was absent in the previous combined samples (AA), 

(BB), (DD) and (EE), the absence of propyl-benzene and hexadecanitrile in the 

combined samples (FF) was a new observation. Sixteen products from the pyrolysis 

of 50% acrylic + 50% cotton (F) (Table 4.17) were detected in the combined samples 

(FF): these included a range of nitriles and their derivatives, aromatics, pyrazine, 

pyrrole and a furan. From the sixteen products detected, only 2,5-dimethyl-furan is 

attributed from the cotton counterpart in the combined samples, as cellulose in cotton 

generates a range of furans during pyrolysis [94, 95, 97-100] and it was also present 

in the pyrolysis of 100% cotton (A). None of the acid esters, ketones and sugar, 

indicative of cotton, detected in (F) was present in the combined samples (FF).  
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Table 5.6: Pyrolysis products generated from 50% acrylic + 50% cotton in the presence of porcine bone 

(FF) across six repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.82 propanenitrile 
 

      

2 3.13 2-methyl-2-

propenenitrile 
 

      

3 3.13 1,5-hexadiene        
4 3.38 isobutyronitrile 

 

  



 

5 3.62 3-methyl-

cyclopentene  
     

6 3.94 methyl-cyclopentane 
 

     

7 4.27 benzene 

 

     

8 5.11 cyclohexene 

 

  

   

9 5.14 pentanal       

10 5.61 2-methyl-

butanenitrile  

     

11 5.71 3-methyl-

butanenitrile  
     

12 5.72 2,5-dimethyl-furan 

 
     

13 6.32 1-methyl-1H-pyrrole 
 

     

14 6.49 dimethyl disulfide 
 

     

15 6.70 vinyl-cyclopentane 

 

     

16 6.90 pentanenitrile 
 

     

17 7.20 toluene 

 

     

18 7.44 1-methyl-

cyclohexene  

     

19 7.60 1,7-octadiene       

20 7.61 2-propyl-furan 

 

     

21 7.70 hexanal       

22 7.97 1-octene       

23 8.00 1-ethyl-1H-pyrrole 

 

     

24 8.29 2-octene       

25 8.33 4-methyl-

pentanenitrile  

     

26 8.45 octene isomer       

27 8.53 bicyclooctane 
 

     

28 8.58 cyclooctene 
 

     

29 9.04 1-methylethyl-

cyclopentane 

 

     
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Table 5.6 continued 

30 9.09 2-ethyl-cyclohexane 

 

     

31 9.15 ethyl-benzene 

 

     

32 9.31 p-xylene 

 

     

33 9.58 cyclopropyl-

cyclohexane  
     

34 9.67 heptanal       

35 9.70 o-xylene 

 

     

36 9.80 1-nonene       

37 9.93 cyclooctane 
 

     

38 10.01 nonane       

39 10.06 2-nonene       

40 10.53 butyl-cyclopentane 

 
     

41 11.05 pentanedinitrile 
 

     

42 11.19 2-pentyl-furan 

 
     

43 11.25 2-methylene-

pentanedinitrile  

     

44 11.30 1-decene       

45 11.41 hexanedinitrile 

 

     

46 11.46 decane       

47 11.56 hexenedinitrile 

 

     

48 11.61 (1-methylethenyl)-

pyrazine 

 

     

49 11.74 limonene 

 

     

50 11.88 2-octenal       

51 12.06 butyl-benzene 

 

     

52 12.28 propylidencyclo 

hexane  

     

53 12.48 nonanal       

54 12.58 1-undecene       

55 12.68 undecane       

56 12.80 2-undecene       

57 12.87 cycloundecene 

 

     

58 12.96 3-hexyl-cyclopentene 

 

     

59 13.11 pentyl-benzene 

 

     

60 13.52 1-dodecene       

61 13.63 dodecane       
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Table 5.6 continued 

62 13.93 cyclododecene 

 

     

63 14.28 2,4-dodecadiene       

64 14.60 1-tridecene       

65 14.73 tridecane       

66 15.56 1-tetradecene       

67 15.65 tetradecane       

68 16.14 nonyl-

cyclopentane  

     

69 16.40 1-pentadecene       

70 16.56 pentadecane       

71 17.01 nonyl-

cyclohexane  

     

72 17.10 1-octadecyne       

73 17.24 1-hexadecene       

74 17.32 hexadecane       

75 17.96 1-heptadecene       

76 17.98 2-heptadecene       

77 18.01 heptadecane       
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Figure 5.13: A representative TIC of porcine bone + 50% acrylic + 50% cotton (FF) (set 2) 
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A distinctive difference was noted in 50% acrylic + 50% cotton (F) as compared to 

50% cotton + 50% modal (D) and 100% acrylic (E): n-alkanes or n-alkenes were 

present in (D) and (E) but not in (F). In the combined samples (FF), the range of n-

alkanes and n-alkenes were present. A range of nitriles and their derivatives and 

pyrazine that served as key indicators of 50% acrylic + 50% cotton (F) were present 

in the combined samples (FF). The remaining key indicators (pyridine, piperidine, 

cyanic and isocyanic compounds), detected in (F) were not present in combined 

samples (FF). Similar to (EE), the pyrolytic profile of combined samples (FF) had 

equal dominance from 50% acrylic + 50% cotton (F) and porcine bone, with 16 and 

23 key indicators detected, respectively. 

 

The combined samples (FF) also generated the additional presence of n-aldehydes, 

dienes, cyclic compounds, n-alkyl-benzenes, pyrroles, alkyne and sulfide that were 

not documented to be present in either of the individual samples. As in the combined 

samples (EE), majority of these products were noted to have been previously 

generated, although inconsistently, from the porcine bone samples (Appendix 1.0). 

Of the n-aldehydes present in the combined samples (FF), pentanal, hexanal and 

heptanal were detected in sets 2 and 3 while 2-octenal and nonanal were present in 

sets 3 and 6.  

 

As evidenced by the temperature profiles across the six sets of repeats (Figure 5.14), 

all of the sets experienced large temperature fluctuations with most demonstrating a 

series of flame emissions during the burning process. Sets 1 and 5 experienced two 

flaming episodes; (1) the first upon heat application but was not self-sustaining and 

(2) the second flare that occurred much later. The initial flames were sustained in sets 

2, 3, 4 and 6, experiencing fluctuations throughout except in set 4. The series of 

flames experienced across the sets is believed to be due the separate auto-ignition of: 

(1) porcine bone, which could have increased the temperatures in the tin to cause (2) 

the auto-ignition of the acrylic-cotton blend, as 50% acrylic + 50% cotton was part of 

the group of textiles that did not auto-ignite with the exception of one sample (Table 

4.11 and Figure 4.20), and / or (3) as the interaction between bone and the textile, as 

seen in combined samples (AA), (BB), (DD) and (EE). Maximum temperatures 
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attained across the six sets of repeats of (FF) were 616-692 
o
C, higher than those 

attained in the combined samples (EE). 

 

Figure 5.14: Time-temperature profiles of six 50% acrylic + 50% cotton + porcine bone samples (FF) 

 

Similar to the cotton blends (AA, BB and DD), the presence of additional pyrolysis 

products detected in (EE) and (FF) could have been generated by the pyrolysis of: (1) 

porcine bone, (2) the textile, and / or (3) through the pyrolytic interactions between 

the two samples. 

 

5.5.2.6 Porcine Bone + 80% Nylon + 20% Elastin (HH) 

The pyrolysis of 80% nylon + 20% elastin in the presence of porcine bone generated 

a variety of products, particularly n-alkane / methyl-alkane / methylene nitrile, 

together with n-alkanes, n-alkenes, n-cycloalkanes and n-cycloalkenes, n-aldehydes, 

pyrrole, aromatics, n-alkyl-benzenes, dienes, furans, n-alkynes, cyano-alkenes, 

sulfide, ketone, acid, methyl acid and caprolactam (Table 5.7). A representative total 

ion chromatogram of the combined sample (HH) is illustrated in Figure 5.15.  

 

In combined samples (HH), 47 out of the 86 compounds detected were present in at 

least four of the six repeats. These products were mainly aromatics, n-alkanes, n-

alkenes, n-cycloalkenes, n-alkyl-benzenes, methyl-alkane / alkane nitriles, limonene, 

caprolactam, alkyne, ketone, pyrrole and a furan. Set 6 generated the highest number 

of pyrolysis products (76), followed closely by sets 1 and 5 (62 and 72, respectively); 
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set 2 had the lowest number of pyrolysis products (26). Similar to the other combined 

samples, limonene detected here is attributed to having generated from the used 

textile utilised in this work. 

 

All of the pyrolysis products generated by porcine bone (Table 2.3) were present in 

the combined samples (HH) with the exception of octane. Twenty-one products from 

the pyrolysis of 80% nylon + 20% elastin (H) (Table 4.18) were present in the 

combined samples (HH). These products included a range of nitriles and their 

derivatives, cyano-alkenes, diene, acid, caprolactam, aromatics, n-alkanes and n-

alkenes. The aromatics, n-alkanes and n-alkenes detected in the combined samples 

(HH) were also present in the porcine bone samples. In the combined samples (HH), 

the only key indicator of nylon that was present was caprolactam. Lactam and 

caprolactone-based compounds, together with n-butyl ether and dibutyl ether, were 

not present. Hexenoic acid and 6-cyano-1-hexene detected across both (H) and (HH) 

samples could potentially be useful indicators of nylon 6; however both compounds 

were only present in three or less of the repeats in both the individual textile (H) and 

the combined (HH) samples. 6-cyano-1-hexene was also present in one of the six sets 

of repeats of porcine bone pyrolysis (Appendix 1.0). Similar to (AA), (BB) and 

(DD), the presence of key indicators of porcine bone dominated the pyrolytic profile 

of the combined samples (HH) in comparison to the presence of key indicators of 

textile (80% nylon + 20% elastin).  

 

The combined samples also generated additional n-aldehydes, dienes, cyclic 

compounds, n-alkyl-benzenes, n-alkynes, methyl-alkane / methylene- nitrile, sulfide, 

methyl acid and pyrrole that were not present consistently in either of the textile or 

porcine bone samples. n-Aldehydes of 3-methyl-butanal, pentanal, hexanal and 

octanal were present across sets 1 and 2 while butanal and heptanal were only 

present in set 2. 
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Table 5.7: Pyrolysis products generated from 80% nylon + 20% elastin in the presence of porcine bone 

(HH) across six repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.82 propanenitrile 
 

      

2 3.10 butanal        
3 3.13 1,5-hexadiene        
4 3.37 2-methyl-furan 

 

     

5 3.38 isobutyronitrile 

 

  


 

6 4.12 3-methyl-butanal 
 

      

7 4.25 butanenitrile 
      

8 4.27 benzene 

 

     

9 4.74 2-methyl-1,3-

pentadiene  
     

10 5.11 cyclohexene 

 

  



  

11 5.14 pentanal       

12 5.61 2-methyl-

butanenitrile  

     

13 5.71 3-methyl-

butanenitrile  
     

14 6.49 dimethyl disulfide 
 

     

15 6.90 pentanenitrile 
 

     

16 7.20 toluene 

 

     

17 7.44 1-methyl-

cyclohexene  

     

18 7.60 1,7-octadiene       

19 7.70 hexanal       

20 7.97 1-octene       

21 8.00 1-ethyl-1H-pyrrole 

 

     

22 8.29 2-octene       

23 8.33 4-methyl-

pentanenitrile  

     

24 8.45 octene isomer       

25 8.53 bicyclooctane 

 
     

26 8.67 5-cyano-1-pentene 
 

     

27 9.08 hexanenitrile 
 

     

28 9.15 ethyl-benzene 

 

     

29 9.23 2,4-octadiene       

30 9.31 p-xylene 

 

     

31 9.44 4-butoxy-1-butene       
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Table 5.7 continued 

32 9.50 2-heptanone 
 

     

33 9.62 styrene 

 

     

34 9.67 heptanal       

35 9.70 o-xylene 

 

     

36 9.74 2-methylene-

petanenitrile 
 

     

37 9.80 1-nonene       

38 9.93 cyclooctane 
 

     

39 10.01 nonane       

40 10.06 2-nonene       

41 10.21 nonene isomer       

42 10.51 butyl-cyclopentane 

 
     

43 10.52 6-cyano-1-hexene 
 

     

44 10.65 1-methyl-3-(1-

methylethyl)-

benzene  

     

45 10.69 propyl-benzene 

 

     

46 10.82 1,3,5-trimethyl-

benzene 
 

     

47 10.83 hexenoic acid 

 

     

48 10.85 propyl-

cyclohexane  

     

49 10.96 octanal       

50 11.03 1-ethyl-4-methyl-

benzene  

     

51 11.19 2-pentyl-furan 

 

     

52 11.30 1-decene       

53 11.46 decane       

54 11.74 limonene 

 

     

55 12.06 butyl-benzene 

 
     

56 12.28 propylidencyclo 

hexane  

     

57 12.58 1-undecene       

58 12.68 undecane       

59 12.80 2-undecene       

60 12.87 cycloundecene 

 
     

61 13.11 pentyl-benzene 

 

     

62 13.52 1-dodecene       

63 13.63 dodecane       
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Table 5.7 continued 

64 13.82 caprolactam 

 

     

65 13.93 cyclododecene 

 

     

66 14.30 octanenitrile 
 

     

67 14.60 1-tridecene       

68 14.73 tridecane       

69 15.09 oxalic acid, butyl-

neopentyl-ester 

 

     

70 15.21 heptyl-

cyclohexane  

     

71 15.40 1-tetradecyne       

72 15.56 1-tetradecene       

73 15.65 tetradecane       

74 16.14 nonyl-

cyclopentane  

     

75 16.28 1-hexadecyne       

76 16.40 1-pentadecene       

77 16.56 pentadecane       

78 17.01 nonyl-cyclohexane 

 
     

79 17.10 1-octadecyne       

80 17.17 cyclohexadecene 

 

     

81 17.24 1-hexadecene       

82 17.32 hexadecane       

83 17.96 1-heptadecene       

84 17.98 2-heptadecene       

85 18.01 heptadecane       

86 19.36 hexadecanitrile 
 

     
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Figure 5.15: A representative TIC of porcine bone + 80% nylon + 20% elastin (HH) (set 6) 

2 . 0 0 4 . 0 0 6 . 0 0 8 . 0 0 1 0 . 0 0 1 2 . 0 0 1 4 . 0 0 1 6 . 0 0 1 8 . 0 0

5 0 0 0 0

1 0 0 0 0 0

1 5 0 0 0 0

2 0 0 0 0 0

2 5 0 0 0 0

3 0 0 0 0 0

3 5 0 0 0 0

4 0 0 0 0 0

4 5 0 0 0 0

5 0 0 0 0 0

5 5 0 0 0 0

T i m e - - >

A b u n d a n c e

T I C :  0 2 0 4 1 4 7 . D \ d a t a . m s

 

 



323 

 

The temperature profiles of the six sets of repeats (Figure 5.16) illustrate fluctuations 

in the temperatures attained, as observed in a number of previous combined samples. 

While the initial flames were sustained in set 1 with fluctuations throughout,  sets 2 

and 3 experienced similar fluctuations but with two distinctive flaming episodes 

instead. Set 5 experienced similar patterns to sets 2 and 3 but with shorter burning 

durations between the first and second flaming events. Set 4 took the longest to auto-

ignite, exhibiting the first signs of auto-ignition at 346 seconds; and the second flame 

at 437 seconds while set 6 experienced three flaming episodes, at 138 seconds, 160 

seconds and 253 seconds, respectively.  

 

The flaming events and the presence of additional pyrolysis products detected in the 

combined samples (HH) could have been generated by the pyrolysis of: (1) porcine 

bone, (2) the nylon-elastin blend, as 80% nylon + 20% elastin was part of the group 

of textiles that auto-ignited with the exception of two (Table 4.11 and Figure 4.22), 

and / or (3) the pyrolytic interactions between the two samples. Maximum 

temperatures attained across the six sets of repeats were 535-667 
o
C.  

 

Figure 5.16: Time-temperature profiles of six 80% nylon + 20% elastin + porcine bone samples (HH)
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5.5.2.7 Porcine Bone + 100% Denim (JJ) 

The pyrolysis of 100% denim in the presence of porcine bone generated 60 products 

in total, and these products were n-alkanes, n-alkenes, n-cycloalkanes and n-

cycloalkenes, n-aldehydes, aromatics, n-alkyl-benzenes, dienes, methyl-alkane 

nitriles, furans, limonene, alkyne and sulfide as detailed in Table 5.8. A 

representative total ion chromatogram of the combined sample (JJ) is illustrated in 

Figure 5.17.  

 

Poor reproducibility was seen in the combined samples (JJ), as only 18 of the 60 

products were present in at least four of the six sets of repeats. These products were 

mainly n-alkanes, n-alkenes, n-cycloalkanes, aromatics, n-alkyl-benzenes, a furan 

and a methyl-alkane nitrile. Set 6 produced the highest number of pyrolysis products 

(55), while the remaining sets generated relatively few products, with set 2 

generating the least (9). Similar to the other combined samples, limonene detected 

here is attributed to having generated from the used textile utilised in this work. 

 

All of the pyrolysis products generated by porcine bone (Table 2.3) were present in 

the combined samples (JJ) with the exception of octane and hexadecanitrile. Only six 

products from the pyrolysis of 100% denim (J) (Table 4.19) were present in the 

combined samples (JJ). These products were furans (2-methyl-furan, 2,5-dimethyl-

furan) and aromatics and n-alkyl-benzenes (benzene, toluene, ethyl-benzene, p-

xylene); the latter group of products were also present in porcine bone. The only two 

key indicators of denim in the combined samples were 2-methyl-furan and 2,5-

dimethyl-furan. No acid, acid esters, ketones or furancarboxyaldehydes, which were 

detected in 100% denim (J) (Table 4.19), were present in the combined samples (JJ). 

With only two key indicators of denim present, porcine bone dominated the pyrolytic 

profile of the combined samples (JJ). 
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Table 5.8: Pyrolysis products generated from 100% denim in the presence of porcine bone (JJ) across six 

repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.10 butanal        
2 3.37 2-methyl-furan 

 
      

3 3.95 methyl-

cyclopentane  
      

4 4.12 3-methyl-butanal 
 

     

5 4.27 benzene 

 
     

6 4.74 2-methyl-1,3-

pentadiene  
   



  

7 5.11 cyclohexene 

 
     

8 5.14 pentanal       

9 5.61 2-methyl-

butanenitrile  

     

10 5.71 3-methyl-

butanenitrile  
     

11 5.75 2,5-dimethyl-furan 

 

     

12 6.49 dimethyl disulfide 
 

  


  

13 7.20 toluene 

 
     

14 7.44 1-methyl-

cyclohexene  
     

15 7.60 1,7-octadiene       

16 7.70 hexanal       

17 7.97 1-octene       

18 8.29 2-octene       

19 8.33 4-methyl-

pentanenitrile  

     

20 8.45 octene isomer       

21 8.53 bicyclooctane 

 

     

22 8.83 1-ethyl-

cyclohexane  
     

23 9.15 ethyl-benzene 
 

     

24 9.31 p-xylene 

 
     

25 9.62 styrene 

 

     

26 9.67 heptanal       

27 9.70 o-xylene 

 

     

28 9.80 1-nonene       

29 10.01 nonane       

30 10.06 2-nonene       

31 10.21 nonene isomer       
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Table 5.8 continued 

32 10.51 butyl-

cyclopentane  
     

33 10.69 propyl-benzene 

 

     

34 10.85 propyl-

cyclohexane  
     

35 11.03 1-ethyl-4-methyl-

benzene  

     

36 11.19 2-pentyl-furan 

 

     

37 11.30 1-decene       

38 11.46 decane       

39 11.74 limonene 

 

     

40 12.06 butyl-benzene 

 

     

41 12.28 propylidencyclo 

hexane  

     

42 12.58 1-undecene       

43 12.68 undecane       

44 12.80 2-undecene       

45 13.11 pentyl-benzene 

 

     

46 13.52 1-dodecene       

47 13.63 dodecane       

48 14.60 1-tridecene       

49 14.73 tridecane       

50 15.56 1-tetradecene       

51 15.65 tetradecane       

52 16.40 1-pentadecene       

53 16.56 pentadecane       

54 17.01 nonyl-

cyclohexane  

     

55 17.10 1-octadecyne       

56 17.24 1-hexadecene       

57 17.32 hexadecane       

58 17.96 1-heptadecene       

59 17.98 2-heptadecene       

60 18.01 heptadecane       
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Figure 5.17: A representative TIC of porcine bone + 100% denim (JJ) (set 6) 
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The combined samples also generated additional n-aldehydes, dienes, cyclic 

compounds, n-alkyl-benzenes, methyl-alkane nitrile, alkyne and sulfide that were not 

present in either of the individual samples. However, these compounds were noted to 

be present in the cotton and cotton blends in other combined samples (AA), (BB) and 

(DD). The majority of these compounds, with the exception of n-aldehydes and an 

alkyne, were also noted to have generated, although inconsistently, from porcine 

bone samples (Appendix 1.0). n-Aldehydes of butanal, pentanal and hexanal were 

present across sets 1, 3 and 5, 3-methyl-butanal was only present in sets 3 and 6, and 

heptanal was only present in set 5. 

 

The temperature profiles of the six sets of repeats are illustrated in Figure 5.18. Sets 

1, 3 and 4 experienced two sharp rises in temperature upon auto-ignition whereas in 

sets 2 and 5, auto-ignition at the initial stages of heat application generated flames 

that were self-sustaining. With only nine products detected, the rapid onset of auto-

ignition and the short burning duration in set 2 could have prevented the generation 

of more pyrolysis products. Set 6, with the highest number of products detected 

experienced three distinctive flaming episodes, whereby the first two extinguished; 

the final burst of flames that occurred at 759 seconds was self-sustaining, peaking at 

615 
o
C.  

 

The occurrence of flames and the presence of additional pyrolysis products detected 

in the combined samples (JJ) could have been generated by the pyrolysis of: (1) 

porcine bone, which could have raised the temperatures in the tin, thus facilitating (2) 

the auto-ignition of denim, as 100% denim was part of the group of textiles in which 

four of the six samples did not auto-ignite (Table 4.11 and Figure 4.24), and / or (3) 

through the pyrolytic interactions between the two samples. Maximum temperatures 

attained across the six sets of repeats were 519-663 
o
C.  
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Figure 5.18: Time-temperature profiles of six 100% denim + porcine bone samples (JJ) 
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Table 5.9: Pyrolysis products generated from 96% wool + 4% LYCRA® in the presence of porcine bone 

(LL) across six repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.37 2-methyl-furan 
 

      

2 3.38 isobutyronitrile 

 

      

3 3.67 3-methyl-

cyclopentene 
 

      

4 3.95 methyl-

cyclopentane  
     

5 4.2 butanenitrile 
      

6 4.27 benzene 
 

      

7 5.11 cyclohexene 
 

     

8 5.14 pentanal       

9 5.61 2-methyl-

butanenitrile  
    

10 5.71 3-methyl-

butanenitrile 
 

     

11 6.49 dimethyl disulfide 
      

12 6.70 vinyl-cyclopentane 
 

     

13 7.20 toluene 
 

     

14 7.44 1-methyl-

cyclohexene  

     

15 7.60 1,7-octadiene       

16 7.70 hexanal       

17 7.97 1-octene       

18 8.00 1-ethyl-1H-pyrrole 
 

     

19 8.29 2-octene       

20 8.33 4-methyl-

pentanenitrile  

     

21 8.45 octene isomer       

22 8.53 bicyclooctane 
 

     

23 8.58 cyclooctene 
 

     

24 8.83 1-ethyl-

cyclohexane  
     

25 9.04 1,6-undecadiene       

26 9.15 ethyl-benzene 
 

     

27 9.31 p-xylene 

 

     

28 9.44 3-ethyl-

cyclohexene  

     

29 9.62 styrene 

 

     

30 9.64 1,8-nonadiene       

31 9.70 o-xylene 
 

     

32 9.80 1-nonene       
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Table 5.9 continued 

33 9.93 cyclooctane 
 

     

34 10.01 nonane       

35 10.06 2-nonene       

36 10.21 nonene isomer       

37 10.30 1-propenyl-cyclohexane 
 

     

38 10.48 propyl-cyclohexane 
 

     

39 10.51 butyl-cyclopentane 
 

     

40 10.69 propyl-benzene 
 

     

41 11.03 1-ethyl-4-methyl-

benzene  
     

42 11.19 2-pentyl-furan 

 
     

42 11.30 1-decene       

43 11.46 decane       

44 11.60 5-decene       

45 11.74 limonene 

 

     

46 12.06 butyl-benzene 
 

     

47 12.28 propylidencyclo 

hexane  
     

48 12.58 1-undecene       

49 12.68 undecane       

50 12.80 2-undecene       

51 12.96 3-hexyl-cyclopentene 
 

     

52 13.11 pentyl-benzene 
 

     

53 13.38 (1,2-dimethylproply)-

benzene  

     

54 13.52 1-dodecene       

55 13.63 dodecane       

56 13.87 3-dodecene       

57 14.30 hexyl-benzene 
 

     

58 14.60 1-tridecene       

59 14.73 tridecane       

60 15.29 heptyl-benzene 
 

     

61 15.56 1-tetradecene       

62 15.65 tetradecane       

63 16.40 1-pentadecene       

64 16.56 pentadecane       

65 17.01 nonyl-cyclohexane 
 

     

66 17.24 1-hexadecene       

67 17.32 hexadecane       

68 17.96 1-heptadecene       

69 18.01 heptadecane       

70 19.36 hexadecanitrile 
 

     
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Figure 5.19: A representative TIC of porcine bone + 96% wool + 4% LYCRA® (LL) (set 6) 
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With the exception of octane, all of the compounds detected in the pyrolysis of 

porcine bone (Table 2.3) were detected in the combined samples (LL). Although 

none of the key indicators of the wool-lycra
®
 blend (L) detailed in Table 4.20 (i.e. 

phenol, 4-methyl-phenol and α-amino acids) were present in the combined samples 

(LL), nitriles (isobutyronitrile, butanenitrile, 2-methyl-butanenitrile, 3-methyl-

butanenitrile, 4-methyl-pentanenitrile), n-alkyl-benzenes and aromatics (benzene, 

toluene, ethyl-benzene, p-xylene, styrene, propyl-benzene, 1-methylethyl-benzene,) 

that were present in the (L) samples were also detected in the combined samples 

(LL). The aromatic compounds (benzene, toluene, ethyl-benzene, p-xylene, propyl-

benzene) detected here were also present in the pyrolysis of porcine bone. Once 

again, porcine bone dominated the pyrolytic profile of the combined samples (LL), 

as no key indicators of the wool-lycra
®

 blend was seen to be present. Similar to the 

other combined samples, (LL) also generated additional n-aldehydes, furans, dienes, 

cyclic compounds, n-alkyl-benzenes, pyrroles and sulfide that were not present 

consistently in either of the wool-lycra
®

 or porcine bone samples.  

 

As evidenced by the temperature profiles across the six sets of repeats (Figure 5.20), 

all of the sets experienced temperature fluctuations with a series of flaming 

emissions. Sets 3, 4 and 6 each experienced two distinctive auto-ignitions while sets 

1 and 5 each experienced three flaming emissions. In set 2, four distinctive auto-

ignitions of the materials were observed, at 448 
o
C (40 seconds), 367 

o
C (130 

seconds), 521 
o
C (370 seconds) and 600 

o
C (571 seconds).  

 

The occurrence of flames and the additional pyrolysis products detected in the 

combined samples (LL) could have been generated by the pyrolysis of: (1) porcine 

bone, which could have raised the temperatures in the tin, facilitating (2) the auto-

ignition of the wool-lycra
®
 blend as it was part of the group of textiles that did not 

auto-ignite (Table 4.11 and Figure 4.26), and / or (3) through the pyrolytic 

interactions between the two samples. Maximum temperatures attained across the 

repeats were 528-664 
o
C.  
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Figure 5.20: Time-temperature profiles of six 96% wool + 4% LYCRA® + porcine bone samples (LL) 

 

5.5.2.9 Porcine Bone + 64% Polyester + 33% Rayon + 3% Elastin (NN) 

The pyrolysis of 64% polyester + 33% rayon + 3% elastin in the presence of porcine 

bone generated a range of products: n-alkanes, n-alkenes, n-cycloalkanes and n-

cycloalkenes, n-aldehyde, aromatics, n-alkyl-benzenes, dienes, benzo / n-alkane / 

methyl-alkane nitriles, furans, pyrroles, limonene, ketone, an alkyne and a sulfide as 

detailed in Table 5.10. A representative post heat application of combined sample 

(NN) is illustrated in Figure 5.21. 

 

Combined samples (NN) displayed good reproducibility as 46 of the 81 products 

detected, were present in at least four of the six repeats. These products were mainly 

n-alkanes, n-alkenes, methyl-alkane and alkane nitriles, aromatics, n-alkyl-benzenes, 

n-cycloalkanes, furans, pyrroles, limonene and an alkyne. Sets 1 and 2 generated the 

highest number of pyrolysis products (78 and 80, respectively), whereas set 3 

produced the lowest number of products (13). The presence of limonene is attributed 

to having generated from the used textile utilised in this work. 
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Table 5.10: Pyrolysis products generated from 64% polyester + 33% rayon + 3% elastin in the presence of 

porcine bone (NN) across six repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.13 1,5-hexadiene        
2 3.37 2-methyl-furan 

 

      

3 3.67 3-methyl-

cyclopentene  
      

4 3.81 tetrahydro-furan 

 

     

5 3.95 methyl-

cyclopentane  
     

6 4.20 butanenitrile 
 

      

7 4.27 benzene 

 

     

8 4.57 3-methyl-3-buten-

2-one 
 

     

9 5.11 cyclohexene 

 

     

10 5.61 2-methyl-

butanenitrile  

     

11 5.71 3-methyl-

butanenitrile 
 

     

12 5.72 2,5-dimethyl-furan 

 
     

13 6.32 1-methyl-1H-

pyrrole  
     

14 6.49 dimethyl disulfide 
 

     

15 6.64 ethyl-cyclopentane 
 

     

16 6.70 vinyl-

cyclopentane  
     

17 6.86 pentanenitrile 
 

     

18 7.20 toluene 

 

     

19 7.44 1-methyl-

cyclohexene  
     

20 7.60 1,7-octadiene       

21 7.70 hexanal       

22 7.97 1-octene       

23 8.00 1-ethyl-1H-pyrrole 
 

     

24 8.29 2-octene       

25 8.33 4-methyl-

pentanenitrile  

     

26 8.45 octene isomer       

27 8.53 bicyclooctane 
 

     

28 8.58 cyclooctene 
 

     

29 8.83 1-ethyl-

cyclohexane  
     

30 9.04 1,6-undecadiene       
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Table 5.10 continued 

31 9.15 ethyl-benzene 

 
     

32 9.31 p-xylene 

 

     

33 9.44 3-ethyl-

cyclohexene  

     

34 9.62 styrene 

 

     

35 9.70 o-xylene 

 

     

36 9.80 1-nonene       

37 9.93 cyclooctane 
 

     

38 10.01 nonane       

39 10.06 2-nonene       

40 10.21 nonene isomer       

41 10.44 1-butyl-1H-

pyrrole 
 

     

42 10.51 butyl-

cyclopentane  

     

43 10.69 propyl-benzene 

 
     

44 10.74 benzonitrile 

 

     

45 10.78 1-methylethyl-

benzene 
 

     

46 10.82 1,3,5-trimethyl-

benzene 
 

     

47 10.87 1-propyl-

cyclohexene  

     

48 11.03 1-ethyl-4-methyl-

benzene  
     

49 11.19 2-pentyl-furan 

 

     

50 11.30 1-decene       

51 11.46 decane       

52 11.60 5-decene       

53 11.66 1-ethynyl-4-

methyl-benzene 
 

     

54 11.74 limonene 

 

     

55 11.97 1-pentyl-1H-

pyrrole  
     

56 12.06 butyl-benzene 

 

     

57 12.58 1-undecene       

58 12.68 undecane       

59 12.80 2-undecene       

60 13.11 pentyl-benzene 

 

     
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Table 5.10 continued 

61 13.27 3-pentyl-

cyclohexene  

     

62 13.52 1-dodecene       

63 13.63 dodecane       

64 14.30 hexyl-benzene 

 

     

65 14.60 1-tridecene       

66 14.73 tridecane       

67 15.29 heptyl-benzene 

 

     

68 15.56 1-tetradecene       

69 15.65 tetradecane       

70 16.14 nonyl-

cyclopentane  

     

71 16.40 1-pentadecene       

72 16.56 pentadecane       

73 17.01 nonyl-

cyclohexane  

     

74 17.11 1-octadecyne       

75 17.19 cyclohexadecane 

 

     

76 17.24 1-hexadecene       

77 17.32 hexadecane       

78 17.96 1-heptadecene       

79 17.98 2-heptadecene       

80 18.01 heptadecane       

81 19.36 hexadecanitrile 
 

     
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Figure 5.21: A representative TIC of porcine bone + 64% polyester + 33% rayon + 3% elastin (NN) (set 2) 
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Similar to the combined samples (AA), (BB), (DD), (HH) and (LL), octane was the 

only compound from the list of pyrolysis products generated by porcine bone (Table 

2.3) that was not detected in combined samples (NN). As with the combined samples 

(LL), none of the key indicators of the polyester-rayon-elastin blend, detailed in 

Table 4.21 (i.e. α-methyl-styrene, phenyl and biphenyl compounds, naphthalene and 

benzoic acid derivatives) were present in the combined samples (NN).  

 

Although no key indicators of the polyester blend were present, a number of products 

that were present in the 64% polyester + 33% rayon + 3% elastin (N) samples were 

detected in the combined samples (NN); these products were furans (2-methyl-furan, 

tetrahydro-furan, 2,5-dimethyl-furan), n-alkyl-benzenes and aromatics (benzene, 

toluene, ethyl-benzene, p-xylene, styrene, 1-methylethyl-benzene, propyl-benzene, 1-

ethyl-2-methyl-benzene, 1-ethynyl-4-methyl-benzene), nitrile (benzonitrile), ketone 

(3-methyl-3-buten-2-one), n-alkanes and n-alkenes (octene, nonene, decene, 

tridecene, tridecane, tetradecene, pentadecene). The presence of aromatics (benzene, 

toluene, ethyl-benzene, p-xylene, propyl-benzene), n-alkanes and n-alkenes that were 

detected in the combined samples (NN) and individual textile (N) were also present 

in the pyrolysis of porcine bone alone. The furans and 3-methyl-3-buten-2-one 

detected in the combined samples (NN) are attributed to have generated from the 

rayon counterpart, as rayon is essentially regenerated cellulose, and known to break 

down to generate these products [94, 95, 100, 101] plus these products were also 

detected in the other textile samples containing various forms of cellulose, such as 

cotton, modal, denim and rayon in textiles (A), (B), (D), (F), (J) and (N); see Tables 

4.14-4.16, 4.18 and 4.20. No other key indicators of cellulose (rayon) were detected.  

 

As no key indicators of the polyester-rayon-elastin blend were present, porcine bone 

dominated the pyrolytic profile of the combined samples (NN) with the majority of 

its key indicators detected. As with the other combined samples, (NN) also generated 

additional furans, dienes, cyclic compounds, n-alkyl-benzenes, methyl-alkane / 

alkane nitriles, pyrroles, n-aldehyde, alkyne and sulfide that were not present 

consistently in either of the separate samples. In comparison to other combined 



340 

 

samples, samples (NN) generated the lowest number of n-aldehydes with only one, 

hexanal, detected in set 4. 

 

The time-temperature profiles of the six sets of repeats are displayed in Figure 5.22. 

Sets 1, 2, 4 and 6 each experienced one auto-ignition with fewer fluctuations in 

temperature, peaking at 556 
o
C, 613 

o
C, 628 

o
C and 554

 o
C, respectively. Sets 3 and 5 

each underwent three distinctive auto-ignitions. In set 3, initial flaming occurred at 

80 seconds with a spike in temperature of 330 
o
C. The temperature steadily rose, 

experiencing a second spike at 153 seconds of 540 
o
C; however, the flames were not 

self-sustaining and died down. The third temperature increase occurred at 330 

seconds and peaked at 600 
o
C. In set 5, temperatures increased to 419 

o
C at 100 

seconds and dwindled thereafter. The second spike in temperature was noted at 191 

seconds to reach 384 
o
C but, similar to set 3, the flames did not self-sustain and died 

down. The final temperature increase occurred at 267 seconds to peak at 604 
o
C.  

 

The flaming events and the presence of additional products could have been a result 

of: (1) the porcine bone which could have raised the temperatures in the tin, 

facilitating (3) the auto-ignition of the textile blend, as 64% polyester + 33% rayon + 

3% elastin was part of the group of textiles that exhibited an equal mix of auto-

ignition as half of the samples auto-ignited but the other half did not (Table 4.11 and 

Figure 4.28), and / or (4) through the pyrolytic interactions between the two samples. 

Maximum temperatures attained across the repeats were 554-628 
o
C.  
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Figure 5.22: Time-temperature profiles of six 64% polyester + 33% rayon + 3% elastin + porcine bone 

samples (NN) 

 

5.5.2.10 Porcine Bone + 50% Polyester + 50% Viscose (OO) 

The pyrolysis of 50% polyester + 50% viscose in the presence of porcine bone 

generated a similar range of products to those from the combined samples (NN), but 

with excellent reproducibility and with the additional presence of α-methyl-styrene, 

dienes, n-alkyl cycloalkanes and n-alkyl cycloalkenes, as detailed in Table 5.11. In 

contrast to the combined samples (NN), no ketone, n-aldehyde or limonene were 

detected in combined samples (OO). A representative total ion chromatogram of 

combined sample (OO) is illustrated in Figure 5.23.  

 

All of the products generated in combined samples (OO) were present in at least four 

of the six repeats. Sets 3, 4, 5 and 6 produced the most products (70-79), while sets 1 

and 2 generated the least with only 25 each.  

 

Similar to previous sample sets, octane was the only compound from the list of 

pyrolysis products detected in porcine bone (Table 2.3) that was not detected in the 

combined samples (OO). In contrast to the combined samples (NN), one key 

indicator (α-methyl-styrene) of the polyester-viscose blend, detailed Table 4.22, was 

present in the combined samples (OO). However, the naphthalene, acid esters, 

benzoic acid derivatives, phenyl and biphenyl, n-aldehydes, levoglucosenone, 
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dioxolane and ketones that were detected inconsistently in 50% polyester + 50% 

viscose (O) samples were not detected in the combined samples (OO). 

 

Only 11 compounds that were present in the 50% polyester + 50% viscose (O) 

samples were also present in the combined samples (OO). These products include a 

furan (2-methyl-furan), n-alkyl-benzenes and aromatics (benzene, toluene, ethyl-

benzene, p-xylene, o-xylene, styrene, 1-methylethyl-benzene, propyl-benzene, 1-

ethyl-2-methyl-benzene), nitrile (benzonitrile) and α-methyl-styrene. No n-alkanes or 

n-alkenes were present in the (O) samples. Benzene; toluene; ethyl-benzene; p-

xylene and propyl-benzene that were detected in the combined samples (OO) and in 

individual textile (O) were also present in the pyrolysis of porcine bone. The furan 

(2-methyl-furan) in the combined samples (OO) is most likely to have been 

generated from the viscose (a form of cellulose) within the sample. No ketones, 

additional furans or other key indicators of cellulose (viscose) were detected.  

 

Similar to combined samples (NN), the pyrolysis profile of porcine bone dominated 

the pyrolytic profile of the combined samples (OO), with the majority of its key 

indicators detected. As with combined samples (NN), (OO) generated additional 

dienes, cyclic compounds, n-alkyl-benzenes, methyl-alkane / alkane nitriles, 

pyrroles, alkyne and sulfide that were not present in either of the separate samples. 

With the exception of the dienes and an alkyne, all of the additional products 

detected were noted to have been generated, although inconsistently, from porcine 

bone samples (Appendix 1.0). In comparison to the previous combined samples, the 

combined samples (OO) were the only ones to have not generated any n-aldehydes. 
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Table 5.11: Pyrolysis products generated from 50% polyester + 50% viscose in the presence of porcine 

bone (OO) across six repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 3.13 1,5-hexadiene        
2 3.37 2-methyl-furan 

 
      

3 3.67 3-methyl-

cyclopentene  
      

4 3.80 3-methyl-1,2-

pentadiene  

     

5 3.95 methyl-

cyclopentane  
     

6 4.20 butanenitrile 
 

      

7 4.27 benzene 

 

     

8 4.74 2-methyl-1,3-

pentadiene  
     

9 5.11 cyclohexene 

 

     

10 5.61 2-methyl-

butanenitrile  

     

11 5.71 3-methyl-

butanenitrile  
     

12 6.49 dimethyl disulfide 
      

13 6.64 ethyl-

cyclopentane  
     

14 6.70 vinyl-

cyclopentane  
     

15 6.86 pentanenitrile 
 

     

16 7.20 toluene 

 

     

17 7.44 1-methyl-

cyclohexene  

     

18 7.60 1,7-octadiene       

19 7.62 3,4-nonadiene 
      

20 7.97 1-octene       

21 8.00 1-ethyl-1H-

pyrrole  

     

22 8.29 2-octene       

23 8.33 4-methyl-

pentanenitrile 
 

     

24 8.45 octene isomer       

25 8.53 bicyclooctane 

 

     

26 8.58 cyclooctene 
 

     

27 8.83 1-ethyl-

cyclohexane  
     

28 9.04 1,6-undecadiene       

29 9.15 ethyl-benzene 

 

     

30 9.23 2,4-octadiene       
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31 9.31 p-xylene 

 
     

32 9.44 3-ethyl-

cyclohexene  

     

33 9.62 styrene 

 

     

34 9.70 o-xylene 

 

     

35 9.80 1-nonene       

36 9.93 cyclooctane 
 

     

37 10.01 nonane       

38 10.06 2-nonene       

39 10.21 nonene isomer       

40 10.30 1-propenyl-

cyclohexane 
 

     

41 10.44 1-butyl-1H-

pyrrole 
 

     

42 10.51 butyl-

cyclopentane  

     

43 10.69 propyl-benzene 

 

     

44 10.74 benzonitrile 

 

     

45 10.78 1-methylethyl-

benzene 
 

     

46 10.82 1,3,5-trimethyl-

benzene 
 

     

47 10.87 1-propyl-

cyclohexene  

     

48 11.03 1-ethyl-4-methyl-

benzene  
     

49 11.30 1-decene       

50 11.46 decane       

51 11.60 5-decene       

52 11.80 α-methyl-styrene 

 

     

53 11.97 1-pentyl-1H-

pyrrole  
     

54 12.06 butyl-benzene 

 

     

55 12.20 1-butyl-

cyclohexene 
 

     

56 12.58 1-undecene       

57 12.68 undecane       

58 12.80 2-undecene       

59 12.96 3-hexyl-

cyclopentene  

     

60 13.11 pentyl-benzene 

 

     
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61 13.52 1-dodecene       

62 13.63 dodecane       

63 14.30 hexyl-benzene 

 

     

64 14.60 1-tridecene       

65 14.73 tridecane       

66 15.29 heptyl-benzene 

 

     

67 15.56 1-tetradecene       

68 15.65 tetradecane       

69 16.14 nonyl-

cyclopentane  

     

70 16.40 1-pentadecene       

71 16.56 pentadecane       

72 17.01 nonyl-

cyclohexane  

     

73 17.11 1-octadecyne       

74 17.24 1-hexadecene       

75 17.32 hexadecane       

76 17.96 1-heptadecene       

77 17.98 2-heptadecene       

78 18.01 heptadecane       

79 19.36 hexadecanitrile 
 

     
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Figure 5.23: A representative TIC of porcine bone + 50% polyester + 50% viscose (OO) (set 3) 
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The time-temperature profiles of the six sets of repeats, displayed in Figure 5.24 

demonstrate that the combined samples (OO) experienced slight fluctuations in 

temperatures. Sets 4, 5 and 6 experienced a single auto-ignition with minimal 

temperature fluctuations. Similarly, set 3 also experienced a single auto-ignition but 

with temperature fluctuations throughout. Sets 1 and 2 each experienced two 

distinctive auto-ignition events, where the second flames eventually peaked at 624 
o
C 

and 603 
o
C, respectively.  

 

The auto-ignition events were most likely due to (1) ignition of porcine bone, which 

could have raised the temperature in the tin, facilitating (2) the auto-ignition of the 

textile blend as 50% polyester + 50% viscose was part of the group of textiles that 

did not auto-ignite on the whole as four of six samples did not auto-ignite (Table 

4.11 and Figure 4.29), and / or (3) through the pyrolytic interactions between the two 

samples. Maximum temperatures attained across the repeats were in the range of 

544-624 
o
C.  

 

Figure 5.24: Time-temperature profiles of six 50% polyester + 50% viscose + porcine bone samples (OO) 

 

The additional pyrolysis products detected in the polyester blends in (NN) and (OO) 

could have been generated by the pyrolysis of: (1) the polyester blend, (2) porcine 

bone, which could have raised the temperatures in the tin, facilitating (3) the auto-

ignition of the textile blend, and / or (4) through the pyrolytic interactions between 

the two samples. 
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5.5.2.11 Porcine Bone + 100% Leather (QQ) 

The pyrolysis of 100% leather in the presence of porcine bone generated 105 

pyrolysis products that can be classified into n-alkanes, n-alkenes, alkyl / n-

cycloalkanes and n-cycloalkenes, pyrroles, chloro-alkanes, dienes, benzo / methyl-

alkane / n-alkane nitriles, furans, aromatics, n-alkyl-benzenes, alkyl-alkane, alkyl-

alkene, dichloro-alkene, cyano-alkene, n-aldehyde, ketone, an alkyne, limonene and 

sulfide as detailed in Table 5.12. A representative total ion chromatogram of 

combined sample (QQ) is illustrated in Figure 5.25.  

 

The combined samples (QQ) exhibited good reproducibility with 80 pyrolysis 

products detected consistently in at least four of the six sets of repeats. These 

products were mainly n-alkanes, n-alkenes, n-cycloalkanes, aromatics, methyl 

nitriles, disulfide, dienes, pyrroles, n-alkyl-benzenes, alkyl-alkene, alkyl-alkane, 

cyano-alkene, furan, limonene and an alkyne. Most of the sets generated 

considerable numbers of pyrolysis products (82-103), while sets 2 and 6 generated 

the fewest compounds with 33 and 47, respectively. The presence of limonene is 

attributed to having generated from the used leather utilised in this work. 

 

Similar to combined samples (AA), (BB), (DD), (HH), (LL), (NN) and (OO), octane 

was the only compound from the list of pyrolysis products detected in porcine bone 

(Table 2.3) that was not detected in combined samples (QQ). The major indicators of 

leather, detailed in Table 4.23, that were detected in the combined samples (QQ) 

were 1,2-dichloro-propane, dimethyl disulfide, 1-(2-chloroethoxy)-butane and high 

molecular weight n-alkenes. Although dimethyl disulfide was also detected across all 

types of combined samples utilised in this work, its detection together with other key 

markers of leather is what that makes it indicative of leather. The only key indicator 

of leather that was absent in the combined samples (QQ) was dimethyl trisulfide.  
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Table 5.12: Pyrolysis products generated from 100% leather in the presence of porcine bone (QQ) across 

six repeats 

No Retention 

Time 

(min) 

Compound Molecular Structure Set 

1 2 3 4 5 6 

1 2.14 ethyl chloride        
2 2.22 3-methyl-1-butene 

       

3 3.13 1,5-hexadiene        
4 3.16 2-butanone 

 
     

5 3.29 1-hexene       

6 3.37 2-methyl-furan 
 

      

7 3.67 3-methyl-

cyclopentene  
     

8 3.80 3-methyl-1,2-

pentadiene  
     

9 3.95 methyl-

cyclopentane 
 

     

10 4.20 butanenitrile       

11 4.27 benzene 
      

12 4.75 2-methyl-1,3-

pentadiene 
 

     

13 4.91 2-methyl-hexane       

14 5.11 cyclohexene 
      

15 5.21 1,2-dichloro-

propane  
     

16 5.61 2-methyl-

butanenitrile  
     

17 5.71 3-methyl-

butanenitrile 
      

18 6.09 4,4-dimethyl-

cyclopentene  
     

19 6.35 3-methyl-

cyclohexene 
 

     

20 6.49 dimethyl disulfide       

21 6.64 ethyl-

cyclopentane 
 

     

22 6.70 vinylcyclopentane 
 

     

23 6.76 methylene-

cyclohexane 
 

     

24 6.86 pentanenitrile       

25 7.20 toluene 
 

     

26 7.44 1-methyl-

cyclohexene  
     

27 7.60 1,7-octadiene       

28 7.70 hexanal       

29 7.92 2-methylene-

heptane  
     

30 7.97 1-octene       

31 8.00 1-ethyl-1H-

pyrrole  
     

32 8.29 2-octene       



350 

 

Table 5.12 continued 

33 8.33 4-methyl-

pentanenitrile  
     

34 8.45 octene isomer       

35 8.53 bicyclooctane 
      

36 8.58 cyclooctene       

37 8.67 3-methyl-1,5-

heptadiene 
      

38 8.83 1-ethyl-cyclohexane 
      

39 9.04 1,6-undecadiene       

40 9.09 2-ethyl-cyclohexane 
 

     

41 9.15 ethyl-benzene 
 

     

42 9.23 2,4-octadiene       

43 9.44 3-ethyl-cyclohexene 
 

     

44 9.62 styrene 
      

45 9.70 o-xylene 
 

     

46 9.80 1-nonene       

47 9.93 cyclooctane       

48 10.01 nonane       

49 10.06 2-nonene       

50 10.21 cis-2-nonene 
 

     

51 10.24 1-(2-chloroethoxy)-

butane 
      

52 10.30 1-propenyl-

cyclohexane 
 

     

53 10.49 propyl-cyclohexane 
 

     

54 10.51 6-cyano-1-hexene       

55 10.69 propyl-benzene 
 

     

56 10.74 benzonitrile 
 

     

57 10.78 1-methylethyl-

benzene  

     

58 10.81 1-ethyl-2-methyl-

benzene  
     

59 10.87 1-propyl-

cyclohexene 
 

     

60 11.03 1-ethyl-4-methyl-

benzene 
 

     

61 11.18 2-pentyl-furan 
 

     

62 11.30 1-decene       

63 11.46 decane       

64 11.60 cyclodecene 
 

     

65 11.68 5-decene       

66 11.78 limonene 

  
     

67 11.97 1-pentyl-1H-pyrrole 
 

     

68 12.06 butyl-benzene 
 

     

69 12.20 1-methyl-2-propyl-

benzene 
 

     
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70 12.28 propylidencyclo 

hexane  
     

71 12.58 1-undecene       

72 12.68 undecane       

73 12.80 2-undecene       

74 12.87 1-cycloundecene 
 

     

75 12.96 3-hexyl-

cyclopentene  
     

76 13.04 cycloundecene (Z) 
 

     

77 13.11 pentyl-benzene 
 

     

78 13.52 1-dodecene       

79 13.63 dodecane       

80 13.87 3-dodecene       

81 13.93 cyclododecene 

 
     

82 14.30 hexyl-benzene 
 

     

83 14.60 1-tridecene       

84 14.73 tridecane       

85 14.80 4-tridecene       

86 15.20 heptyl-cyclohexane 
 

     

87 15.29 heptyl-benzene 
 

     

88 15.44 1-cyclohexylheptane 
 

     

89 15.56 1-tetradecene       

90 15.65 tetradecane       

91 15.87 4-tetradecene       

92 16.12 cyclotetradecene 

 

     

93 16.14 nonyl-cyclopentane 
 

     

94 16.40 1-pentadecene       

95 16.56 pentadecane       

96 17.01 nonyl-cyclohexane 
 

     

97 17.11 1-octadecyne       

98 17.17 cyclohexadecene 
 

     

99 17.24 1-hexadecene       

100 17.32 hexadecane       

101 17.88 1,9-hexadecadiene       

102 17.96 1-heptadecene       

103 17.98 2-heptadecene       

104 18.01 heptadecane       

105 19.36 hexadecanitrile 
 

     
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Figure 5.25: A representative TIC of porcine bone + 100% leather (QQ) (set 4) 
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In contrast to the rest of the combined samples, 100% leather (Q) was the only textile 

that possessed similar pyrolytic characteristics to porcine bone. This was mainly due 

to the consistent presence of n-alkenes, which were also present in porcine bone 

pyrolysis. However, through the consistent presence of n-alkanes and hexadecanitrile 

in porcine bone samples but not in leather, it is possible to distinguish between the 

two samples; in addition to the key indicators from leather pyrolysis.  

 

With 39 compounds and the majority of key indicators which had been found to be 

present in both the 100% leather (Q) and the combined samples (QQ), the pyrolysis 

profile of (QQ) was determined to have equal dominance by both leather and porcine 

bone. The combined samples also generated additional n-aldehyde, n-alkene, alkyl-

alkene, cyano-alkene, ketone, alkyne, dienes, cyclic compounds, methyl-alkane and 

benzo nitriles, n-alkyl-benzenes and pyrroles that were not present consistently in 

either of the separate samples and as with previous samples, the majority of these 

compounds could have been generated from the pyrolysis of the porcine bone 

samples (Appendix 1.0). 1-Hexene, although detected consistently across the 

combined samples (QQ) was less reproducible in the leather samples (Q). The 

presence of ethyl chloride in the combined samples (QQ) is also highlighted. Also, 

hexanal was the only n-aldehyde detected in the combined samples (QQ) across sets 

3 and 6. 

 

The time-temperature profiles of the six sets of repeats are displayed in Figure 5.26. 

Sets 3, 5 and 6 experienced the least fluctuations with one auto-ignition event 

observed. Set 1, 2 and 4 experienced two rapid rises in temperatures but with 

different flaming duration between them. In set 2, both flaming emissions occurred 

within 44 seconds of each other whereas sets 1 and 4, the emissions were further 

apart. The flaming emissions and the presence of additional pyrolysis products 

detected in the combined samples (QQ) could have been generated by the pyrolysis 

of: (1) porcine bone, (2) the textile, as 100% leather was part of the group of textiles 

that auto-ignited (Table 4.11 and Figure 4.31), and / or (3) through the pyrolytic 

interactions between the two samples. Maximum temperatures attained across the six 

sets of repeats were in the range of 504-622
 o
C. 
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Figure 5.26: Time-temperature profiles of six 100% leather + porcine bone samples (QQ) 

 

The absence of octane across all of the combined samples is highlighted in this study 

together with the absence of decane, propyl-benzene and hexadecanitrile across some 

combined samples. The absence of octane could be due to its co-elution with another 

more dominant compound that could have obscured its presence in the TIC; or 

octane together with the other three compounds could have undergone molecular 

interactions and decomposition during the pyrolysis and combustion process. A 

summary of the results obtained from the pyrolysis of each of the combined sample 

type is illustrated in Table 5.13. 
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Table 5:13: Summary of the results obtained from each type of combined sample according to the dominant profile, key indicators absent from the dominant profile, 

reproducibility and the notable compounds present 

Sample + Porcine Bone 

 

Dominant Profile Key Indicators Absent from Dominant 

Profile 

Reproducibility 

(%) 

Notable Compounds 

Present 

100% cotton (AA) Porcine Bone Octane 60 Ethanol, Ethyl Acetate 

95% cotton + 5% elastin (BB) Porcine Bone Octane 58 - 

50% cotton + 50% modal (DD) Porcine Bone Octane  76 Propanedioic acid, propyl; 

Pentanoic acid, 3-methyl, 

methyl ester; 

 

100% acrylic (EE) 

Porcine Bone Octane, Decane  

44 

 

Ethyl Acetate 
Acrylic Pyridine, Piperidine, Cyanic and Isocyanic 

Compounds 

 

50% acrylic + 50% cotton (FF) 

Porcine Bone Octane, Propyl-benzene, Hexadecanitrile  

26 

 

- 
Acrylic-Cotton 

Blend 

Pyridine, Piperidine, Cyanic and Isocyanic 

Compounds 

80% nylon + 20% elastin (HH) Porcine Bone Octane 55 6-Cyano-1-hexene, 

Hexenoic Acid, 

Oxalic acid, butyl-

neopentyl-ester; 

100% denim (JJ) Porcine Bone Octane, Hexadecanitrile 30 - 

96% wool + 4% LYCRA
®
  (LL) Porcine Bone Octane 24 - 

64% polyester + 33% rayon + 3% 

elastin (NN) 

Porcine Bone Octane 57 - 

50% polyester + 50% viscose (OO) Porcine Bone Octane 100 - 

 

100% leather (QQ) 

Porcine Bone Octane  

76 

1-Hexene, Ethyl Chloride 

Leather Dimethyl Trisulfide 
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5.5.3 Application of Extracted Ion Chromatogram (EIC) and Extracted Ion 

Profile (EIP) for the Identification of Key Indicators of Porcine Bone 

5.5.3.1 EIC and EIP of Porcine Bone (Post-Ignition) 

Compounds that consistently appeared across six repeats of porcine bone post-

ignition (identified in section 2.5.2.2) were a series of C8 to C17 n-alkanes and n-

alkenes and hexadecanitrile. n-Alkanes and n-alkenes were identified based on the 

m/z values detailed in Table 5.0, which also corresponded with the values identified 

in the standard Grob mixture utilised in this study (detailed in section 2.5.1) that 

contained n-alkanes. Hexadecanitrile was identified based on the m/z values obtained 

from the NIST/EPA/NIH Mass Spectral Library (NIST 08). Their m/z values are as 

follows: 

 

i. n-alkanes, m/z = 43, 57, 71, 85, 99 

ii. n-alkenes, m/z = 41, 55, 69, 83, 97 

iii. hexadecanitrile, m/z = 138, 152, 166, 180, 194 

 

It is clearly illustrated in Figure 5.27 that n-alkanes were easily extracted from the 

TIC of porcine bone post-ignition. While the ions 43, 57, 71, 85 and 99 were also 

present in n-alkenes, their abundances in the profiles of n-alkanes were much higher 

and the peaks more prominent (n-alkanes marked with arrows in Figure 5.27 (c)). Ion 

99 possessed the lowest abundance in comparison to the other ions in the 

chromatogram. 

 

Comparable outcomes were also observed in the EIC and EIP of n-alkenes, as 

illustrated in Figure 5.28. While the ions 41, 55, 69, 83 and 97 were also detected in 

n-alkanes, their abundances were much higher and more prominent in n-alkenes (n-

alkenes marked with arrows in Figure 5.28 (c)). Contrary to n-alkanes, all of the 

characteristic ions for n-alkenes were present at high abundance in the 

chromatogram. 

 



357 

 

(a)   

(b)   

(c)   

Figure 5.27: (a) TIC of porcine bone (b) EIC of ions 43, 57, 71, 85, 99 and (c) EIP of ions 43, 57, 71, 85, 99 

characteristic of n-alkanes (marked with arrows) 
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(a)         

(b)   

(c)   

Figure 5.28: (a) TIC of porcine bone (b) EIC of ions 41, 55, 69, 83, 97 and (c) EIP of ions 41, 55, 69, 83, 97 

characteristic of n-alkenes (marked with arrows) 
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A number of peaks with ions 138, 152, 166, 180 and 194 were highlighted in both 

the EIC and EIP of porcine bone (Figure 5.29); however, all of these peaks, with the 

exception of hexadecanitrile at 17.32 minutes), were present at individual m/z values 

rather than collectively and at low abundances. At minute 17.32 (marked with an 

arrow in Figure 5.29 (c)), all of these m/z values were present and at high 

abundances, thus identifying hexadecanitrile. 

(a)   

(b)   

(c)   

Figure 5.29: (a) TIC of porcine bone (b) EIC of ions 138, 152, 166, 180, 194 and (c) EIP of ions 138, 152, 

166, 180, 194 characteristic of hexadecanitrile (marked with arrow) 
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5.4.3.2 EIC and EIP of Porcine Bone in the Presence of Textiles 

EIC and EIP for the combined samples (AA), (BB), (DD), (JJ), (LL), (NN) and (OO) 

were extracted from 3.00 minutes to 20.00 minutes as the solvent front was present 

until 3.00 minutes. No peaks were detected after 20.00 minutes. However, for 

combined samples (EE), (FF) and (HH), EIC and EIP were applied from 2.60 

minutes to 20.00 minutes, and for combined samples (QQ), extraction was conducted 

between 2.00 minutes to 20.00 minutes. The differences in start time applied across 

these samples were due to the presence of pyrolysis products at an earlier stage of 

analysis.  

 

The EICs and EIPs of n-alkanes and n-alkenes for all combined samples, and 

hexadecanitrile for all but combined samples (FF) and (JJ), (hexadecanitrile was not 

present across these combined samples) demonstrated separation and characterisation 

of porcine bone samples with ease, with the exception of leather (QQ), where the m/z 

values of n-alkenes in porcine bone coincided with those generated by leather, 

however the m/z values of n-alkanes and hexadecanitrile were more useful at this 

instance. Individual EICs and EIPs for each combined sample are detailed in 

Appendix 8.0. 

 

5.5.4 Self-Organising Feature Maps (SOFM) Model Validation 

The SOFM model was validated using the sample set from each individual textile 

and porcine bone data that generated the greatest number of pyrolysis products. 

Results from the test output are revealed in Figure 5.30. The grouping and 

classification of the textile types and porcine bone demonstrate that the SOFM 

network was able to fully resolve and classify the textiles (i.e. cotton and cotton 

blends, acrylic and acrylic blends, nylon-elastin, denim, wool-lycra
®
, polyester and 

polyester blends, leather) and porcine bone (labelled ‘pig’) correctly with a 100% 

performance value. Even when there was an overlap in textile composition, for 

instance, the presence of various cellulose-based materials (i.e. cotton, modal, 

viscose, rayon, denim) across textiles (A), (B), (D), (F), (J), (N) and (O), the model 

was not only able to distinguish these compositions but also to display their 

association / relationship with one another. For example, both (N) and (O) were 
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classified at the top left side of the map. This is expected as both these textiles 

contain polyester; however, the network was also able to capture the presence of 

cellulose (rayon / viscose) in these textiles, segmenting them above the cotton and 

cotton-blends (A, B, D, J). Similar associations are also observed for acrylic and its 

blends (E and F). This demonstrates that the SOFM model is capable of providing an 

objective and accurate interpretation of complex patterns contained in the pyrolysis 

products of these samples. 

 

 

                                  (a)                                                                                    (b) 

Figure 5.30: Output map of the test set showing classification and association of the textiles based on the 

presence / absence of the pyrolysis products generated according to the (a) type of textiles and (b) in the 

presence of porcine bone (‘pig’), where the samples are 100% cotton (A), 95% cotton + 5% elastin (B), 

50% cotton + 50% modal (D), 100% acrylic (E), 50% acrylic + 50% cotton (F), 80% nylon + 20% elastin 

(H), 100% denim (J), 96% wool + 4% LYCRA® (L), 64% polyester & 33% rayon & 3% elastin (N), 50% 

polyester + 50% viscose (O) and 100% leather (Q) 

 

5.5.4.1 SOFM Classification of Individual Textile Samples 

The output map utilising the presence and absence of pyrolysis products across six 

sets of repeats for each textile type is presented in Figure 5.31. The output map 

revealing clusters of all six repeat samples occurred only in the case of 100% acrylic 

(E) and all other repetitive samples were convoluted to more or lesser degrees, 

indicating a substantial crossover in some cases of the generated pyrolysis products.  

This is clearly as a result of the degree of pyrolysis that could be reproducibly 

achieved and the variation in the chromatographic data obtained as a result.   
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Figure 5.31: Output map for six sets of repeats (n=6) for each textile type 

 

In the next stage of the pattern recognition process, the six sets of repeats for each 

textile were compared according to the number of pyrolysis products present and 

reported in the form of percentages (100% and decreasing by 10%) of the total 

pyrolysis products present. Samples which contained between 70% of the maximum 

number of pyrolysis products were found to represent all of the textiles while 

providing the best clustering into the originating textiles and this is shown in Figure 

5.32.   

 

Figure 5.32: Output map for each of the 11 textile sample types for cases which generated 70% of the 

maximum number of pyrolysis products observed from the textiles  
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It can still be seen that there was some comingling occurring between the 100% 

cotton (A) and 100% denim (J) samples, however, when the data at 70% was 

separated into 11 segments (Figure 5.33) and visualised in the form of U-matrix 

clusters, as displayed in Figure 5.33 (b), all of the samples are distinguished 

individually with the presence of additional boundary lines.  

 

 

               (a)           (b) 

Figure 5.33: 70% map output separated into 11 segments and visualised through (a) flat clusters and (b) U-

matrix clusters 

 

When clustering was undertaken across six segments, corresponding to the six group 

of textiles utilised in this work –  cellulose-based (A, B, D, J), acrylic based (E, F), 

nylon (H), wool (L), polyester-based (N, O), and leather (Q), distinctive 

classification of 95% cotton + 5% elastin (B), 100% acrylic (E), 50% acrylic + 50% 

modal (F), 80% nylon + 20% elastin (H) and 100% leather (Q) was demonstrated, as 

detailed in Figure 5.34. Although the remaining textiles (A, J, D, O, N, F, L) were 

categorised into two major groups (five in light blue and two in yellow), they were 

distinguished based on their distinctive position in the flat-cluster output in Figure 

5.34 (a) and more so in the U-matrix output in Figure 5.34 (b), as the boundary lines 

aid in visualising the separation of these six different textile groups into their 

clusters.  
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                            (a)            (b) 

Figure 5.34: 70% map output separated into six segments and visualised through (a) flat clusters and (b) 

U-matrix clusters 

 

Both output matrix (Figures 5.33 and 5.34) also highlighted the association between 

textile types that share a similar composition, as they are closely positioned to each 

other in their respective clusters.  This is particularly the case for: 

 

i. acrylic, positioned at the top left (E) and middle left (F) of the map 

ii. polyester, positioned at the top middle (N and O) of the map  

iii. cellulose, positioned at the middle (A), bottom right (B), top right (D) and 

middle right (J) of the map  

 

5.5.4.1  SOFM Classification of Combined Samples  

The data associated with the textiles burnt in the presence of the porcine samples was 

also examined using SOFM. Out of the 11 combined samples (n=6), only two (i.e. 

50% cotton + 50% modal (DD) and 100% acrylic (EE)), were correctly classified 

into their clusters for all six sets of repeat sample as detailed in Figure 5.35. This is 

not unexpected given the level of overlap reported in the samples. 
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Figure 5.35: Output map for six sets of repeats (n=6) for each of the 11 combined samples 

 

Similar observations were noted when porcine bone data (labelled ‘pig’) was added 

into the dataset of the combined samples (Figure 5.36). Porcine bone clustered into 

the lower right region of the output map (red), together with a number of sets of 

combined samples. Its presence did not alter the topography of the total output map 

as little to no change was noted in the association and position of the sets in the map, 

however the clustering of 100% acrylic (EE) was reduced.  

 

Figure 5.36: Output map for 11 combined textile types (n=6 for each), and individual porcine bone (‘pig’) 

(n=1) 
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changed drastically (Figure 5.37). Although better clustering was noted for 50% 

acrylic + 50% cotton (FF), a wider spread in classification was noted for 100% 

cotton (AA) and 50% cotton + 50% modal (DD). The majority of the individual 

textiles were clustered at the bottom right of the map, with the exception of (E), 

which clustered at the top right of the map bordering porcine bone (‘pig’). 

 

Figure 5.37: Output map for 11 combined samples (n=6 for each), individual porcine bone (‘pig’) (n=1) 

and 11 individual textile types (n=1 for each) 

 

Threshold levels for the inclusion of data sets within the combined textile sample sets 

were explored. In line with the results obtained previously, samples which contained 

70% of the maximum pyrolysis products produced, provided the best classification 

system as illustrated in Figure 5.38, although this was considerable less successful 

than for the individual textile samples.  

 
                                                          

Figure 5.38: Output map for each of the 11 combined sample types for cases which generated 70% of the 

maximum number of pyrolysis products observed from the textiles  
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Similarly with the individual textiles, data at 70% was then subjected to separation 

across 11 segments and results demonstrated full discrimination of the ten but one 

(AA) combined samples as illustrated in Figures 5.39. The additional boundary lines 

in the U-matrix output (Figure 5.39 (b)) do distinguish each set and each group of the 

combined samples individually. Although combined sample (AA4) was separated 

from the rest of the (AA) samples its position beside the (AA) cluster indicates close 

association with the combined samples (AA). 

 

 

                                              (a)          (b) 

Figure 5.39: 70% map output of the combined samples separated into 11 segments and visualised through 

(a) flat clusters and (b) U-matrix clusters 
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yellow), they were distinguished based on their distinctive position in the flat-cluster 

output in Figure 5.40 (a) and more so in the U-matrix output in Figure 5.40 (b) as the 

boundary lines aid in visualising the separation of these seven different combined 

samples into their clusters.  
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(a)            (b) 

Figure 5.40: 70% map output of combined samples separated into six segments and visualised through (a) 

flat clusters and (b) U-matrix clusters 

 

Both output matrix (Figures 5.39 and 5.40) also highlighted the association between 

combined sample types that share similar composition, as they are closely positioned 

to each other in their clusters, particularly for: 

 

i. acrylic, positioned at the bottom right of the map (EE and FF) 

ii. polyester, positioned at the bottom left (NN) and middle left (OO) of the map  

iii. cellulose, positioned at the middle and middle right (AA), middle top (BB), 

top right (DD) and middle bottom (JJ) of the map 
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(H), wool (L), polyester-based (N, O), and leather (Q) samples of each textile type 

were closely associated, in that the clusters were located beside each other.   

 

 

(a)           (b) 

Figure 5.41: 70% map output of 11 combined textile-bone samples, the optimised porcine bone sample 

(‘pig’), and 11 individual textiles classified into 23 segments and visualised through (a) flat clusters and (b) 

U-matrix clusters 
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respective individual textile samples.  
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(Figure 5.30), their associations were less defined in the combined samples as only 
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or between (BB) and (NN). 
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The porcine bone sample (‘pig’) was positioned most closely with individual textiles 

(A), (J) and (L) and combined samples (LL2) and (JJ6) only. Although 100% leather 

(Q) was expected to be in close association with the porcine bone sample, as they 

had the most similarities in terms of the type of pyrolysis products detected, this was 

not directly reflected in the neural network.  

 

5.6 Conclusions 

 

A series of systematic repeat experiments conducted to ascertain the type and 

consistency of the pyrolysis products detected from the 11 combined samples 

revealed that, even with similar experimental factors and under controlled laboratory 

conditions, pyrolytic profiles generated from the same combined samples exposed to 

an open flame can vary in an unpredictable way. This has been demonstrated clearly 

in the varying types and reproducibility of pyrolysis products detected within the 

same textile in the presence of bone, over the six sets of repeats. 

 

The chromatographic profiles of the combined samples varied from those generated 

from the individual textile samples and, to a lesser extent, porcine bone samples. The 

influence of porcine bone to the pyrolysis of each textile, and vice versa, is 

highlighted in this work. Porcine bone influenced the fibre’s chemical, thermal and 

pyrolytic properties; this is distinctively demonstrated across three features: (a) the 

ability of some textiles to auto-ignite, although they did not when burnt individually 

(E, F, J, L and O); (b) the dominance of the pyrolytic profile / key indicators of 

porcine bone over the majority of the textiles, with the exception of combined 

samples (EE), (FF) and (QQ); and (c) the changes in the temperature profiles across 

all of the combined samples. Similarly, the textiles also altered the pyrolytic profile 

of porcine bone, albeit minimally. This is particularly noted with the absence of 

octane across all of the combined samples, and the absence of decane, propyl-

benzene and hexadecanitrile in some of the combined samples.  

 

Both the presence of additional pyrolysis products that were not detected in the 

individual porcine or textile samples and the absence of key indicators of the 
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majority of the individual textiles support the fact that intermolecular reactions do 

occur between the molecules from different substrates during pyrolysis, and they can 

significantly alter the type and presence of characteristic by-products relied on for 

the identification of a particular target material. 

 

This study also highlighted the use of EIC and EIP as a beneficial tool in identifying 

key indicators of porcine bone and human toes upon pyrolysis. Although five ions 

were utilised respectively, the m/z values of 43, 57, 71 and 85 for n-alkanes and 41, 

55, 69 and 83 for n-alkenes were deemed to be most helpful in the extraction process 

for the identification of porcine / human samples. If present, m/z values of 138, 152, 

180 and 194 are most useful for the extraction of hexadecanitrile. 

 

The validation of the SOFM model using optimised individual textile and porcine 

bone data revealed the ability of the neural network to process complicated data with 

100% accuracy in terms of its classification and association so long as a sufficient 

number of pyrolysis products are present in the samples. For both the individual 

textile samples and the combined textile-bone samples, the neural network was able 

to accurately categorise the samples into their respective segments in most cases 

when 70% of the maximum number of pyrolysis products were present. The SOFM 

model also showed promise across a range of textile samples that contained 

overlapping compositions although the number and type of pyrolysis products 

present is obviously a critical feature. As such, an artificial neural network based 

statistical approach could be a useful tool in the discrimination of fire debris samples 

containing textiles and animal / human remains, if the relevant factors are understood 

and taken into consideration. 
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CHAPTER 6: GENERAL CONCLUSIONS AND FUTURE WORK 

 

6.1 Summary of Conclusions 

 

The application of highly discriminative analytical instruments, such as the GC-MS, 

coupled together with the American Society for Testing and Materials (ASTM) 

established standards has facilitated the process of analysing and interpreting fire 

debris samples. When the scene of a fire is suspected of having biological residues 

(i.e. human or animal), the interpretation process becomes complicated as no reliable 

key indicators of these remains in a fire have been systematically studied and 

established. This process is complicated further with fire scenes containing a range of 

fuel loads, such as upholstery, carpets, textiles, etc. In the little work that has been 

conducted by a number of researchers, a series of n-aldehydes generated from the 

pyrolysis of human and animal fat has been suggested to be potentially useful as key 

indicators of human and animal remains in a fire.  

 

This work was undertaken in order to develop a robust and systematic laboratory-

based methodology that emulates real fire scenarios in the generation, extraction and 

analysis of pyrolysis products from biological and non-biological sources. The work 

was based on the application of passive headspace extraction with activated carbon 

strips (ACS) coupled with GC-MS. Through repetitive work, experimental factors 

(ACS sizes, post-deprivation sampling time and sample weight) were optimised and 

validated to create a reliable and robust system in which the analyses of pyrolysis 

products across a range of samples were conducted. The experimental procedure for 

the generation of pyrolysis products was validated using porcine bone samples and 

the method was proven to generate repeatable and optimal pyrolysis products of C8 

to C17 n-alkanes and n-alkenes, n-alkyl-benzenes, aromatics and a nitrile from a 

sample weight of 25 g sampled at 4 minutes post-deprivation using a ACS of 10 mm 

× 20 mm analysed using the GC-MS.  

 

Upon validation, porcine bone and human toe samples were pyrolysed to compare 

the types of products generated across these samples, and to identify key indicators 
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of human and animal remains. The hypothesis was that the pyrolysis products from 

porcine tissues do not differ from those generated from human tissues under similar 

experimental conditions and, as a consequence, porcine tissues could be a valid 

representative of human tissues in a fire. Both samples were found to display similar 

chromatographic profiles, demonstrating the ability of porcine samples to act as a 

template for human samples in the analysis of pyrolysis products. A database of 

pyrolysis products across these two species was established, with the identification of 

key indicators of porcine and human tissues. These are n-alkanes and n-alkenes, n-

alkyl-benzenes, aromatics and nitrile(s). For porcine bone samples, additional n-

alkenes, methyl-alkane nitriles, alkane nitriles, n-cycloalkanes and n-cycloalkanes, 

dienes, alkyl-pyrroles, n-alkyl-benzenes and substituted alkyl-benzenes, aromatics, 

substituted benzenes, cyano-alkene, disulfide, an alkyne and a ketone were also 

detected; for human toe samples, additional n-alkyl-benzenes, n-alkane, n-alkene, a 

nitrile, disulfide, n-alkyl-cycloalkane and an alkyl-furan were also present, however, 

these products were not consistent across the six sets of repeats and were, therefore, 

determined to be unreliable indicators of porcine bone and human toe pyrolysis, 

respectively. 

 

Throughout the analysis of a number of porcine and human tissues post-pyrolysis, 

the purported series of n-aldehydes was not encountered and temperature, rather than 

exposure duration, was identified as a factor governing the presence or absence of n-

aldehydes, and its effects were demonstrated across pre-ignition (< 250 
o
C) and post-

ignition (> 250 
o
C) samples. While pre-ignition porcine bone, muscle and rib 

samples generated a homologous series of n-aldehydes, none were detected in post-

ignition samples. The absence of n-aldehydes at elevated temperatures in this study 

demonstrates clearly that their presence or absence is temperature-dependent. This 

renders unreliable the use of n-aldehydes as key indicators of human remains in a fire 

and has convincingly resolved the previous research literature. Across these three 

tissues, the main difference noted was the inability of porcine muscle and rib to attain 

auto-ignition, whereas porcine bone readily auto-ignited; this illustrated that 

differences in tissue sampling from a fire scene can certainly influence the type of 

pyrolysis products detected.  
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In terms of non-biological samples, the pyrolysis and thermal behaviour of 20 

common textile types, both pure and blended, were investigated as these materials 

are commonly used in clothing and could cause potential interferences with the 

analysis of key indicators human / animal remains. The variation in the burning 

properties and type of pyrolysis products generated over a range of textiles (i.e. 

natural, semi-synthetic and synthetic) was highlighted. These variations were not 

only demonstrated with textiles from different sources (i.e. animal, plant and 

manufactured) but also within the same group and within the same type of textile. 

The type and consistency of pyrolysis products detected over repetitive experiments 

were identified, and this facilitated the process of narrowing down the range of 

textiles to a manageable number (11) for further experimentation. In this process, key 

indicators of each textile type were determined. It should be noted, however, that the 

presence or absence of these characteristic products is largely dependent on 

temperature and burning duration. The influence of one or more blended fibres in a 

textile was also emphasised: the presence of the blended fibre did not influence only 

the major fibre’s physical characteristics, but also its chemical, thermal and pyrolytic 

properties. 

 

Once this stage was completed, porcine bone samples were then combusted in the 

presence of the optimised textiles (termed ‘combined samples’). A series of 

systematic repeat experiments conducted on the 11 combined samples revealed that, 

even with similar experimental factors and under controlled laboratory conditions, 

pyrolysis profiles generated within the same combined sample types exposed to an 

open flame can vary in an unpredictable way. This has been clearly demonstrated in 

the varying types and consistencies of pyrolysis products detected within the six sets 

of repeat experiments for each combined sample. 

 

The chromatographic profiles of the combined samples varied from those generated 

from the individual textile samples and, to a lesser extent, the porcine bone samples. 

The influence of the presence of porcine bone in the pyrolysis of each textile, and 

vice versa, is highlighted in this work. The presence of porcine bone did not 

influence only the fibre’s physical characteristics, but also its chemical, thermal and 



385 

 

pyrolytic properties. Similarly, the textiles were also shown to exert influence, 

although minimal, on the pyrolytic profile of porcine bone. This is particularly noted 

in the absence of octane across all combined samples, and the absence of decane, 

propyl-benzene and hexadecanitrile in some of the combined samples. The presence 

of additional pyrolysis products that were not detected in the individual porcine and 

textile samples and the absence of key indicators of the majority of the individual 

textiles supports the fact that intermolecular reactions do occur between the textile 

and bone during pyrolysis and they can significantly alter the type and presence of 

characteristic key by-products which are relied on for identification of a particular 

target material. 

 

The final stage of this study investigated the usefulness of pattern recognition 

techniques in separating and identifying key indicators of porcine and textile samples 

which had been combusted together. This was conducted through a two-fold process. 

Firstly, the m/z values of the key indicators of porcine samples were identified, and 

extracted ion chromatogram (EIC) and extracted ion profile (EIP) were conducted on 

the combined samples to evaluate the ability of these techniques to extract the 

profiles of human and porcine tissue in the presence of textiles. Both EIC and EIP 

proved to be useful in identifying key indicators of porcine bone upon pyrolysis. 

Although five ions were utilised for n-alkanes and n-alkenes respectively, the m/z 

values of 43, 57, 71 and 85 for n-alkanes and 41, 55, 69 and 83 for n-alkenes were 

deemed to be most helpful in the extraction process for the identification of porcine / 

human samples. If present, m/z values of 138, 152, 180 and 194 are most useful for 

the extraction of hexadecanitrile. 

 

In the pattern recognition technique, multidimensional datasets within the self-

organising feature map (SOFM) were tested and explored. Through the use of 

SOFM, the multidimensional data was translated into a two-dimensional, meaningful 

output (topographic map) to ascertain the ability of the artificial neural network to 

reveal separation, categorise and identify relationships between the individual 

textiles and porcine bone, and in the combined samples. The validation of the SOFM 

model using the optimised individual textiles and porcine bone data revealed the 
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ability of the neural network to process complicated data with 100% accuracy (100% 

correctly classified) in terms of classification and association. Even with inconsistent 

and fairly unreproducible data, the software was able to categorise the samples 

according to the type and presence / absence of pyrolysis products to a certain degree 

of certainty for correct classification. This value was determined through the 

calculation of the percentage of pyrolysis products present to the total pyrolysis 

products detected in each textile type. For both the individual textile samples and the 

combined samples (which were textiles in the presence of porcine bone), this degree 

of certainty was at 70%. This means that the neural network was able to accurately 

categorise the samples into their respective segments according to the type of 

pyrolysis products detected at 70%. Clear visualisation of sample linkages, 

particularly for textiles that contained overlapping compositions, were noted and, as 

such, SOFM has been proven to demonstrate within the topographic map meaningful 

connections and associations between samples that are similar to each other. This 

artificial neural network based statistical approach could potentially be a useful tool 

in the discrimination of fire debris samples containing textiles and animal / human 

remains, if the relevant factors are understood and taken into consideration. 

 

6.2 Recommendations for Future Work 

 

Because this work was undertaken with a limited source of human tissue (human 

toe), pyrolytic experiments using other parts of the human body would be 

advantageous. This would reveal further information about the type and consistency 

of pyrolysis products generated by different types of human tissues in a fire.  

 

It would also be particularly interesting to explore tissues of human and porcine 

origin that have been subjected to decomposition and burnt thereafter. Data 

generated from this process would be helpful in identifying the effects of 

decomposition, if any, on the type of pyrolysis products detected across these tissues. 

 

Besides textiles, various types of other materials (e.g. ILR, upholstery, carpets, 

wood, plastics) that are commonly involved in a fire can be introduced as interfering 
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compounds in the proper analysis and identification of porcine and human tissues in 

a fire. Once obtained, this information could then be inserted into a database 

containing key indicators of the various materials tested, which would be beneficial 

for the forensic science community in recognising interferences during fire debris 

analysis. 

 

In addition to the presence / absence classification process utilised in the SOFM 

model in this work, the use of peak area or height ratio values might also be valuable 

during analysis, particularly if consistent ratios are produced across the sets of 

repeats. The potential use of benzene, toluene and ethyl-benzene as an internal 

standard could also be explored as they have been detected consistently across the 

individual porcine bone, human toe and combined samples. Normalising the peak 

areas of the compounds identified in the chromatogram to the peak area of the 

aromatics and n-alkyl-benzenes generated from the pyrolysis process could 

potentially be useful in determining ratios and reducing the % RSD values of the 

analysis. 

 

 The SOFM network has demonstrated substantial associative abilities in tracing 

patterns across the pyrolytic data of porcine, human and textile samples, even when 

dealing with inconsistent data across most of the data sets. With careful 

consideration, further work could be undertaken in the use of this neural network for 

classifying complex chromatographic data from fire scenes. Besides SOFM, it would 

also be interesting to explore the applicability of other statistical tools and 

chromatographic pattern recognition techniques in the analysis of pyrolytic data. 
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Appendix 1.0:  

Pyrolysis Products Generated across Six Sets of Repeats from Porcine Bone 

In addition to the consistent presence of C8 to C17 n-alkanes and n-alkenes together 

with some aromatics, n-alkyl-benzenes and a nitrile, porcine bone samples also 

generated a range of additional pyrolysis products that were inconsistent across the 

six sets of repeats. The products were isomers of n-alkenes, methyl-alkane nitriles 

and alkane nitriles, n-cycloalkanes and n-cycloalkanes, dienes, pyrrole and alkyl-

pyrroles, n-alkyl-benzenes and substituted alkyl-benzenes, aromatics, substituted 

benzenes, cyano-alkene, disulfide, an alkyne and a ketone. 

 

Retention 

Time (min) 

Compound Set 

1 2 3 4 5 6 

2.13 butanenitrile √    √ √ 

2.19 3-methyl-cyclopentane √  √  √ √ 

2.21 benzene √ √ √ √ √ √ 

2.35 2-methyl-1,3-pentadiene √      

2.85 2-methyl-butanenitrile   √  √ √ 

3.52 cyclohexene √  √   √ 

3.30 1-methyl-1H-pyrrole √  √  √ √ 

3.41 dimethyl disulfide     √ √ 

3.67 pyrrole √    √ √ 

3.84 3-methyl-butanenitrile √     √ 

3.88 pentanenitrile √     √ 

4.12 toluene √ √ √ √ √ √ 

4.40 3-methyl-cyclohexane √     √ 

5.20 1-ethyl-1H-pyrrole √ √ √  √ √ 

5.35 1-octene √ √ √ √ √ √ 

5.60 octane √ √ √ √ √ √ 

5.72 2-octene √  √  √ √ 

5.82 4-methyl-pentanenitrile √  √  √ √ 

5.95 3-octene √  √  √ √ 

6.14 cyclooctane √      

6.30 ethyl-cyclohexane √  √   √ 

6.77 hexanenitrile √      

6.82 ethyl-benzene √ √ √ √ √ √ 

6.99 2,4-octadiene √      

7.02 p-xylene √ √ √ √ √ √ 

7.40 styrene √      

7.43 5-methyl-2(1H)-pyridinone     √ √ 

7.70 1-nonene √ √ √ √ √ √ 

7.84 2-nonene √    √  

7.91 nonane √ √ √ √ √ √ 

7.98 nonene isomer √  √   √ 

8.12 cis-2-nonene √  √   √ 
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8.19 3-butyl-cyclopentene √      

8.24 1-butyl-1H-pyrrole  √ √  √ √ 

8.34 1,3-nonandiene √      

8.50 6-cyano-1-hexene √      

8.60 propyl benzene √ √ √ √ √ √ 

8.65 1-butyl-cyclopentene √    √ √ 

8.68 octanenitrile √    √ √ 

8.73 1-ethyl-2-methyl-benzene √  √   √ 

8.99 1-ethyl-3-methyl-benzene √  √   √ 

9.26 4-decene √  √    

9.34 1-decene √ √ √ √ √ √ 

9.43 decene isomer √  √   √ 

9.50 decane √ √ √ √ √ √ 

9.53 cis-3-decene √  √  √ √ 

9.66 decene isomer √  √  √ √ 

9.74 cyclodecene √  √    

9.99 1-pentyl-1H-pyrrole √ √ √  √ √ 

10.07 butyl-benzene √  √  √ √ 

10.12 nonanenitrile √  √  √ √ 

10.60 1-undecene √ √ √ √ √ √ 

10.67 5-undecene √  √    

10.70 undecane √ √ √ √ √ √ 

10.87 undecene isomer √ √ √   √ 

10.95 cycloundecene √  √    

11.02 1-hexyl-cyclopentene √  √    

11.27 pentyl-benzene √ √ √  √ √ 

11.32 decanenitrile √  √   √ 

11.38 1-methylbutyl-benzene √  √   √ 

11.71 1-dodecene √ √ √ √ √ √ 

11.76 3-dodecene √  √    

11.84 dodecane √ √ √ √ √ √ 

11.95 dodecene isomer √  √    

12.01 cyclododecene √      

12.34 hexyl-benzene √    √ √ 

12.38 undecanenitrile √     √ 

12.41 1,3-dimethylbutyl-benzene √     √ 

12.70 1-tridecene √ √ √ √ √ √ 

12.80 tridecane √ √ √ √ √ √ 

13.33 heptyl-benzene √      

13.58 7-tetradecene √  √    

13.65 1-tetradecene √ √ √ √ √ √ 

13.71 tetradecane √ √ √ √ √ √ 

14.14 nonyl-cyclopentane √ √ √  √ √ 

14.42 1-pentadecene √ √ √ √ √ √ 

14.47 2-pentadecene √ √ √  √  

14.56 pentadecane √ √ √ √ √ √ 

14.99 nonyl-cyclohexane √ √ √   √ 

15.12 1-hexadecyne  √ √    

15.18 1-hexadecene √ √ √ √ √ √ 

15.22 3-hexadecene √ √ √   √ 
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15.27 hexadecene isomer √ √ √    

15.34 hexadecane √ √ √ √ √ √ 

15.85 cyclohexadecane √  √   √ 

15.93 8-heptadecene √  √  √ √ 

15.96 1-heptadecene √ √ √ √ √ √ 

16.09 heptadecane √ √ √ √ √ √ 

17.13 hexadecanitrile √ √ √ √ √ √ 
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Appendix 2.0:  

Pyrolysis Products from 50% Cotton + 33% Viscose + 17% Polyester (C) 

The pyrolysis of 50% cotton + 33% viscose + 17% polyester (C) generated a range 

of products, generally representing its cellulose (cotton and viscose) counterpart with 

most of its key indicators present. However, the consistency of these products across 

the six repeats was very poor. These products were furans, n-aldehydes, aromatics, n-

alkyl-benzenes, furan alcohol, ketones, acid and acid ester, sugar and 

levoglucosenone. All of these products were also detected across the textile blends 

containing cellulose in (A), (B), (D) and a number of these products were also 

present across textiles (F), (N) and (O) that contained cotton, rayon and viscose, 

respectively. The isomers of the sugar compound (1,4:3,6-dianhydro-α-D-

glucopyranose) detected here was also present across textiles (D) and (F) and is 

attributed to have generated from the decomposition of cellulose [1] and has been 

previously mentioned in the literature to be an isomeric form of levoglucosan [2]. 

 

Retention 

Time 

(min) 

Compound Set 

1 2 3 4 5 6 

2.72 methacrylaldehyde   √    

2.99 pyruvaldehyde   √    

3.20 2-methyl-furan  √ √ √ √  

3.93 2,3-dihydro-furan       

4.27 benzene       
4.38 3-methyl-3-buten-2-one       

4.97 1-(ethenyloxy)-3-methyl-butane       

5.12 propanoic acid       

5.56 2,5-dimethyl-furan       

7.06 toluene       

9.03 ethyl-benzene       
9.20 p-xylene       

9.60 o-xylene       

9.90 2-furanmethanol, tetrahydro-       

10.27 propanoic acid, ethenyl ester       

10.30 1-(acetyloxy)-2-butanone       

10.37 5-methyl-2-furancarboxaldehyde       

10.70 1,3,5-trimethyl-benzene       

12.15 levoglucosenone       

13.30 1,4:3,6-dianhydro-α-D-glucopyranose       
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Appendix 3.0:  

Pyrolysis Products from 100% Nylon (G) 

The pyrolysis of 100% nylon (G) generated a range of products that were only 

present consistently across sets 5 and 6 (the two sets that auto-ignited while the rest 

did not). These products were dioxolanes, n-alkyl- and chloro- benzenes, aromatics 

and substituted aromatics, n-alkyl-benzenes, nitriles, n-alkanes and n-alkenes, 

phenyls, alkyl acids and acid esters. Twenty eight of the pyrolysis products detected 

in 100% nylon (G) were also present in 64% polyester + 33% rayon + 3% elastin 

(N). This is thought to be due to the chemical nature of these textiles: they are both 

synthetic petroleum based textiles and, thus, are expected to generate similar 

pyrolysis products when they decompose under heat [3]. A number of nitriles 

detected here were also present in the 80% nylon + 20% elastin samples (H). The 

absence of caprolactam in sample (G) is also highlighted. 

 

Retention 

Time 

(min) 

Compound Set 

1 2 3 4 5 6 

3.92 2-methyl-1,3-dioxolane √    √ √ 

4.27 benzene √    √ √ 

4.78 2-methylene-butanenitrile     √ √ 

7.06 toluene √   √ √ √ 

7.85 1-octene     √ √ 

8.67 chloro-benzene     √ √ 

9.04 ethyl-benzene √    √ √ 

9.20 p-xylene √    √ √ 

9.50 styrene     √ √ 

9.73 1-nonene √    √ √ 

9.85 methoxy-benzene     √ √ 

10.37 benzaldehyde     √ √ 

10.56 propyl-benzene     √ √ 

10.64 benzonitrile     √ √ 

10.71 1-ethyl-2-methyl-benzene     √ √ 

10.94 pentanedinitrile √  √ √ √ √ 

11.07 benzofuran     √ √ 

11.18 1-decene     √  

11.30 2-methyl-pentanedinitrile √    √ √ 

11.44 heptanedinitrile √   √ √ √ 

11.50 α-methyl-styrene √   √ √ √ 

11.83 acetophenone     √ √ 

10.12 1-methylethyl-benzene     √ √ 

11.74 3-butenyl-benzene     √  



394 
 

12.24 benzoic acid, methyl ester     √ √ 

12.42 1-dodecene     √ √ 

12.73 benzoic acid, ethenyl ester √    √ √ 

12.88 benzoic acid     √ √ 

13.40 naphthalene     √ √ 

13.52 1-tridecene     √ √ 

14.02 o-toluic acid, 4-nitrophenyl ester     √ √ 

14.51 1-tetradecene     √ √ 

14.34 p-toluic acid, ethyl ester     √ √ 

15.27 biphenyl     √ √ 

15.00 4-ethylbenzoic acid, 2,3-dichlorophenyl 

ester 

    √ √ 

15.32 benzoic acid, 2-chloroethyl ester     √ √ 

15.75 diphenylmethane     √ √ 

16.20 4-methyl-1,1'-biphenyl     √ √ 
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Appendix 4.0:  

Pyrolysis Products from 100% Silk (I) 

The pyrolysis of 100% silk (I) generated a range of products that displayed poor 

reproducibility. These products included various types of nitriles, aromatics and 

substituted aromatics, isocyanic and phenolic compounds, n-alkenes and n-alkane, n-

alkyl-benzenes, imidazole and caprolactam. Fifteen compounds that were detected 

here were also present in 96% wool + 4% lycra
®
 (L). This is believed to be due to the 

chemical composition of wool and silk as both contain animal proteins and amino 

acids. The presence of caprolactam in silk is also highlighted. Being a natural 

polyamide, silk possesses similar chemical structure to synthetic polyamide (nylon-

lysine is used to synthesise caprolactam) [3, 4] and, thus, during thermal 

decomposition it undergoes pyrolytic breakdown to generate caprolactam. 

 

Retention 

Time 

(min) 

Compound Set 

1 2 3 4 5 6 

2.64 propanenitrile   √ √ √  

3.19 isobutyronitrile √  √ √ √  

3.64 3-butenenitrile   √    

3.98 butanenitrile   √ √ √  

4.27 benzene √  √ √ √ √ 

5.40 2-methyl-butanenitrile   √ √ √  

5.54 3-methyl-butanenitrile √  √ √ √  

6.72 pentanenitrile   √    

7.06 toluene √ √ √ √ √ √ 

7.80 1-octene   √  √  

7.81 1-isocyano-butane √      

8.17 bis(1,1-dimethylethyl)-diazene √  √    

8.20 4-methyl-pentanenitrile √  √ √ √  

9.04 ethyl-benzene √  √ √ √  

9.20 p-xylene √  √ √ √  

9.50 styrene   √  √  

9.73 1-nonene   √  √  

9.90 nonane   √  √  

10.55 propyl-benzene   √  √  

10.63 benzonitrile   √    

10.70 1-ethyl-4-methyl-benzene   √    

10.72 phenol   √  √  

11.92 4-methyl-phenol   √    

12.02 1-methyl-4-nitro-1H-imidazole   √    

12.24 1-isocyano-3-methyl-benzene   √    

12.59 1-methylene-2-benzyloxy-cyclopropene   √    

13.73 caprolactam √ √ √ √  √ 
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Appendix 5.0:  

Pyrolysis Products from 100% Viscose (K) 

The pyrolysis of 100% viscose (K) generated a number of products with poor 

reproducibility across the six repeats with the exception of sets 4 and 6. These 

products were mainly furans, aromatics, n-alkyl-benzene, acid, acid esters and acid 

salt and ketones. All of these products were present in the 50% polyester + 50% 

viscose (O) samples and the majority of them were also detected across the textile 

blends containing cellulose in (A), (B), (C) and (D). 

 

Retention 

Time 

(min) 

Compound Set 

1 2 3 4 5 6 

3.20 2-methy-furan √     √ 

3.90 2-methyl-1,3-dioxolane      √ 

4.27 benzene √ √ √ √  √ 

4.38 3-methyl-3-buten-2-one    √  √ 

5.14 propanoic acid    √  √ 

5.56 2,5-dimethyl-furan √   √  √ 

6.80 propanoic acid, 2-methyl    √   

7.06 toluene √   √  √ 

8.67 1-(acetyloxy)-2-propanone    √  √ 

9.04 ethyl-benzene √   √  √ 

9.48 2,4-dimethyl-furan    √   

9.53 formic acid, furfuryl ester    √  √ 
9.60 2-ethyl-5-methyl-furan    √  √ 

10.25 propanoic acid, ethenyl ester    √  √ 
10.30 1-(acetyloxy)-2-butanone    √  √ 
10.37 5-methyl-2-furancarboxyaldehyde    √  √ 
10.84 2-furanmethanol, acetate    √  √ 
13.10 benzoic acid, ethyl ester    √   

 

Appendix 6.0:  

Pyrolysis Products from 100% Polyester (M) 

The pyrolysis of 100% polyester (M) only generated three products, detected only in 

set 4. These were n-alkyl-benzenes (toluene and ethyl-benzene) and a ketone 

(cathinone). 

 

Retention 

Time 

(min) 

Compound Set 

1 2 3 4 5 6 

7.06 toluene    √   

9.03 ethyl-benzene    √   

12.74 cathinone    √   
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Appendix 7.0:   

Pyrolysis Products from 64% Polyester + 32% Viscose + 4% Elastin (P) 

The pyrolysis of 64% polyester + 32% viscose + 4% elastin (P) generated large 

number of products, namely n-aldehydes, furans, dioxolanes, ketones, acid, acid salt 

and acid esters, oxy-alkenes and -alkanes, aromatics and derivatives, vinyl benzenes, 

ether and a benzonitrile. The majority of these products were also detected in the 

pyrolysis of 64% polyester + 33% rayon + 3% elastin (N), having generated from its 

polyester counterpart. The additional presence of terephthalic acid, 2-chlorophenyl 

ethyl ester in samples (P) is also highlighted in this work. This terephthalic acid is 

expected in polyester-based materials as it is a building block in the synthesis of 

polyester [5]. While the majority of products were of polyester pyrolysis, the 

presence of a group of compounds indicates its cellulose contribution: these 

characteristic by-products are furans (2-methyl-furan, 2,5-dimethyl-furan, tetrahydro-

furan, 2-ethyl-5-methyl-furan), ketones (3-methyl-3-buten-2-one, 1-(acetyloxy)-2-

butanone, 1-(acetyloxy)-2-propanone) and acid esters (propanoic acid, ethenyl ester;, 

2-propenoic acid, methyl ester;).  

 

Retention 

Time (min) 

Compound Set 

1 2 3 4 5 6 

3.21 2-methyl-furan √ √ √  √ √ 

3.56 tetrahydro-furan √ √   √  

3.89 2-methyl-1,3-dioxolane √    √  

4.27 benzene √ √ √  √ √ 

4.38 3-methyl-3-buten-2-one √ √   √  

5.56 2,5-dimethyl-furan √    √  

7.06 toluene √    √  

7.43 3-butenyl-propyl-ether     √  

7.67 1-propoxy-butane     √  

8.67 1-(acetyloxy)-2-propanone     √  

8.76 1,3-dioxolane     √  

9.04 ethyl-benzene √    √  

9.16 2-propenoic acid, methyl ester √    √  

9.20 p-xylene √    √  

9.34 1-butoxy-butene √    √  

9.50 styrene √      

9.60 2-ethyl-5-methyl-furan     √  

10.25  propanoic acid, ethenyl ester     √  

10.30 1-(acetyloxy)-2-butanone     √  

10.37 benzaldehyde     √  
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10.56 propyl-benzene     √  

11.07 benzofuran     √  

11.50 1-propenyl-benzene     √  

11.83 acetophenone √    √  

12.03 3-methyl-benzaldehyde     √  

12.73 benzoic acid, ethenyl ester     √  

12.88 benzoic acid √    √  

12.24 benzoic acid, methyl ester     √  

13.40 naphthalene     √  

13.21 1-(4-methylphenyl)-ethanone     √  

14.02 o-toluic acid, 4-nitrophenyl ester     √  

14.26 1-(4-ethylphenyl)-ethanone     √  

15.00 p-toluic acid, ethyl ester     √  

15.00 4-ethylbenzoic acid, 2,3-dichlorophenyl 

ester 

    √  

15.27 biphenyl √    √  

15.72 diphenylmethane     √  

16.20 4-methyl-1,1'-biphenyl     √  

17.10 terephthalic acid, 2-chlorophenyl ethyl 

ester 

    √  
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Appendix 8.0: 

EIC and EIP of Porcine Bone in the Presence of Textiles (Combined Samples) 

  

EIC and EIP of Porcine Bone in the Presence of Cotton and Cotton Blends  

Figures 8.1, 8.2 and 8.3 illustrate the EICs and EIPs of combined samples (AA) (set 

5), (BB) (set 4) and (DD) (set 4), respectively. These were the sets that produced the 

highest number of pyrolysis products and were subjected to further scrutiny. 

Although hexadecanitrile was detected in all three combined samples, it was not 

present in set 4 of combined samples (DD).  

 

For n-alkanes and n-alkenes, all of the characteristic ions were present across all 

three combined samples at varying abundances. Across all three combined samples, 

ion 99 had the lowest abundance for n-alkanes; whereas for n-alkenes, ions 83 and 97 

were the lowest for combined samples (BB) and (DD). In combined samples (AA), 

all of the characteristic ions for n-alkenes were at high abundances. 

  

Similar observations were noted for m/z values of hexadecanitrile in combined 

samples (AA), but this was not the case for combined samples (BB) as two of the 

five ions (152 and 166) were not present. However, the presence of the other three 

ions in the peak at 19.36 minutes was sufficient enough to distinguish the alkane-

nitrile from the other individual highlighted peaks. 
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 (a)  

(b)  

(c)  

 

Figure 8.1: EIC and EIP of (a) n-alkanes, (b) n-alkenes and (c) hexadecanitrile in combined samples (AA) 
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(b)  

(c)  

 

Figure 8.2: EIC and EIP of (a) n-alkanes, (b) n-alkenes and (c) hexadecanitrile in combined samples (BB) 
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Figure 8.3: EIC and EIP of (a) n-alkanes and (b) n-alkenes in combined samples (DD) 
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EIC and EIP of Porcine Bone in the Presence of Acrylic and Acrylic Blends  

For combined samples (EE) and (FF), sets 1 and 2, respectively, were the sets that 

produced the highest number of pyrolysis products and were subjected to further 

scrutiny. EIC and EIP for each combined samples (EE) and (FF) are displayed in 

Figures 8.4 and 8.5, respectively. Hexadecanitrile was detected in combined samples 

(EE), but not in combined samples (FF). 

 

Similar to cotton blends, all of the characteristic ions for n-alkanes and n-alkenes 

were present across both combined samples at varying abundances. Across both 

combined samples, ion 99 had the lowest abundance for n-alkanes, whereas for n-

alkenes ions 69, 83 and 97 were present at low abundances in combined samples 

(FF) but were at high abundances in combined samples (EE).  

 

Also in combined samples (EE), all five ions characteristic of hexadecanitrile were 

present. The EIC and EIP of n-alkanes and n-alkenes contained additional 

highlighted peaks that are attributed to the presence n-alkane- and n-alkene-

substituted nitrile groups detected across both combined samples. 
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(a)  

(b)  

(c)  

 

Figure 8.4: EIC and EIP of (a) n-alkanes, (b) n-alkenes and (c) hexadecanitrile in combined samples (EE) 
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(a)  

(b)  

 

Figure 8.5: EIC and EIP of (a) n-alkanes and (b) n-alkenes in combined samples (FF) 
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EIC and EIP of Porcine Bone in the Presence of Nylon-Elastin Blend 

Figure 8.6 displays the EIC and EIP of combined samples (HH) utilising the TIC of 

set 6, the set that generated the highest number of pyrolysis products. With similar 

results to the cotton and acrylic blends, all of the characteristic ions of n-alkanes and 

n-alkenes were present but at varying abundances, with ion 99 for n-alkanes and ion 

97 for n-alkenes present at the lowest abundance in comparison to the other m/z 

values. 

 

Two of the five ions (166 and 180) characterising hexadecanitrile were absent in 

combined samples (HH). The presence of the other three ions in the peak at minute 

19.36 was sufficient for distinguishing the alkane nitrile from the other individual 

highlighted peaks, as documented in the cotton-elastin blend. Bearing similarities to 

the acrylic and acrylic blends, the EIC and EIP of n-alkanes and n-alkenes also 

contained additional highlighted peaks that are attributed to the presence of n-alkane- 

and n-alkene-substituted nitrile groups detected in combined samples (HH). 

 

EIC and EIP of Porcine Bone in the Presence of Denim 

As set 6 of the combined sample (JJ) generated the highest number of pyrolysis 

products, its TIC was subjected to EIC and EIP, as illustrated in Figure 8.7. With 

similar results to the cotton, acrylic and nylon blends, all of the characteristic ions of 

n-alkanes, n-alkenes and hexadecanitrile were present but at varying abundances, 

with ion 99 for n-alkanes present at the lowest abundance. All characteristic ions for 

n-alkenes and hexadecanitrile were present at high abundances. 

 

EIC and EIP of Porcine Bone in the Presence of Wool-LYCRA
®
 Blend 

For combined samples (LL), set 4 produced the highest number of pyrolysis products 

and was subjected to EIC and EIP as detailed in Figure 8.8. As documented in all of 

the previously detailed combined samples, all of the characteristic ions of n-alkanes 

and n-alkenes were present but at varying abundances. Ion 99 had the lowest 

abundance for n-alkanes, whereas for n-alkenes ion 97 had the lowest abundance. 

Also in combined samples (LL), all five ions characteristic of hexadecanitrile were 

present.  
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(c)  

 

Figure 8.6: EIC and EIP of (a) n-alkanes, (b) n-alkenes and (c) hexadecanitrile in combined samples (HH) 
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Figure 8.7: EIC and EIP of (a) n-alkanes and (b) n-alkenes in combined samples (JJ) 
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Figure 8.8: EIC and EIP of (a) n-alkanes, (b) n-alkenes and (c) hexadecanitrile in combined samples (LL) 
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EIC and EIP of Porcine Bone in the Presence of Polyester and Polyester Blends 

Figures 8.9 and 8.10 illustrates the EIC and EIP of combined samples (NN) (set 2) 

and (OO) (set 3), respectively. For n-alkanes, n-alkenes and hexadecanitrile, all of 

the characteristic ions applied were present across both combined samples but at 

varying abundances.  

 

While ion 99 had the lowest abundance for n-alkanes across both combined samples, 

it was ions 83 and 97 for n-alkenes in combined samples (OO). All of the m/z values 

for n-alkenes were present at high abundances in combined sample (NN), and 

hexadecanitrile ions were present across both samples at high abundances.  

 

EIC and EIP of Porcine Bone in the Presence of Leather 

For combined samples (QQ), set 4 produced the highest number of pyrolysis 

products; thus, EIC and EIP exactions were conducted on its TIC and are displayed 

in Figure 8.11.  

 

For n-alkanes, n-alkenes and hexadecanitrile, all of the characteristic ions were 

present across both combined samples but at varying abundances. Ion 99 had the 

lowest abundance for n-alkanes while all of the m/z values for n-alkenes and 

hexadecanitrile were present at high abundances.  

 

In contrast to the rest of the combined samples, the TIC of combined samples (QQ) 

was more complicated and made it difficult to extract the characteristic ion profiles 

as both contributors (porcine bone and leather) generated similar pyrolytic 

compounds, particularly heavy molecular weight n-alkenes and some less consistent 

n-alkanes. The m/z values of a homologous series of n-alkanes and hexadecanitrile 

were more useful in this instance. 
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(a)  

(b)  

(c)  

 

Figure 8.9: EIC and EIP of (a) n-alkanes, (b) n-alkenes and (c) hexadecanitrile in combined samples (NN) 
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(c)  

 

Figure 8.10: EIC and EIP of (a) n-alkanes, (b) n-alkenes and (c) hexadecanitrile in combined samples (OO) 
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Figure 8.11: EIC and EIP of (a) n-alkanes, (b) n-alkenes and (c) hexadecanitrile in combined samples (QQ) 
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