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Abstract

This study aimed to investigate the pyrolysis behaviour of substrates and the influence of
various factors on the formation of degradation products through experimental and real world
simulations. Experimental simulation involved the pyrolysis of substrates in an inert
environment constructed of a glass ampoule and steel compartment. Real world simulation
involved the pyrolysis of substrates under a thin metal sheet with external heat from a propane
torch. Experimental simulation results illustrate the formation of aromatics from common
polymers were possible when the temperature exceeded 550 °C for 30 min. The presence of a
matrix profile can be masked by ignitable liquids when the ratio was greater than the substrate.
Samples subjected to 550 °C pyrolysis produced strong positive correlation between all
samples regardless of the substrate types or presence of ignitable liquid. Samples with similar
chemical structure, such as PP, HDPE, LDPE had greater correlation between themselves
compared to phenyl ring structured PER and PET. Nylon sample had closer correlation with
aliphatic PP, HDPE, and LDPE. Aliphatic samples subjected to <300 °C pyrolysis had negative
correlation with both aromatic (PC1) and oxygenated products (PC2). There was no secondary

cracking for the cyclisation process to take place.

Keywords: polymers; ignitable liquids; pyrolysis conditions; lab-simulated fire debris
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Chapter 1: Introduction

Fires are destructive and life-threatening incidents globally. Figure 1 depicts the reported fire
cases in 2020 by 34 countries to the CTIF (The International Technical Committee for the
Prevention and Extinction of Fire) database (Brushlinsky et al., 2022). In 2020, there were 2.8
million fires reported across 34 countries, and of that 24.25% of the fires were residential.
Residential fires were the main cause of deaths and injuries which accounted for an average of
82.75% of fire deaths in 21 countries and 60.59% of fire injuries in 18 countries (Brushlinsky et
al., 2022). Arson is defined as the intentional burning or charring of property (Ahrens et al.,
2021). It is a growing concern that individual lives will be taken from the destructive force as
well as damage and pollution to the environment. The National Fire Protection Association
(NFPA) reported that house fires accounted for 26% of all recorded fires between 2015 and
2019 in the United States (Ahrens et al., 2021). The common causes of house fires include
cooking (54.47%), heating equipment (14.73%), faulty electrical distribution and lighting
equipment (10.29%), intentional fire setting (9.13%), smoking materials (5.24%), exposure to
another fire (3.76%), and candles (2.38%). The true cause of the intentional fire setting is the
most difficult to determine. Although it has been reported that 64% of intentional fires were
suicides, there is a significant overlap between intentional and arson fires (Ahrens et al., 2021).
Therefore, it i1s important to identify the origin and cause of the fire incidents to draw
hypothesis about whether a crime was committed. The general process of fire debris analysis
consists of the following steps: (1) sample identification and collection, (2) extraction of
volatile compounds from fire debris sample, (3) chemical analyses of the extracted volatile
compounds and (4) data analysis and interpretation of the results to identify the compounds and

their possible source (Almirall et al., 2004).

The challenge to investigators and analysts of an arson case revolves around the fact that no
two fires are identical in terms of their intensity, size, and burning environment (DeHaan et al.,
1997). The investigators are responsible for collecting useful and evidential fire debris from the
incident, which are brought to the lab for analysts to determine the presence of possible
ignitable liquids. However, the fire destruction will not only yield potential ignitable liquid
residue, but also the breakdown of material within the fire scene generating interfering
patterns. The generated interfering patterns will add another layer of complication to the

sample collection and analysis of the ignitable liquids (Nic Daéid, 2005).
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Arson investigation requires adequate expertise, skill, and technology to identify the cause of
the fire incident. Fuel, oxygen, and heat are the three factors that affect the fire dynamics. If any
one of the factors is removed, the fire chain reaction will extinguish and stop the spread of fire
(Stauffer et al., 2008, Churchward et al., 2004). The ratio of fuel to oxygen to heat may be
established by examining the burning path of fire and suggest the movement of fire within the
fire scene. It can also help to generate a hypothesis on whether an external body had entered
into the compartment thereby adding oxygen to amplify the combustion (Jackson et al., 2011).
The examination of ventilation along with the collection of fire debris from different areas
affected, as well as the degree of burning is important for the investigation. The fire debris
collected are subjected to lab analysis and comparison to reference samples from the lab to
interpret the degradation of the material and the possible presence of an ignitable liquid
(ASTM, 2019). The presence of ignitable liquid residue may be masked by the pyrolysis and

combustion interference products from combustibles (Almirall et al., 2004).
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Figure 1 Distribution of globally reported fire, fire death, and fire injuries in 2020 (data source: Brushlinsky et al., 2022)
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The literature review (Section 2) demonstrated the primary focus in studying ignitable liquids
for arson cases was on gasoline and diesel, as indicated in Table 2. These liquids are commonly
chosen due to their accessibility and low cost. They primarily consisted of hydrocarbon
structures, with alkanes, cycloalkanes, and aromatics being the main classes. However, the
studies used cellulose-based materials, such as paper, Kimwipes™, and wood as substrates.
Polymer-based materials commonly found in household products, which decompose into
similar ranges of hydrocarbons under pyrolysis conditions were rarely investigated due to the

concerns about their potential interference with the detection of ignitable liquids.

In 2021, the global production of fossil-based plastic reached 352.8 million tonnes (EPRO,
2022). Among the various types of plastic, polyethylene (LDPE and HDPE) accounted for the
highest proportion, contributing to 30% of the overall production, followed by polypropylene
at 21%, Figure 2(a) (EPRO, 2022). The statistic, Figure 2(b), revealed that packaging
accounted for 44% of the total plastic production (EPRO, 2022). The extensive use of polymers
in packaging suggests a significant likelihood of hydrocarbon fragments originating from these
polymers being present in fire debris. However, the investigations into petroleum-based
polymers like polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC), and
polyethylene terephthalate (PET) were rarely investigated.

Over half of the studies for the presence of ignitable liquids were conducted either with no
burning or with the addition of ignitable liquids after the burning process, Table 2. These

results were not sufficient to represent the presence of ignitable liquids in the fire scene.

‘ Others
(a) other (b) Agriculture, 12%
Farming, and
Gardening

4%

Household.

Leisure & Sports
7% Packaging
44%
PUR e

Electrical &
Electronics
LDPE 7%

16%
Automotive
8%

» Building ™8
14% P'\OC/ Construction
14% 18%

Figure 2 Distribution of global (a) fossil-based plastic production and (b) application of plastics (EPRO, 2022)
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Aims & Objectives

Simulation of “real life” fire debris by pyrolysis, analysing, and interpreting materials in the lab
is the goal of this research. If a real fire debris scenario can be simulated in a lab, it implies an
alternative way of generating reference samples for comparison purposes where unburned
reference sample from the fire scene is impossible to collect. Unfortunately, a full-scale
duplication of a fire scene is near impossible in the lab. Therefore, focusing on creating testing
conditions for lab burns of common household polymers was the main approach to this

research.

A database comprising different lab burn techniques and substrates can enhance the
investigative understanding of arson scenes. The application of chromatographic analysis can
assist in identifying potential ignitable liquids and pyrolysis products. By employing
chemometric and contour plot techniques to project simulated lab burn data, analysts can
differentiate between burnt materials that may or may not contain ignitable liquids. Such
analyses can also help in determining the similarity between lab burn data to casework fire

debris and ignitable liquids contained in the reference collection and substrate databases.

For the purposes of this research, organic polymer substrates and their favoured degradation
mechanisms were the focus with the investigation on the effect of temperature, duration, ratio,
and presence of external ignitable liquids. Specifically, the pyrolysis of polypropylene (PP),
polyethylene terephthalate (PET), high-density polyethylene (HDPE), low-density
polyethylene (LDPE), polyester (PER), and nylon (Ny) are investigated.

This research investigated the effect of temperature, time, and presence of ignitable liquids on
the process of pyrolysis with a view to informing the investigation of scenes of fire. Pyrolysis
products, if not correctly identified, can easily be confused as ignitable liquids. Pyrolysis can
be categorised according to the temperature range, mild pyrolysis (300-500 °C), typical
pyrolysis (500-800 °C), and extreme pyrolysis (>800 °C). Existing literatures has explored
products formed at mild pyrolysis temperature 400 °C or below (Vermesi et al., 2016;
Sandercock, 2012).

There is no existing research investigation on the effect of ignitable liquids from household
materials on the pyrolysis of common polymers. The aim of this research is to study the effect
of pyrolysis temperature, duration, and the ratio of materials present on the resulting pyrolysis

profiles of selected synthetic polymers (PP, PET, HDPE, LDPE, PER, Ny). The effect of

16



ignitable liquids (acetone, hexane, butan-2-one, pentan-3-one, ethyl acetate, and isopropanol)
present with the polymers are also investigated. This study considered the effect of pyrolysis
reaction time and different temperatures on the pyrolysis products of common polymers. This

can be a useful insight to the determination of the presence of ignitable liquids from collected

fire debris.
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Chapter 2: Literature Review

2.1  Fire

Fire is an exothermic chemical reaction involving the interaction of combustible material,
oxidiser, and thermal energy. It is a self-sustaining chain reaction known as a combustion
reaction (Jackson et al., 2011). Combustible materials can be defined as those that are “capable
of burning” under normal atmospheric pressure and temperature (Churchward et al., 2004). It
is also known as fuel and generally encountered fuel are organic with carbon-based structures.
Some examples of organic fuels include gasoline, natural gas, plastics, wood, etc. The
combustibles can exist as solids, liquids, or in gaseous form depending on the environmental
factors, temperatures and pressures. The oxidiser provides oxygen to the combustion reaction
and normally will consist of oxygen present in air. However, an oxidiser can also be chlorine,
fluorine, or chemicals containing oxygen in their structure (Churchward et al., 2004). Thermal
energy is the ignition source required to activate the combustion reaction. A self-sustained
combustion, known as a fire, occurs when excess heat from an exothermic reaction ignites fuel
vapours in the absence of the initial ignition source (Churchward et al., 2004). Figure 3

illustrates the fire tetrahedron and the fire will be extinguished if one of the factors is removed.

Flaming and smouldering are the two mechanisms to combust solids (Churchward et al., 2004;
Jackson et al., 2011). Flaming combustion takes place in the gas or vapour phase of a fuel. The
flame can be seen above the surface of solid or liquid fuels. A flaming combustion will stop
when the oxygen level is <10% (Belcher et al., 2010) but can continue under post-flashover
temperature conditions when oxygen level is close to 0% (Churchward et al., 2004). A
flashover is known as pyrolysis of combustible surfaces to generate flammable gases (Jackson
et al., 2011). Although a flashover does not always happen, it happens when the thermal
radiation meets all exposed combustible surfaces to pyrolyze and ignite with adequate
ventilation. Smouldering is a surface-burning phenomenon with solid fuels and involves a
lower rate of heat release and no visible flame. When the smouldering process generates
sufficient energy or when the airflow is increased, the smouldering process can change to

flaming combustion (Churchward et al., 2004).
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Figure 3 Fire tetrahedron (Churchward et al., 2004)

2.2 Combustion and Pyrolysis

Combustion and pyrolysis are thermal degradation processes that occur in organic materials.
Both share similarities but the main differences between combustion and pyrolysis are the
oxygen availability, products generated, energy output, and process temperature. Combustion
requires oxygen to occur whereas pyrolysis occurs in the absence of oxygen (Stauffer et al.,
2008; Churchward et al., 2004). Combustion is also defined as a rapid oxidation of fuel in the
presence of oxygen to produce heat, light, and various combustion products. The primary
combustion products include carbon dioxide and water vapour as shown in equation 1 (Zhang

etal., 2007).
Equation (1)

On the other hand, pyrolysis undergoes other mechanisms to produce smaller volatile and semi
-volatile compounds, including hydrocarbons, alcohols, ketones, and acids. These thermal
degradation mechanisms include random chain scission, side group scission, rearrangement,
cyclisation, and dehydrogenation reactions (Moldoveanu, 1998). Typically, combustion
generates higher energy outputs than pyrolysis. The presence of oxygen in a combustion
reaction allows the oxidation of fuel to release heat and increase in process temperature. In
contrast, pyrolysis occurs at lower temperatures and is less efficient in producing energy

outputs (Al-Haj Ibrahim, 2020).

2.2.1 Pyrolysis Mechanisms
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Stauffer (2003) identified three distinct degradation mechanisms observed during the pyrolysis
of polymeric materials. These commonly observed mechanisms include random scission, side
group scission, and monomer reversion. Additionally, less commonly observed mechanisms
such as rearrangement of natural and synthetic organic materials, as well as cross-linking
leading with char formation can occur (Gebre et al., 2021). It should be noted that pyrolysis of
burned material does not always follow a single mechanism but often involves multiple
pyrolysis pathways simultaneously (Zeng et al., 2020). The specific pyrolysis pathways
observed depends on the strength of the molecular bonds within the substrate being burned and
the temperature at which the heat is applied (Gebre et al., 2021). These variations in pyrolysis
mechanisms pose challenges for fire debris analysts when interpreting chromatographic
profiles. Figure 4 illustrates commonly encountered polymers and the favoured degradation

mechanisms associated with them (Stauffer, 2003; Moldoveanu, 1998).
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Figure 4 Common polymers and their primary degradation mechanisms (Stauffer, 2003)

Random Chain Scission
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Random scission refers to the random breaking of carbon-carbon bonds within a molecule,
resulting in the formation of smaller components such as alkanes, alkenes, and alkadienes
(Lentini, 1998). This mechanism is commonly observed in polymers that have carbon-carbon
bonds of similar strength in their backbone structure (Sanchez-Jiménez et al., 2010).
Polyethylene and polypropylene are polymers that often undergo random scission. When
polyethylene is burned, the chromatographic profile will exhibit the presence of radical,
unsaturated hydrocarbons (alkenes), and saturated hydrocarbons (alkanes) (Stauffer et al.,
2008). The mechanism of random chain scission in polyethylene is illustrated in Figure 5. In
the case of polypropylene, the scission of carbon chains mainly occurs between tertiary and
secondary carbons. This is due to the presence of methyl substituents along the backbone of
polypropylene, resulting in every other carbon attached to a methyl group being tertiary
(Wampler, 2002).
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Figure 5 Random chain scission mechanism (Stauffer, 2003)

Side Group Scission

Side group scission refers to the loss of groups attached to the side of the carbon backbone in a
polymer, leading to the formation of a linear polyunsaturated structure. This polyunsaturated
structure then undergoes further degradation, including scission, aromatisation, and char

formation (Beyler et al., 2002). Polyvinyl chloride (PVC) is an example of a polymer that
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undergoes side group scission. During this process, PVC loses hydrogen chloride (HCI) and
forms a conjugated double bond backbone (Liu et al., 2023). The conjugated double bonds in
the backbone undergo additional degradation, resulting in the formation of aromatic
components and smaller fragments. Side group scission of the carbon-carbon backbone in PVC
yields aromatic components such as benzene, toluene, ethylbenzene, styrene, and naphthalene
(Kusch, 2012; Beyler et al., 2002). The mechanism of side group scission in PVC is depicted in
Figure 6. Polymers with side group scission as primary mechanisms yield similar aromatic

products once the side groups are eliminated.
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Figure 6 Side group scission mechanism (Stauffer, 2003)

Monomer Reversion

Monomer reversion or depolymerisation occurs when a polymer undergoes a free radical
mechanism that reverts it back to the individual monomer or a group of monomers used in its
synthesis. This depolymerisation mechanism produces a simple chromatogram characterised
by large peaks corresponding to the monomers generated from the degradation of the polymer.
Polystyrene and polymethacrylates are examples of polymers that undergo depolymerisation
(Wampler, 2007). Specifically, polymethacrylates undergo scission, releasing a smaller
unsaturated component and a free radical, Figure 7 (Stauffer, 2003). This process, often

referred to as “unzipping”, results in the formation of a major peak within the chromatogram

22



representing the smaller unsaturated monomer for polymethacrylates (Kusch, 2012). When the
polymer undergoes complete depolymerisation, the chromatographic profile will show a single
peak corresponding to the monomer. However, it is important to note that the depolymerisation
process can occur after the side group scission process leading to additional peaks in the
chromatogram (Stauffer, 2003).
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Figure 7 Monomer reversion mechanism (Stauffer, 2003)

Free Radical Mechanisms

Free radical reaction is one of the minor degradation pathways in the pyrolysis of polymers.
Free radicals are highly reactive species that have an unpaired electron. They are formed when
a molecule or atom undergoes homolytic bond cleavage resulting in the generation of two
radicals. In the context of pyrolysis, the high temperatures break the chemical bonds within the
polymer chains leading to the formation of free radicals. The free radical mechanisms consist
of three main steps: initiation, propagation, and termination. The initiation step occurs when
energy from the heat source or from thermal degradation breaks a weak bond in the polymer.
This bond cleavage generates two radicals, one located on the polymer chain and the other on
the fragment that detached from the original polymer. These radicals are highly reactive and
seek to stabilise themselves by either reacting with other radicals or with stable molecules
present in the system. The second step is propagation where the original fragment reacts with
neighbouring polymer chains or with stable molecules such as small hydrocarbon fragments in
the system. This reaction involves the transfer of the unpaired electron from the original
fragment to the stable molecule, resulting in the formation of a new radical. The newly formed
radical can then initiate a chain reaction by further propagating the decomposition process. The

chain reaction continues as the newly formed radical reacts with other polymer chains or stable
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molecules creating a cascade of reactions. This leads to the production of various smaller
fragments, such as hydrocarbons, aldehydes, ketones, and aromatic compounds, depending on
the specific polymer being pyrolyzed. The reaction proceeds until the radicals are consumed or
until termination reactions occur. The final step in the free radical reaction is termination. This
involves the combination of two radicals, resulting in the formation of stable molecules without
any unpaired electrons. Termination reactions can occur through radical-radical recombination
or by reactions with other molecules present in the system (Ashenhurst, 2022; Libretexts, 2022;

Khan, 2012).

2.3 Fire Investigation

Fire investigation and analysis is a complex process that involves a variety of techniques and
methods to determine the cause and origin of a fire. The general process of fire investigation
and analysis includes scene examination, evidence collection, laboratory analysis,

documentation, reconstruction, and report writing (Churchward et al., 2004).

The scene examination is the first investigation step after the fire is extinguished. The
investigator will look for any evidence that may help determine the origin and cause of the fire,
such as burn patterns, heat damage, and the location of the most intense fire damage. The next
step is to collect evidence from the scene, which can include physical samples of debris and
materials, photographs, and documentation of any eyewitness accounts. Physical samples
collected from the scene are sent to a laboratory for analysis. Depending on the suspected cause
of the fire, various analytical techniques may be used, such as gas chromatography, mass
spectrometry, and microscopy. These techniques can help identify the presence of accelerants
or other substances that may have contributed to the fire. Throughout the investigation, the
investigator must document all observations and findings. This includes photographs,
diagrams, and written notes. The investigator may also need to interview witnesses and collect
statements. Once all the evidence has been collected and analysed, the investigator will
reconstruct the fire scene to determine the most likely cause and origin of the fire. This involves
analysing the physical evidence and reconstructing the events leading up to the fire. Finally, the
investigator will write a report summarizing the investigation and presenting the findings. The
report will typically include a detailed description of the fire scene, evidence collected,
laboratory analysis results, reconstruction, and conclusions regarding the cause and origin of

the fire (Churchward et al., 2004).
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The process of conducting a fire investigation requires the application of scientific expertise
and technology to form legally defensible conclusions. These conclusions must be based on
objective and truthful compilation of factual data, ensuring the absence of prejudice, bias, or

preconception.

2.4 Current Methods for Fire Debris Analysis
The following list consists of the standards related to fire debris analysis published by ASTM

(American Society of Testing and Materials) International:

] ASTM E2451-21: Standard practice for preserving ignitable liquids and ignitable liquid
residue extracts from fire debris samples.

] ASTM E3245-20el: Standard guide for systematic approach to the extraction, analysis,
and classification of ignitable liquids and ignitable liquid residues in fire debris samples.

] ASTM E3197-20: Standard terminology relating to examination of fire debris.

[ ASTM E1412-19: Standard practice for separation of ignitable liquid residues from fire
debris samples by passive headspace concentration with activated charcoal.

] ASTM E1413-19: Standard practice for separation of ignitable liquid residues from fire
debris samples by dynamic headspace concentration onto an adsorbent tube.

] ASTM E1618-19: Standard test method for ignitable liquid residues in extracts from fire

debris samples by gas chromatography-mass spectrometry.

2.5 Recent Advancement in Fire Debris Analysis
As was discussed previously fire debris analysis comprises of scene examination, evidence
collection, and lab analysis. Various approaches in advancing the sampling and analytical

methods have been developed to resolve the challenges in the chemical analysis of fire debris.

2.5.1 Fire Debris Sampling

Correct and adequate sampling of fire debris can increase the success rate of the subsequent
chemical analysis, so knowing what to look for at the fire scene is essential. There are various
forms of sampling techniques in arson investigation, including canines, the use of

spectroscopic instruments, and electrochemical sensors.

Canines
The use of canines in detecting accelerants in fire debris is a common practice among

investigators (Dalton, 2017). Canines possess an exceptional sense of smell, with a range of
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300,000-500,000 times stronger than humans (K9s4COPs, 2023) enabling them to effectively
sweep search for accelerant identification. Canines can detect trace amounts of accelerants
(0.1ppm), thereby reducing the search time taken at the scene of fire to search for and locate
accelerants that may be invisible to the human eye. In comparison, a canine can cover a much
larger area of approximately 400-500m? in 10min, whereas a single investigator can only

search up to 30m? in 4 hours (O’Hagan et al., 2021).

Prior to commencing their operational duty, canines require an extensive training period of up
to 14 weeks with a handler and an average continuous training time of 24.3 hours per month
(An Garda Siochéna, 2023; Lancashire Constabulary, 2023; Mesloh, 2006). Despite their
strong sense of smell, there is a high incidence of incorrect alerts by canines due to the
chemical similarity of ignitable liquids and petroleum derived background materials. Canines
may also experience signal saturation and their sense of smell may be subject to refractory
periods, leading to a temporary confusion and false alerts (O’Hagan et al., 2021). To address
this issue, Abel et al. conducted a study on confirmatory analysis of canine search results to

improve the training and certification procedures (Abel et al., 2022).

From an economic viewpoint, the cost of training a canine to operational standards is a high
financial investment, making it a drawback of using canines. The cost of training a canine
varies depending on the region of training. In Ireland, the approximate cost of training a canine
is € 100,000 with an ongoing cost of € 40,000 per annum (Mulligan, 2020). In the UK, it is
estimated to cost £18,500 for the first year, which includes the cost of the puppy, veterinary,
training course, equipment, kennels, and food (South Yorkshire Police, 2017). In the US, the
full operational canine training cost can range from $30,000 to $80,000 (Wright, 2019).

Spectroscopic Techniques

In arson investigation, the use of spectroscopic techniques has become a growing trend.
Portable instruments are particularly useful in situations where a canine is unavailable or where
the area is unsafe for the canine to access. While UV light was available in the 1970s for
identifying pour patterns, it was not commonly used at that time due to inadequate technical
equipment for production of satisfactory results (Griffin, 2020). However, the technique has
since been successfully applied in fire investigation due to its simplicity, speed, and non-
destructive nature, as well as minimising the chemical waste production in fire scene analysis
(Griffin, 2020). White light is insufficient for identifying the presence, spread, or pour patterns

of accelerants. Fluorescence techniques are effective in complementing sampling and liquid
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pattern analysis by capturing scene images at different wavelengths (Ljungkvist et al., 2019).
This technique can be used in conjunction with canines, where canines can initially sweep the
area to highlight a potential location of ignitable liquids, and then fluorescence cameras can be
used to identify the exact location or collect debris for further lab testing. As no single method
can provide positive results in arson investigation, cooperation between canines, investigators,

and the lab is essential for enhancing the success rate.

Ljungkvist et al. highlighted that the detection of fluorophores relies entirely on the specific
UV-light utilised and the product being examined (Ljungkvist et al., 2019). This indicates that
heavy petroleum distillate molecules generally absorb UV light at longer wavelengths due to
their higher number of saturated bonds. Notably, Griffin observed that employing multiple
light sources for illuminating accelerants leads to enhanced fluorescence detection compared to
using a single light source, Table 1 (Griffin, 2020). Blue light (440-485nm) proved to be the
most effective in inducing fluorescence in petrol and white spirit, red light (620-740nm) in
BBQ lighter fluid and acetone, and UV light (100-400nm) in diesel. However, it was also
noticed that diesel occasionally exhibited better fluorescence under blue light deviating from
the optimal UV light source (Griffin, 2020). This suggests that utilising multiple light sources

can prevent potential accelerants from being overlooked.

Table 1 Fluorescence of ignitable liquids under each light source

Light source
Ignitable liquids uv Blue Blue/Green | Green Red

100-400nm | 440-485nm | 485-500nm | 500-565nm | 620-740nm
Petrol 1 1 1 1 0
Diesel 4 4 2 2 0
BBQ lighter fluid 0 0 0 0 3
Acetone 0 0 0 0 4
White spirit 0 3 3 0 0

0 —no fluorescence observed; 1 — slight fluorescence observed; 2 — some fluorescence observed; 3 — fluorescence
observed but difficult to distinguish between the ignitable liquid and background; 4 — bright fluorescence and

liquid pattern can be observed easily (Griffin, 2020)

Fluorescence offers several advantages in the realm of detecting ignitable liquids. However, it
also possesses inherent limitations. To effectively observe weak fluorescence, the screening

environment must be entirely dark and the detector should be placed a short distance from the
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sample. Additionally, the presence of background materials can overshadow the weak
fluorescence emitted by accelerants can potentially lead to misinterpretation. Moreover, the
presence of reflected light can further complicate the analysis (Ljungkvist et al., 2019).
Another factor to consider is the production of carbon monoxide during the combustion
process, which can generate an increase in fluorescence. This phenomenon may cause
confusion for investigators when attempting to identifying the potential presence of ignitable

liquids (Griftin, 2020).

Electrochemical Techniques

A portable photoionization detector (PID) is a widely employed non-destructive instrument for
the identification of volatile organic compounds (VOCs) (O’Hagan et al., 2021). The compact
and portable design of the PID makes it highly suitable for field investigations. It utilises UV
light as the energy source to irradiate gas molecules while electrochemical sensors within the
device measure the resulting electrical currents generated through reactions between the gas
molecules and applied reagents (Baldwin, 2015). The PID offers a straightforward, quick, and
precise means of detecting accelerants within concentration ranges of parts per million (ppm)
and parts per billion (ppb). Additionally, the use of PID can mitigate false-positive results
caused by pyrolysis (O’Hagan et al., 2021). However, the application of PID is subject to
certain limitations. One such limitation is its sensitivity to humidity, as high humidity levels
(>70%) can reduce instrument sensitivity and necessitate frequent recalibration (O’Hagan et al.

,2021).

A new technology known as portable hydrocarbon noses has emerged for on-site detection of
accelerants. These devices primarily rely on an integrated sensor capable of detecting
combustible and hazardous vapours even at concentrations as low as 1ppm (Wu et al., 2020;
Baldwin, 2015). By employing a small vacuum pump and a narrow hose, the vapours are
drawn into a chemical detector and subsequently detected by a sensor specifically designed for
this purpose. The sensor measures electrical currents that arise from the reaction between the
targeted gaseous molecules and the applied reagents within the sensor (Baldwin, 2015). While
these electrochemical sensor devices can function similarly to canines, their ability to identify
characteristic compounds of accelerants and degradation products resulting from pyrolysis is
relatively limited in terms of specificity and sensitivity (Torres ef al., 2020). Nonetheless, the
use of hydrocarbon noses can complement the capabilities of canines and fluorescence

detectors in accelerant detection.
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Ferreiro-Gonzélez et al. conducted a study to explore the application of an electronic nose (E-
Nose) as a non-separative technique for analysing ignitable liquids. They proposed that this
method could serve as an environmentally friendly alternative to conventional analysis of
ignitable liquid residues. The E-Nose system utilised in the study consisted of a headspace
autosampler and a Kronos quadrupole mass spectrometer. The authors reported a total analysis
time of 12 minutes for this system. Through the combined use of chemometric tools, such as
hierarchical cluster analysis (HCA) and linear discrimination analysis (LDA), partial
discrimination of ignitable liquids was achieved (Ferreiro-Gonzalez et al., 2016).
Subsequently, the authors published another paper focusing on the validation of the headspace
mass spectrometry electronic nose (HS-MS E-Nose) in conjunction with chemometric tools.
The results showed that this developed method enabled the analysis of fire debris in 10 minutes
without the need for solvents or sorbents, while achieving a 90% correct classification rate for

the identification of ignitable liquids (Ferreiro-Gonzalez et al., 2017).

Although PID and hydrocarbon noses have been utilised in arson investigation, recent
advancements and technological developments have significantly expanded their practical
applications in the field of arson investigation and prevention (Baldwin, 2015). One notable
development is the introduction of an E-nose equipped with a metal oxide sensor, specifically
designed to monitor five commonly used commercial flammable liquids by bus arsonists,
namely, ethanol, gasoline, lacquer thinner, tetrahydrofuran, and turpentine (Wu et al., 2020).
Additionally, the study demonstrated that certain E-Nose devices have the capability to filter
out potential false alarms triggered by non-regulated liquids, such as mosquito repellent,
perfume, and hair jelly, even though they contain flammable substances (Wu et al., 2020). This
advancement in arson investigation is particularly valuable as it enables the E-Nose to

selectively detect ignitable liquids at concentrations as low as 1ppm (Wu et al., 2020).

Chromatographic Sampling

Torres et al. conducted two studies evaluating the extraction and analysis of ignitable liquids
using Capillary Microextraction of Volatiles (CMV) devices coupled with portable and
benchtop Gas Chromatography Mass Spectrometry (GCMS) systems. In the first study, the
CMV-portable setup did not exhibit sufficient chromatographic resolution due to limitations
inherent to the portable GCMS device used. However, the CMV-benchtop setup successfully
extracted and identified specific components of ignitable liquids. This study demonstrated the

feasibility of using CMV extraction as a rapid (~5min) technique in conjunction with other
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portable and benchtop GCMS systems (Torres et al., 2020). In their second study, the CMV
was further evaluated with a paper cup extraction method coupled with a portable GCMS for
field sampling purposes. The CMV and paper cup approach demonstrated successful extraction
of multiple target components of ignitable liquids. It outperformed the portable GCMS
sampling and in terms of efficiency and exhibited greater sensitivity compared to traditional
ignitable liquid headspace extraction techniques. These findings highlight the effectiveness of
the CMV and paper cup method for field sampling and analysis of ignitable liquids (Torres et
al., 2022).

DeHaan (2021) conducted a comprehensive study on the application and limitations of portable
GCMS systems in fire investigation. Various systems specifically designed for hazardous
materials teams were tested. It was found that the portable GCMS system can generate
comparable GC separation, consistent retention times, and sensitivity levels to a conventional
benchtop GCMS system. However, the main limitation identified was the interpretation of data
in the field as it often required extensive training that is not typically available to most fire

investigators and personnel at the fire scene (DeHaan, 2021).

2.5.2 Sample Collection and Storage

The presence of ignitable liquid residues on partially burned items such as clothing, carpet,
wood, soil, and paper should be collected, stored, and transported to a forensic lab without
contamination or evaporation of volatile analytes. Taking preventive measures enhances the
integrity of the analysis results by ensuring a legally sound chain of custody throughout the fire
debris analysis process (Sandau, 2021). There is currently no universal method for sample
collection given the variation in fire debris types and potential interferents resulting from the
method of fire extinguishment (Carmona et al., 2021). Generally, fire debris samples are
collected using sterile tools and placed into inert, durable, and securely sealed containers with a
preference for airtight containers over plastic bottles or bags. For example, a lined metal paint
can is inert and can minimise the loss of volatile compounds due to its airtight properties.
Conversely, plastic containers are more susceptible to puncturing and vapours may diffuse into
or out of the plastic material. Some plastics may also be porous or react with volatile
compounds, posing a risk of volatile organic compound loss from the debris samples or leading
to false-negative analysis results (Nicholas, 2008). Proper sample collection and storage are

crucial for ensuring successful lab analysis.
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A new development in sample collection involves the use of hydrophobic pads. A hydrophobic
pad is a sorbent designed to collect oil-based product over water surface. Totten et al.
conducted a study to assess the effectiveness of hydrophobic pads in recovering oil-based
products from water (Totten et al., 2020). Their investigation revealed that hydrophobic pads
were successful in capturing hydrocarbon compounds with carbon chains greater than Cs. This
innovative approach to sample collection and extraction of hydrocarbon compounds has the
potential to address the issue of dilution or removal of accelerants during fire control measures

(Totten et al., 2020).

While there have been limited advancements in the field of sample collection and storage for
fire debris, ensuring proper and adequate storage of samples is crucial for maintaining the

integrity of analysis results and aiding in the investigation of potential crimes.

2.5.3 Extraction
The sample preparation step plays a crucial role in the isolation of ignitable liquid residues
from interferents prior to instrumental analysis. Various techniques have been developed for

separating ignitable liquid residues from the fire debris matrix.

Samples collected at arson scenes often require pre-treatment. Overtime, the techniques for
extracting and concentrating accelerants from different substrates have evolved. In the 1940s, a
common practice involved the direct comparison of chemical and physical properties, such as
light refraction coefficient, weight density, and boiling point, between the fire debris samples
and reference samples (Yadav et al., 2021; Borusiewicz, 2002). During the 1950s and 60s,
conventional extraction methods such as steam distillation, vacuum distillation, and solvent
extraction were employed to isolate accelerants from substrates (Yadav et al., 2021;
Borusiewicz, 2002). In the 1970s, headspace analyses emerged as modern extraction
procedure. These include direct heated headspace analysis, dynamic (purge and trap)
headspace analysis, and static (equilibrium) headspace analysis using the activated charcoal
strip method, solid phase microextraction (SPME), or other adsorbents placed in temperature-
controlled, airtight containers (Yadav et al., 2021; Borusiewicz, 2002). Table 2 provides a
summary of the extraction, instrumental, and chemometric applied to these new approaches

based on the reviewed literatures.

Headspace analysis operates on the principle of examining the chemical composition of the gas

phase above a sample, whether it is in liquid or solid form. These methods are considered to be
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straightforward and rapid, requiring minimal sample preparation. However, it is important to
note that the activated charcoal strip method carries the potential risk of exposure to toxic

solvents such as carbon disulfide which is used for eluting the adsorbent is highly hazardous.

The reviewed advancements on headspace extraction conditions include the use of activated
charcoal pellets as adsorbents (Carmona et al., 2021), activated charcoal cloth as adsorbents
(Sandercock, 2016), SPME employing polydimethylsiloxane (PDMS) (Martin-Alberca et al.,
2015), SPME using divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
(Fettig et al., 2013), and the application of capillary microextraction of volatiles (CMV) in
conjunction with a portable GCMS system (Torres et al., 2020).

Activated Charcoal Strip

The extraction of ignitable liquids using Activated Charcoal Strips (ACS) is the designated
standard method according to the American Society of Test and Material (ASTM) E1618, titled
“Standard Test Method for Ignitable Liquids Residues in Extracts from Fire Debris Samples by
Gas Chromatography-Mass Spectrometry.” While this method is recognised for isolating
volatile compounds specific to ignitable liquids, it is also a time-consuming and expensive
method of extraction. The extraction process typically requires 12 to 16 hours (Ferreiro-
Gondalez et al., 2016) and commercial activated charcoal strips can cost over $700 per 100

strips (ArrowheadForensics, 2023).

Baerncopf et al. evaluated the preservation of ignitable liquids on ACS over two-year period.
They applied low and high volumes of gasoline and heavy petroleum distillate onto an inert
substrate, which were then collected using passive headspace concentration. The collected
samples were stored in three different vials at room temperature. The ACS were periodically
analysed over the course of two years. It was observed that they effectively retained the
ignitable liquid in all types of vials and with both low and high volumes (Baerncopf et al.,
2020).

Activated Charcoal Pellets (ACP)

Carmona et al. devised a technique using Activated Charcoal Pellets (ACP) for the sampling
and extraction of gasoline and diesel fuel from fire debris. The ACP was prepared by pressing
charcoal powder and D-glucose in a pellet form. The efficacy of this method was compared to
the conventional ACS methods and the results demonstrated that the ACP method yields
comparable outcomes to the established ACS method. An advantageous aspect of the ACP

method is its ease of preparation requiring a short preparation time using inexpensive materials
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readily available in lab. However, similar to the ACS method, the ACP method necessitates a
16 hour extraction duration for volatile compounds to be adsorbed onto the adsorbent.
Additionally, the validation of this technique is crucial to determine its suitability and

effectiveness in real-world fire scenarios (Carmona et al., 2021).

Activated Carbon Cloth (ACC)

Sandercock assessed the extraction of ignitable liquids using Activated Carbon Cloth (ACC)
and compared it to commercially available ACS. The findings revealed that ACC can extract a
higher concentration of ignitable liquid compounds compared to ACS. The use of ACC offers
several advantages over ACS, including cost-effectiveness, the possibility of regeneration
through resistance heating using an electric current and reduced waste generation.
Nevertheless, similar to the ACS and ACP methods, the ACC method requires a lengthy
adsorption time prior to GCMS analysis (Sandercock, 2016).

Biichler et al. investigated the use ACC and ACS as collection methods for sampling ignitable
liquids on hands. Similarly, the study found that ACC exhibited greater effectiveness in
extracting gasoline compared to ACS. However, two crucial factors affecting the extraction
efficiency were the distance between the adsorption material and the skin, as well as the
available headspace during sample collection which were relevant for both ACC and ACS

(Biichler et al., 2021).

Solid Phase Microextraction (SPME)

The application of Solid Phase Microextraction (SPME) has been frequently reported as an
alternative to the standard ACS method for extraction purposes. SPME involves the use of
fibres coated with an adsorbent phase capable of extracting volatile compounds which can then
be directly inserted into the injection port of a GC system for thermal desorption and
subsequent analysis. SPME offers several advantages over ACS in the extraction of volatile
compounds from fire debris. It is a non-destructive, rapid, highly sensitive, solventless, and
selective method. Additionally, it is a straightforward and effective sampling technique that is
portable and suitable for field deployment. However, SPME fibres are delicate and more
susceptible to displacement, leading to higher operational costs compared to ACS (Harries et

al., 2021).

The application of SPME in arson investigation represents a significant advancement as the
isolation process can selectively target aliphatic or aromatic compounds by employing

different types of SPME fibres. Fettig assessed the use of DVB/CAR/PDMS fibre for the
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extraction of ignitable liquids in fire debris. The study demonstrated that SPME with
DVB/CAR/PDMS fibre effectively recovered ignitable liquids (gasoline and diesel fuel) from
residues on burnt solid substrates (particleboard and carpet) within a total extraction time of

only 35 minutes (Fettig et al., 2013).

Dhabbah used SPME with PDMS fibre to detect gasoline residues in textiles made of cotton,
wool, nylon, and polyester. This investigation showcased an effective approach to extracting
characteristic volatile components of gasoline from both natural and synthetic textiles,
eliminating the need for commercial ACS. The study concluded that the SPME PDMS fibre
procedure was “simple, fast, efficient, solventless, cheap, and environmentally friendly”

(Dhabbah, 2018).

Swierczynski et al. carried out an experiment where gasoline was introduced onto various
household materials and allowed to dry for specific time intervals. The ignitable liquid was
extracted using SPME combined with GCMS. The analysis revealed that gasoline residue
could be detected in cotton fabric for up to seven days after drying while cardboard and carpet
retained gasoline for over three weeks. The authors employed small vials for the headspace
analysis, attributing the improved detection limit and the ability to identify residues even after

an extended period of time (Swierczynski et al., 2020).

Other Extraction Methods

Yadav et al. conducted a comparative analysis of hexane and diethyl ether as solvents for
extracting diesel fuel from partially burned substrates. The study determined that diethyl ether
exhibited better efficiency in extracting diesel fuel from the tested porous matrices, including
wood, ceramic-based tile, and cotton. However, neither solvent was effective in extracting

diesel fuel from the non-porous plastic material that was tested (Yadav et al., 2021).

Summary

The established method for extracting ignitable liquid residues in fire debris analysis is the
utilisation of activated carbon strips, as outlined in ASTM E1618. However, there is a growing
shift in this analytical process towards replacing ACS with SPME. The patent for SPME
coatings and separation methods has expired on 6™ March 2023 (Pawliszyn, 2003).
Subsequently, other manufacturers will be able to produce their own SPME fibres at a lower
cost. This reduction in material expenses combined with the technique’s environmentally
friendly nature encourages analysts to opt for SPME in the extraction of volatiles from fire

debris as opposed to the lengthy activated carbon-based extraction methods.
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2.5.4 Instrumental Analysis and Data Interpretation

GCMS is the primary method used in the chemical analysis of fire debris. It is widely adopted,
following the reference guidance of ASTM E1618 (Biichler et al., 2021; Carmona et al., 2021;
Totten et al., 2020; Sandercock, 2016; Fettig et al., 2013). Under this guidance, various
protocols have been developed covering the extraction methods and advancements in
analytical techniques. These advancements include multidimensional analysis and a shift from

conventional destructive methods to non-destructive methods.

GCMS is a highly effective and sensitive analytical technique that offers several benefits to fire
debris analysts. Extracted ion profiling, in particular, is valuable for distinguishing ignitable
liquids from interference caused by pyrolysis products or contaminants (Nicholas, 2008).
During analysis, each sample undergoes GCMS and the number of separated and detected
compounds in ignitable liquids can range from a few to hundreds. However, one-dimensional
GCMS has limitations in resolving compounds that serve as precursors from the manufacture,
pyrolysis products, combustion products, or fire-suppression products (Nizio et al., 2016).
Consequently, alternative techniques have been introduced to assist in the analysis of ignitable

liquid compounds.

Martin-Alberca et al. conducted a comprehensive review of analytical tools for fire debris
analysis. These include portable GCMS, supersonic-GCMS, GCMS with vacuum-UV
ionisation, multidimensional GCMS (GC x GCMS), GC x GC with Flame Ionisation Detection
(GC x GC-FID), GC-Fourier Transform Ion Cyclotron Resonance MS (GC-FT-ICR-MS), and
Isotope Ratio Mass Spectrometry (IRMS) (Martin-Alberca et al, 2015). Furthermore,
alternative techniques that use multidimensional GC in conjunction with chemometric and

computational software are new developments in the realm of arson investigation.

2.5.5 Chromatographic Analysis

Multidimensional GC has emerged as a valuable approach to address the challenges associated
with resolving target and matrix volatiles. Nizio et al. developed a two-dimensional GC
coupled with Time-of-Flight MS (GC x GC-TOFMS) method for analysing petroleum-based
ignitable liquids. The study demonstrated that GC x GC-TOFMS can achieve a peak capacity
of approximately 9.3, which is close to the theoretical maximum of approximate 11.2 for a
given resolution and maximum theoretical plates. This achievement was made possible by
using computational software (ChromaTOF®) that corrects baselines and aligns peaks. The

resulting chromatograms exhibited well-organised patterns of structurally related compounds,
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enabling rapid classification of ignitable liquids according to the ASTM E1618 standard (Nizio
et al., 2016). Another method, as reported by Sampat et al. employing GC x GC-TOFMS
achieved an 89% true positive identification rate for the presence of ignitable liquids in sample
substrates with only a 7% false positive detection rate for ignitable liquid residues (Sampat et

al., 2018).

Barnett et al. introduced a novel and efficient method for analysing arson volatile compounds
known as Direct Analysis in Real Time Mass Spectrometry (DART-MS) with QuickStrip and
thermal desorption. Thermal desorption provided better detection capabilities for residues in
the presence of substrates. They showed that DART-MS can analyse ignitable liquid residues
without the need for complex extraction and chromatographic separation procedures. The
application of DART-MS yielded mass spectra with a greater number of peaks in the higher
mass range when compared to conventional GCMS. This improvement in peak generation
facilitated the detection of less volatile compounds. By employing Partial Least Square
Discriminant Analysis (PLS-DA) models in conjunction with DART-MS, they achieved rapid
classification of ignitable liquids originating from various substrates, yielding an impressive
correct classification rate of 98% (Barnett et al., 2019). Sisco et al. conducted a literature
review on the forensic application of DART-MS. It indicated that DART-MS offers a rapid
screening method for detecting the presence of ignitable liquids. However, due to its limited
separation capacity, chemometric techniques are generally required to differentiate between

neat liquids and evaporated samples (Sisco et al., 2021).

Aliano-Gonzalez et al. used Headspace Gas Chromatography Ion Mobility Spectrometry (HS-
GC-IMS) in combination with chemometric tools, specifically Hierarchical Cluster Analysis
(HCA) and Linear Discriminant Analysis (LDA) for arson investigation (Aliafio-Gonzalez et
al., 2018). This approach presented an alternative to the conventional ACS-GC-MS method by
offering advantages in preconcentration, analysis, and data interpretation. The researchers
concluded that HS-GC-IMS along with HCA and LDA exhibited remarkable accuracy in
classifying ignitable liquids with 95% correct discrimination rate. Moreover, this method
significantly reduced the analysis time, completing the entire analysis in just 15 minutes.
Notably, this approach is cost-effective, straightforward, solvent-free, and suitable for routine

analysis, further enhancing its practicality (Aliano-Gonzélez et al., 2018).

Roberson et al. developed a micro-bore capillary column (5m x 1.25um x 50um i.d.) as an

alternative to commercially available GC columns commonly used in the chemical analysis of
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fire debris, such as DB-5MS, HP-5MS (30m x 0.25mm x 0.25pum i.d.). The analysis was
performed using the ASTM E1618 test mixture. The optimised GCMS separation conditions
using the micro-bore capillary column resulted in rapid analysis, enabling the determination of
compounds up to Ci4 within 3 minutes as opposed to the traditional 30 minutes GCMS analysis

(Roberson et al., 2019).

Pandohee et al. employed two-dimensional GC with Flame Ionisation Detector (GC x GC-
FID) to analyse a variety of ignitable liquids, including both neat and weathered samples. The
study successfully differentiated the three categories of ignitable liquids by analysing the 2D
patterns and applying principal component analysis (Pandohee et al., 2020).

Boegelsack et al. conducted a study on optimising a flow-modulated GC x GCMS method for
analysing ignitable liquids present in wildfire debris. Various GC columns and parameters,
such as flow rate and oven programming were evaluated. The final method used a 5% diphenyl
column coupled with a 50% diphenyl column. This GC x GCMS technique was successful in
resolving the target compounds listed in ASTM E1618, enabling the classification of ignitable
liquid residues within a complex matrix (Boegelsack et al., 2021b). In a separate study,
Boegelsack et al. developed a retention time index system for GC x GC analysis of ignitable
liquids. A contour map for both neat ignitable liquids and samples obtained from fire scenes
was created following the ASTM E1618 guidelines. The contour map in combination with the
retention index system proved to be useful for standardising and comparing data (Boegelsack
et al., 2021a). The work of Boegelsack et al. was revolutionary in the field of arson

investigation by attempting to standardise the method of chemical analysis.

Kates et al. applied comprehensive GC x GC-TOFMS to analyse fire debris samples collected
from wildfires. The study revealed that the implementation of GC x GC-TOFMS resulted in
improved separation of ignitable liquids from interfering compounds in the matrices, mainly
due to lower detection limits. The number of tentative results was reduced to 6% and 76%
successful identifications of ignitable liquids was achieved when debris was reanalysed by GC

x GC-TOFMS after analysis with conventional GCMS (Kates et al., 2020).

2.5.6 Statistical Analysis and Machine Learning

Akmeemana proposed the use of likelihood ratios calculated through the Naive Bayes method
to identify ignitable liquids in fire debris. The study employed data from the National Centre of
Forensic Science Substrate and Ignitable Liquid Reference Collection to determine the

occurrence frequency of compounds in substrates and ignitable liquids. The Naive Bayes
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method can effectively classify samples of pure substrates and ignitable liquids. However, it
faced challenges in classifying mixtures of both due to the influence of burning on the presence

of specific compounds (Akmeemana, 2019).

Bogdal et al. conducted a two-part study aimed at identifying gasoline in fire debris using
machine learning techniques. The researchers developed a machine learning tool employing
different algorithms in Part 1 of the study while Part 2 focused on creating a convolutional
neural network specifically designed for analysing searchable bitmap images of GCMS data.
Both approaches involved training the machine learning models using known samples and
evaluating their performance on unknown samples. Although the datasets used in both studies
were limited to gasoline, they demonstrated a high screening and classification accuracy rate of

98% (Bogdal et al., 2022a; Bogdal et al., 2022b).

Park et al. conducted a study where they developed three distinct machine learning models
based on GCMS data derived from 728 real fire debris samples. The classification accuracy of
the models varied between 63% and 84%. However, the accuracy for specific ignitable liquids

was lower due to limitations in the data size for those liquids (Park et al., 2021).

de Figueiredo et al. studied the connection between the residue and the source liquids with
chemometrics by evaporating and burning gasoline samples on a substrate. Chemometrics
played a crucial role in linking evaporated, burned, and unburned samples by identifying the
most discriminative ratios for comparison. The nature of this study was exploratory and further
research is required on a larger sample size to validate the findings (de Figueiredo et al.,

2019a).

de Figueiredo et al. employed an untargeted chemometric method using data obtained from
190 distinct gasoline samples with the aim of distinguishing between the liquids. The data was
collected using headspace concentration with Tenax TA tubes followed by automated thermal
desorption GCMS. The method was successful in differentiating all 190 samples from each
other. However, the authors acknowledge the need for additional research on weathered
samples and alternative extraction techniques to validate the applicability of method on a wider

scale (de Figueiredo et al., 2019D).

Falatova et al. explored the potential of an e-Nose in combination with chemometric tools for
identifying ignitable liquids in simulated fire debris. The study focused on testing two

substrates, cotton and cork, and two ignitable liquids, ethanol and diesel fuel. The results
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suggested that the applied chemometric techniques were effective in distinguishing between
the samples (Falatova et al., 2019). However, it is important to note that the chosen ignitable
liquids had distinct chemical compositions that would have been easily distinguishable even
without the use of statistical treatments. The study highlighted the need for further
investigation involving a broader range of ignitable liquids with overlapping chemical
compositions to fully evaluate the performance of the e-Nose and chemometric tools in fire

debris analysis.

Christy et al. investigated chromatographic features in 150 gasoline samples with the goal of
establishing quantitative criteria to assist in identifying samples that were evaporated up to
90%. The study involved analysing peak height ratios from 64 groups of chromatographic
peaks which were then subjected to statistical analysis to assess their relative significance. The
resulting scores were used to construct a sufficiency graph providing a visual representation of
the data that supports the identification of gasoline (Christy et al., 2021). This work aimed to

establish a framework for enhancing the process of data interpretation in fire debris analysis.

The use of machine learning to interpret analytical results is also a new development in the
field of fire debris analysis. Traditional methods of data interpretation, such as visual
comparison of mass spectra can be hindered by background contributions from substrate
pyrolysis. Previous computer-based pattern recognition methods have faced challenges in
explaining their methods in court due to operator error. Machine learning is a form of artificial
intelligence which has the potential to prevent errors in decision-making (Sigman et al., 2021),
but reliability and explicability barriers must be overcome especially in light of proposed EU

regulation of Al (Anon, 2021).

Despite these challenges, several approaches have shown potential for improving the
classification of fire debris analysis results. Vergeer et al. explored the use of likelihood ratios
to classify gasoline samples, but the analysis was limited to pure petroleum and did not include
substrate contributions (Vergeer et al., 2020). Thurn et al. proposed the use of Kohonen self-
organising maps coupled with extracted ion spectra to group ignitable liquids and substrate
pyrolysis samples (Thurn et al, 2018). However, this method was only applied to pure
materials, and the classification process was not applied to actual fire debris containing

mixtures of substrates and ignitable liquids.

More recently, Thurn et al. investigated the classification performance of neural networks on

fire debris samples with ignitable liquid added after the fire (Thurn et al., 2021). Although the
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classification ability remains relatively poor, the potential for machine learning to provide
better decision making remains because rapid analysis of a large number of samples is possible.
Future developments in this field have the potential to impact the analysis of fire debris by

forensic practitioners.

2.5.77 Summary

Table 2 below shows the summary of literature review in fire debris analysis. The current
GCMS techniques are adequate to meet the analytical requirements. GCMS is a well-
established and cost-effective technology that demonstrates excellent sensitivity,
reproducibility, and selectivity, making it highly suitable for routine detection of ignitable
liquids. While recent developments have offered enhancements in terms of run time, sample
preparation, portability, ease of use, and discrimination power, they are unlikely to replace
GCMS analysis in the near future without further testing, cost improvements, and
demonstration of reliability on a larger scale. Therefore, GCMS remains the gold standard of

analysis for fire debris.

However, the analysis of data to determine the presence or absence of ignitable liquids in
complex samples remains an area that requires significant development. No existing method
has achieved 100% accuracy in identifying the presence or absence of ignitable liquids in all
cases. With ongoing advancements in machine learning techniques, it is anticipated that these
methods will eventually provide rapid and unbiased data analysis. Nevertheless, it is essential
to conduct further investigations into the underlying chemistry to ascertain whether such

identification is feasible in all scenarios.

2.5.8 Limitations
Despite numerous advancements had been added to the field of fire debris analysis, there are
still some unresolved limitations that needs to be addressed. The limitations include weathering

effect, sample contamination from matrix interference, and lack of standards.

Weathering Effect

Jin et al. conducted a study to investigate the impact of fire on the stability of target compounds
by burning and reheating gasoline residues. The results showed that the thermal destruction
impact was greater on polycyclic aromatic hydrocarbons (PAHs) more than alkylbenzenes.
PAHs and indanes could not be effectively detected after heating. On the other hand,
alkylbenzenes and naphthalenes exhibited relatively higher stability with ACS extraction.

However, when the temperature reached 600 °C, nearly all target compounds were lost after a
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reheating period of 2min (Jin et al., 2020).

Background Interferent

1. Fabrics

Baerncopf conducted a study to examine the occurrence of ignitable liquids on new and worn
shirts with prints, made with 100% cotton, cotton blend with polyester, rayon, or both and
100% polyester. The research involved analysing 141 shirts using passive headspace ACS with
GCMS. The results showed that 34% of the tested shirts exhibited signs of potential heavy
normal alkane compounds, while 41% showed the presence of aromatic products. Although not
all the identified aromatic patterns were sufficiently strong to be definitively identified, the
high frequency of occurrence indicated the need for caution when identifying aromatic

products in printed clothing (Baerncopf, 2020)

Dhabbah investigated the duration for which gasoline could be detected on burned and
unburned fabrics using SPME with GCMS. The findings of the research indicated that gasoline
remained detectable for a longer period (up to 4 hours) on unburned synthetic fabrics, such as
polyester and nylon compared to cotton or wool. However, residues on burned fabrics were no
longer detectable after 2 hours. Retained ignitable liquids were less volatile compounds as their
retention time was greater than 5min (>50 °C) (Dhabbah, 2018). No detectable compounds
from unburned or burned substrate materials without addition of gasoline. This suggested that

the substrates did not produce interfering background components.

Guerrera et al. conducted a study to investigate whether the compounds found in clothing and
body products could potentially affect the analysis of ignitable liquids. The research involved
analysing samples of both worn and unworn clothing, as well as various body products with
passive headspace ACS and GCMS. It was observed that some body products exhibited
patterns like those of heavy petroleum distillates. The examined clothing contained compounds
commonly found in ignitable liquids. However, although these compounds could potentially
interfere with the identification of an ignitable liquid, a trained examiner would be capable of
distinguishing between contributions from the substrate (clothing) and the ignitable liquid

itself (Guerrera et al., 2019).

2. Rubber
Jin et al. conducted a study aiming to differentiate between gasoline and different types of
polystyrene-based rubbers using specific target compounds. The pyrolysis products generated

from these materials exhibited numerous similar compounds, with alkylbenzenes being the
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most common interferences. The findings of the study further support the proposal that the
chemical compositions of the materials are correlated with the extent of interference (Jin et al.,

2021).

Lack of Standards

Although there is continuous publication of research on developing new techniques on
different aspects of arson investigation, including sampling, extraction, instrumental, and data
analysis, the standardised protocols remain absent. To address this gap, it requires the
collaboration between the disciplines of fire investigation, analytical chemistry, and forensic
science. By integrating the knowledge and expertise from these fields, the development of
more comprehensive approaches to fire debris analysis can be achieved leading to the

establishment of standardised methods and protocols.
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Table 2 Summary of literature review on chemical analysis of fire debris

References Ignitable Liquids Substrates Fire Debris Storage | Extraction Analysis Chemometric | Result
Simulation Method Instrument
Method
Abel et al., Gasoline, diesel Kimwipe™ IL spiked Airtight [ SPME (Carbon-wide | GC x GC- N/A Method of
2022 (cellulose) onto substrate | lined range PDMS) TOFMS extraction
without cans effective in
burning generating
comparative result
to references
Aliafio- Gasoline, diesel, Pinewood, cork, IL spiked 10mL GC autosampler GC-IMS HCA, LDA 95% correct
Gonzalez et ethanol, paraffin paper, cotton sheet onto GC vial | oven discrimination
al., 2018 substrates
before
burning for
2min
Agel et al., Gasoline, diesel Cotton, polyester, IL spiked Airtight [ SPME (100um GCMS N/A Cotton and silk
2016 silk, nylon onto nylon PDMS) retained IL longer
substrates bags
before
burning for
2min
Baerncopf et | Gasoline, diesel Kimwipe™ IL spiked Airtight | ACC GCMS N/A No obvious loss or
al., 2020 (cellulose) onto substrate | gallon changes on
without can replicates
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burning

Barnett et al., | Kerosene, diesel, Carpet, wood, cloth, IL spiked N/A Solvent extraction for | GCMS and PLS-DA 98% correct
2019 Japan drier, charcoal | sand, paper onto substrate GCMS; no extraction | DART-MS discrimination
starter fluid, naphtha, without for DART-MS
prestain, lighter fluid burning
gasoline
Biichler et al., | Gasoline Suspect’s hands IL spiked Nylon- | ACC GCMS N/A Method of
2021 onto 11 bags extractive
volunteer’s effective in
hands isolating IL
Carmona et Gasoline, diesel Cotton fabric, paper IL added onto | N/A ACP GCMS N/A Method of
al., 2021 substrates extraction
after direct effective in
flame burning isolating ILs
Dhabbabh, Gasoline Cotton, wool, IL spiked Nylon SPME (100pm GCMS N/A Residual
2018 polyester, nylon onto substrate | arson PDMS) hydrocarbons can
before direct | bag be accurately
flame burning characterised
Falatova et Ethanol, diesel Cotton, cork IL spiked Airtight | E-Nose MS HCA, PCA, Method effective
al., 2019 onto metal LDA in classifying IL
substrates can categories
before
burning the
bottom of

metal can for
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2min

Ferreiro- Gasoline, diesel fuel, | Wood, cotton, cork, N/A N/A E-Nose Kronas- HCA, LDA 90% correct
Gondalez et citronella, kerosene, | paper, paperboard quadrupole classification
al., 2016 paraffin MS
Fettig et al., Gasoline, diesel Particleboard, nylon- | IL spiked N/A SPME (50/30pum GCMS N/A Method of
2013 66 (carpet) onto DVB/CAR/PDMS) extraction
substrates effective in
without isolating ILs
burning
Guerrera et Vaseline® Petroleum | Sports bras (10% N/A N/A ACS GCMS N/A Interferents from
al., 2019 Jelly, Secret® spandex, 90% nylon), body products
Shower Fresh mesh shorts (100% detected
women’s deodorant, | polyester), short
Aspercreme®, sleeve t-shirts (100%
Johnson® Baby Oil, | cotton), ladies socks
Coconut Pineapple (44% cotton, 52%
Fragrance Mist polyester, 1% nylon,
perfume, Nivea® 2% rubber, 1%
Essentially Enriched | spandex)
lotion
Jin et al., Gasoline SBR, PS, PB, SBS IL spiked N/A Solvent extraction GCMS N/A Proposed
2021 onto substrates
substrates chemical
before direct composition

flame

correlated with
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burning interference
Nizio et al., Gasoline, kerosene, N/A N/A N/A N/A GC x GC- ChromaTOF® | Method of
2016 mineral spirits, diesel TOFMS analysis capable of
achieve overall
peak capacity gain
that is ~17%
below the
system’s
theoretical
maximum
Pandohee et | Gasoline, kerosene, N/A N/A Airtight | N/A 2D GC-FID | PCA ILs categories
al., 2020 unleaded petrol, vials successfully
methylated spirits, differentiated
mineral spirit, oil of
turpentine, pure
turpentine
Roberson et Gasoline, E85 fuel, Carpet IL spiked Airtight | ACS GCMS N/A Analysis time
al., 2019 lighter fluid onto cans shorten
substrates significantly from
before 30 min to 3min
burning
Sampat et al., | White spirit, lamp Flooring materials, IL spiked Airtight | Anasorb CSC GC x GC- Binary 89% true positive
2018 oil, gasoline fabrics, papers onto cans coconut shell TOFMS decision identification
substrates charcoal model
before
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burning

Sandercock, Gasoline, diesel fuel | Lens cleaning paper IL spiked Airtight | ACC GCMS N/A Cheaper
2016 onto substrate | can alternative
without extraction
burning adsorbent in
comparison to
ACS
Swierczynski | Gasoline Cotton fabric IL spiked Airtight [ SPME (100pm GCMS N/A IL detectable after
etal., 2020 (cellulose), cardboard | onto substrate | nylon PDMYS) a week for all
(cellulose), carpet without bags substrates
(polyethylene-based) | burning
Torres etal., | Gasoline, diesel N/A N/A N/A CMV (TRIDION-9) | GCMS N/A Method effective
2020 (portable in rapid field
and analysis (~
benchtop) Smin)
Totten etal., | Gasoline, charcoal Water N/A N/A Hydrophobic pads GCMS N/A Method of
2020 lighter fluid, followed by ACC or extraction
kerosene, fuel oil, ACS effective in
torch fuel, naphtha isolating ignitable
liquids as low as
10uL
Thurn et al., Diesel ABS, polystyrene N/A N/A N/A GCMS Neural 0.59 true positive
2021 network rate
Yadav etal., | Diesel Cotton cloth, wood, IL spiked N/A Solvent extraction GCMS N/A Diethyl ether
2021 glaze tile, PVC onto method of
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substrates
before direct
flame burning

for 30s

extraction
effective in porous

materials
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Chapter 3: Materials & Methods

3.1  Standards

Ignitable liquid standard mixtures were prepared for the optimisation of GCMS procedure. The
standard mixture included 1-hexene, toluene, m-xylene, p-xylene, o-xylene, decane, tert-
butylbenzene (Sigma-Aldrich), ethylbenzene (Acros Organics), and 1-octene (Alfa Aesar).
50uL of each standard was added to a 100mL volumetric flask and filled to mark with pentane
(Fishers Scientific). Chemical information of each standard is given in Table 3. Additional
aromatic standard was obtained from the EPA 610 polynuclear aromatic hydrocarbons (PAH)

mix (Supelco CRM48743). PAH standard chemical information is provided in Table 4.
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Table 3 Chemical information of standard mixture

Compound Structure Molecular Molecular | Density | Boiling | Elution | Purity | Supplier Cas
Formula Mass (9/cm3) | Point Order | (%) No.
(g/mol) (°C)
Pentane NN CsHiz 72.15 0.626 35-37 N/A 95.0 | Fishers scientific 109-
66-0
1-hexene P CsHi2 84.16 0.678 60-66 1 97.0 | Sigma-Aldrich 592-
41-6
Toluene C7Hs 92.14 0.865 | 110-111 2 99.7 | Sigma-Aldrich 108-
©/ 88-3
1-octene P U CsHis 112.22 0.715 102 3 97.0 | Alfa Aesar 111-
66-0
Ethylbenzene CsHio 106.17 0.860 136 4 99.8 | Acros  Organics | 100-
©/\ (Janssen 41-4
Pharmaceutical)

p-xylene < > CsHio 106.17 0.861 138 5 99.0 | Sigma-Aldrich 106-
42-3
m-xylene CsHio 106.17 0.863 | 138-139 5 99.0 | Sigma-Aldrich 108-
38-3
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o-xylene CsHio 106.17 0.879 143-145 6 99.0 | Sigma-Aldrich 95-
47-6
Tert- CsHs5C(CH3)3 134.22 0.867 169 7 99.0 | Sigma-Aldrich 98-
butylbenzene 06-6
Decane NN CioH22 142.28 0.730 174 8 99.0 | Sigma-Aldrich 124-
18-5
Table 4 Polynuclear aromatic hydrocarbons chemical information
Compound Structure Concentration Molecular Molecular Mass Boiling Point Elution
(ng/mL) Formula (g/mol) (°C) Order
Naphthalene 1000 CioHs 128.17 218 1
Acenaphthene ‘ 1000 Ci2Hio 154.21 279 2
Acenaphthylene 2000 Ci2Hs 152.19 280 3
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W
ot

Fluorene 0.0 200 Ci3Hio 166.22 295 4
Phenanthrene O O 100 Ci4Hyo 178.23 340 5
Anthracene 100 CisHio 178.23 340 6
Fluoranthene O 200 Ci6Hio 202.26 375 7
Pyrene ‘O 100 CieHio 202.25 404 8
Benz[alanthracene O 100 CigHiz 228.29 438 9
Chrysene 100 CisHiz 228.28 448 10




Benzo[ b|fluoranthene i 100 CaoHi2 252.31 481 11
Benzo[K|fluoranthene O 200 CaoHi2 252.31 480 12
Benzo[a]pyrene 100 CxoHi2 252.31 495 13
Dibenz[a hjanthracene O 100 CxHi4 278.35 524 14
Indeno[1,2,3-cd O 100 CxHiz 276.3 536 15
Ipyrene '

Benzo[ghilperylene 200 CaHin 276.33 550 16
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3.2 Optimisation

This section contains the optimisation procedures employed in the study, which involve the
construction of the pyrolysis compartment and tilting platform, calibration of the furnace,
sample preparation, as well as the optimisation of extraction and instrumental conditions. The
experimental approach used is adapted from Sandercock’s 2012 recreation of pyrolysis
products however in this work all glass reaction vessels were used to permit higher
temperatures and deliberately investigate the secondary reaction products created during

sustained pyrolysis (Sandercock, 2012).

3.2.1 Pyrolysis Compartment & Tilting Platform

For the initial pyrolysis of samples, an aluminium block measuring 50mm x 62mm x 70mm
was utilised. This block had been pre-drilled with seven 8mm x 50mm holes and had a
maximum pyrolysis capacity of 600 °C, considering that the melting point of aluminium is
659°C (Ryan, 2018). As an alternative to the aluminium block, a steel block measuring 50mm
x 50mm x 115mm was employed. The steel block also had four 8mm x 70mm pre-drilled holes
and a higher maximum pyrolysis capacity of up to 1200 °C, considering the melting point of
steel is 1371°C (Ryan, 2018). The steel block was deemed preferable between the two options

as it allowed for the determination of slow pyrolysis at higher temperatures.

To facilitate the safe removal of pyrolyzed ampoules from the pyrolysis compartment, a tilting
platform was constructed, Figure 8. The tilting platform primarily consisted of aluminium
profiles measuring 40mm x 40mm (code: 761-3319, RSPRO). A non-ceramic millboard
thermal insulating sheet (code: 203-5133, RSPRO) with a withstanding temperature of 1000 °C

was used as the insulating layer. Steel and aluminium plates were employed to adjust the
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Aluminium foil

Shelving bracket

Aluminium plate (4mm)

Steel plate (Smm)

Non-Ceramic Millboard Thermal
Insulating Sheet (10mm)

- Aluminium profiles

Figure 8 Image of tilting platform

3.2.2 Furnace Calibration

A Phoenix electric muffle furnace (serial no. 97-J-78) was used to pyrolyze all samples in the
research. No technical information about the furnace can be found online. As a result, a manual
calibration procedure was carried out with a Lascar EL-GFX-DTC temperature data logger
(code: 775-1073, RSPRO) equipped with two K-type thermocouples (code: 219-4365,
RSPRO). One thermocouple was positioned in the middle of furnace under the heating coil,

while the other thermocouple was placed inside the steel block, Figure 9.
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Figure 9 Furnace calibration

3.2.3 Sample Preparation

Sample ampoules were created by sealing the ends of glass tubes after adding the substrate. For
the purpose of optimisation, two types of glass tubes were used to prepare the sample
ampoules, FisherBrand™ glass pipette (code: 1154-6963) and Schott AG glass tubing (code:
SCOR1028407). The glass pipette had an internal diameter of 6mm and a wall thickness of
0.5mm with an average ampoule length of 52mm prepared with the glass pipette, the ampoule
average volume was calculated to be 1.47cm?. However, during the initial sample pyrolysis
conducted in the aluminium block using the glass pipette ampoules, the process was
unsuccessful. The ampoules were unable to withstand the pressure build-up when the

temperature increased, resulting in explosion of the ampoule.

As an alternative, sample ampoules prepared with the glass tubing and pyrolyzed in the steel
block were used. The glass tubing had an internal diameter of 3.2mm and a wall thickness of
0.9mm. The length of the ampoules prepared with the glass tubing was approximately 60mm to
ensure a proper fit into the steel block, with an estimated ampoule volume of around 0.54cm?.
to prevent ampoule explosions, the sample size was reduced to 2mg, ensuring an adequate

pressure volume.

Polypropylene was chosen as the substrate for the optimisation and initial analysis of the
pyrolysis procedure. The polymer possesses a relatively simple chemical structure and is
abundantly used in the manufacture of various household items. The chemical structure of
polypropylene is illustrated in Figure 10. It has a molecular formula of (C3Hg),, a molecular

mass of 44, a density of 0.905 gcm3, a melting point of 160 °C, and a boiling point of 173 °C.
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Figure 10 Polypropylene chemical structure

3.2.4 Extraction

As mentioned in the literature review section, the standard extraction method for fire debris
analysis involved the use of an Activated Charcoal Strip (ASTM, 2019). However, recent
advancements in the field, as reported in multiple studies (Biichler et al., 2021; Carmona et al.,
2021; Sandercock, 2016), have introduced a new approach using an activated charcoal as their
base of extraction either in pellet or cloth form. Nevertheless, the application of the solid phase
microextraction (SPME) procedure has gained significant popularity in fire debris analysis due
to its remarkable reduction in analysis time. In addition to the patent expiration, this will lead to
the availability of more affordable fibre options for future research in the field. Compared to
the conventional ACS extraction method, which typically takes 16 hours, the SPME method
can be completed in just 30 minutes. Considering this breakthrough change, the extraction

method chosen for this research was SPME.

Fibre Selection

Polydimethylsiloxane (PDMS) fibre is the commonly used SPME adsorbent for fire debris
analysis, primarily for extracting non-polar volatile compounds typically found in petroleum-
based ignitable liquids. However, they have limitations in extracting polar volatile compounds,
such as methanol, ethanol, and acetone (Swierczynski et al., 2020; Aqel et al., 2016). Since
petrol and diesel fuel are the major accelerants used in arson cases, PDMS fibres are sufficient
for the analysis. However, when experimenting with ignitable liquids from the oxygenated
classification, a Carboxen® fibre, based on polyethylene glycol (PEG), may be more effective

in extracting the polar volatile compounds from fire debris.

For this analysis, a 100um PDMS non-bonded assembly SPME fibre was chosen (SUPELCO®
). It was used in conjunction with a manual SPME holder (SUPELCO®). Prior to use, the fibre
was conditioned according to the instructions provided by SUPELCO®, which involved
placing it in a GC injection port set at 250 °C for 30 min.

Heating Apparatus
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The literature suggests that the optimal extraction temperature is 70 °C (Torres et al., 2020). In
this study, a sand bath was initially used as a temperature control system. However, it was
hypothesised that the sand bath might not distribute heat evenly throughout the system, with
the area near the heating source being hotter than the area further away. To address this
concern, three types of sand bath extraction systems were evaluated to determine the optimal
temperature control system for SPME, (1) a sand bath without water on a temperature
controlled hot plate (Stuart® SCT1), (2) a sand bath with water on a temperature controlled hot
plate, (3) a sand bath with water in an oven. The concept for method 3 was adapted from a
previous study by Fettig et al., in which the authors incubated the sample in an oven prior to
extraction (Fettig et al., 2013). The experimental setup for assessing the temperature control
system is illustrated in Figure 11. Throughout the experiments, the position of the temperature
probe remained undisturbed. The thermocouple was placed at three different locations to
measure temperature variations within the system (i) near the heating source in a glass pipette,
(i1) at the centre of the system in a glass pipette, and (iii) at the centre of the system in a

headspace vial.
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(A) (B) (C)
Oven at 70 °C

Headspace vial —___ |

Glass pipette
Temperature probe
Sand bath with or —
without water

Hot plate

Figure 11 Experimental setup for SPME temperature optimisation (A) aerial view of sand bath, (B) hot plate as heating source

with a temperature controller, (C) oven as heating source

Extraction Time

The study used the selected SPME temperature control system, i.e., sand bath with water on
temperature controlled hot plate. Three different extraction times were employed for the
optimization process, 10, 20, 30 minutes with a PDMS fiber. Samples were pyrolyzed at 400 °C
and extracted with SPME fiber according to the test duration. For the GCMS analysis, a DB-
IMS (dimethylpolysiloxane) column with a length of 30m, a film thickness of 0.25mm, and an
internal diameter of 0.25um was used as the stationary phase, with helium as the mobile phase.

The inlet temperature was set at 250 °C and the flow rate was maintained at 1.2mL/min. It was
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temperature programmed as follows: initial temperature of 35°C with a hold time of 2min
followed by a ramp at 10 °C/min to 250 °C, and finally hold for 6.5min. The scan mode was set

to 50-550m/z. Blank runs were performed between the analyses at 250 °C for 10min.

3.2.5 GCMS

The optimisation conditions used for the analysis are presented in Table 5. To determine the
resolution between each standard peak, the retention times and baseline width of each
individual peaks were recorded from the Agilent Mass Hunter Qualitative Analysis Software

and calculated using the following equation:

2A

Rap= ——
+

ws Wa

tr

Equation (2)

Ragis the resolution between two neighbouring peaks, At is the difference between retention
times of components, Wa is the base width of peak A, wgis the base width of peak B. The ideal
resolution value between neighbouring peaks is 2 but may not be possible for all cases, a Rs

value of 1.5 will be adequate for separation.

Table 5 GC optimisation conditions

Condition # | Split mode GC temperature program MS scan

range (m/z)

1 Splitless Imin solvent delay; 35°C for 2min, ramp to | 50-550
250 °C at 10 °C/min, and hold for 6.5min°C

2 Splitless 1.5min solvent delay; 35°C for 2min, ramp | 50-550
to 100 °C at 5°C/min, ramp to 150 °C at 10
°C/min, ramp to 250 °C at 20 °C/min

3 Splitless 2min solvent delay; 35°C for 2min, ramp to | 50-300
250 °C at 10 °C/min, and hold for 5min°C

4 Split (100:1) 2min solvent delay; 35°C for 2min, ramp to | 50-300
250 °C at 10 °C/min, and hold for 5min°C

5 Split (75:1) 2min solvent delay; 35°C for 2min, ramp to | 50-300
250 °C at 10 °C/min, and hold for 5min°C

6 Split (50:1) 2min solvent delay; 35°C for 2min, ramp to | 50-300

250 °C at 10 °C/min, and hold for 5min°C
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Split (20:1) 2min solvent delay; 35°C for 2min, ramp to | 50-300
250 °C at 10 °C/min, and hold for 5min°C

Various literature sources have reported different mass-to-charge (m/z) ranges for their studies,
such as 35-400m/z (Nizio et al., 2018), 40-650m/z (Dutra et al., 2011), 45-200m/z (Falatova et
al., 2019), 29-450m/z (Martin-Fabritius et al., 2018), 42-300m/z (Torres et al., 2020), and 30-
550m/z (Harries et al., 2021). However, for this specific experimental analysis, the selected
m/z range was 50-300m/z. This selection was based on Table 6, which displays the indicative
fragments for the relevant ignitable liquids according to the ASTM E1618 (OSAC, 2021) and it

was observed that the fragments of interest were predominantly below 200m/z.

Table 6 Indicative fragments for ignitable of interest (Rankin et al., 2014)

Compound Type m/z

Alkane 57,71, 85,99
Cycloalkane/Alkene 55, 69, 83, 97
Alkylbenzene 91, 92, 105, 106, 119, 120
Indane 117,118, 131, 132
Naphthalene 128, 142, 156, 170

3.3 Validation of Pyrolysis

The polymers used in this research were from household packaging sources, including
polypropylene (PP), high density polyethylene (HDPE), polyethylene terephthalate (PET),
sourced from a food container, shampoo container, and water bottle, respectively. Nylon was
also investigated, sourced from clothing. Ignitable liquids used in this research were propan-2-
one, butan-2-one, pentan-3-one, hexane, and ethyl acetate (Sigma-Aldrich). The chemical
information of selected substrates and ignitable liquids are given in Table 7 and Table 8.
Substrates were analysed with FTIR to confirm sample identity prior analysis. FTIR spectrum
provided in Appendix 1: FTIR of Selected Substrates. Sample ampoules, pyrolysis
compartment, and GCMS analysis conditions were optimised in 3.2 Optimisation. Data
analysis was conducted using Agilent Mass Hunter Qualitative Analysis Software programs
with installed NIST (National Institute of Standards and Technology) search library and
AMDIS (Automated Mass Spectral Deconvolution and Identification System). The summed
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extracted ion profiles consisted of the following categories: alkanes (57m/z), cycloalkanes
(55m/z), alkylbenzenes (91+104+105m/z), naphthalenes (128+142+156+170m/z), and
indanes (117+118m/z) were analysed. Some examples of target compounds were listed in

Table 9 with their indicative m/z as well as PAHs compounds are shown in Table 10.
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Table 7 Chemical information of selected substrates

Polymer | Monomer Structure Molecular Composition (%) mm Density | M.P B.P Pyrolysis
Formula C H lo) N (g/mol) | (g/ecm3) | (°C) (°C) | Mechanism
PP N (CsHg)n 81.7 183 | - - 44.10 0.905 160 173 RS
n
PET i OH (C12H1404)n | 649 | 6.3 | 288 - 222.24 1.38 260 350 RS
(e] : [¢]
H-_O On
HDPE [ H, (C2Ha)n 85.6 144 | - - 28.05 0.941 110- 112 RS
Yc-° 130
H, .
- n (linear)
Ny o . (C12H22N20O») [ 63.7 | 9.8 | 14.1 | 12.4 | 226.32 1.47 250- 452 RS
oN\/\/\/\H N 260
RS — random scission; SGC — side group scission
Table 8 Chemical information of selected ignitable liquids
Compound Structure Molecular Formula Composition (%) mm (g/mol) | Density (g/cm3) | BP (°C) | Purity (%)
C H O [N
Propan-2-one /ﬁ\ CsHsO 62.0 | 104 | 27.5 ] - 58.08 0.791 56.0 99.5
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Butan-2-one 0 C4HsO 66.6 | 11.2 222 72.11 0.805 80.0 99.0

Pentan-3-one \)(J)\/ CsHi100 69.7 | 11.7 | 18.6 86.13 0.813 101.5 99.0

Hexane NN CeHi4 83.6 | 164 - 86.18 0.659 69.0 95.0

Ethyl Acetate O C4H3O» 5451 9.2 | 363 88.11 0.902 76.5-77.5 99.5
)J\O/\
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Table 9 Target compounds for the identification of gasoline in fire debris samples provided by ASTM standards E1618

(Contreras et al., 2012)

Target Compounds Main m/z Compound Group
Toluene 91,92 C1 alkylbenzene
Ethylbenzene 91,106 C2 alkylbenzene
meta-xylene, para-xylene 91,106

ortho-xylene 91,106

Propylbenzene 91,120 C3 alkylbenzene
1-ethyl-3-methylbenzene 105,120

1-ethyl-4-methylbenzene 105,120

1,3,5-trimethylbenzene 105,120

1-ethyl-2-methylbenzene 105,120

1,2,4-trimethylbenzene 105,120

1,2,3-trimethylbenzene 105,120

1,3-diethylbenzene 105,119,134 C4 alkylbenzene
I-methyl-3-propylbenzene 105,134

1,4-diethylbenzene 91,105,119,132
4-ethyl-1,3-dimethylbenzene 119,134

4-ethyl-1,2-dimethylbenzene 119,134

2-ethyl-1,3-dimethylbenzene 119,134

1,2,3,4-tetromethylbenzene 119,134

1,2,3,5-tetramethylbenzene 119,134

Indane 115,117,118 indane
Naphthalene 128 CO0 naphthalene
2-methylnaphthalene 115,141,142 C1 naphthalene
I-methylnaphthalene 115,141,142

Table 10 PAHs compounds major m/z and compound group

PAHs Main m/z Compound Group
Acenaphthylene 152

Biphenylene 152

Acenaphthene 152,153,154
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Fluorene 165,166 2-aromatic rings
Chamazulene 169,184

Phenanthrene 178 3-aromatic rings
Anthracene 178

Fluoranthene 202 4-aromatic rings
Pyrene 202

Benz[a]anthracene 228

Triphenylene 228

3.3.1 Experimental Simulation

Experimental pyrolysis was conducted in an oxygen free environment. The steel block was
preheated to the desired temperature in the muffle furnace with a thermocouple measuring the
internal temperature of the steel block. Sample ampoules were pyrolyzed inside the heated steel
block and dwell time was measured using a timer. The steel block was removed from the muffle
furnace and transferred onto a tilting platform. The pyrolyzed sample ampoules were removed
from the steel block and allowed to cool in a non-ceramic millboard thermal insulating
container.

Cooled pyrolyzed sample ampoules were scored using a glass cutter approximately halfway
along the ampoule and opened by cracking in half with a layer of tissue wrapping the scored
ampoule. The ampoule was placed into a headspace vial immediately and sealed with a crimped
cap. The vial was heated to 70°C in a water-sand bath on a Stuart temperature controller. A
separated headspace vial with a thermometer inserted was used to monitor the extraction
temperature. The SPME PDMS fibre was inserted and extracted the volatile compounds for 30

min. The SPME fibre was withdrawn and inserted into the GC-MS for analysis.

3.3.2 Real World Simulation

Real world simulation was conducted under two pyrolysis methods. The first method involved
pyrolyzing a sample that was placed on a sand surface and covered with a 2mm thick steel
plate. The sample was heated with a propane torch until a temperature of >600°C was reached.

A layer of aluminium foil was used to cover the sand bath to retain the heat until the sample
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cooled to <50°C. The remaining debris was collected into a headspace vial and sealed. The
headspace sample was collected using a PDMS fibre as described previously and analysed by

GCMS.

The second method was through direct flame burning of a sample that was placed on a sand
bath for 1min, subsequently a layer of sand was added onto the burned sample followed by
Imin pyrolysis with a torch gun. The pyrolyzed sample was covered with a clock glass until the
surface temperature reached <50 °C. The debris was collected into a headspace vial and sealed

for SPME-GCMS analysis.

3.4 Slow Pyrolysis Profiles

3.4.1 Preparation of Samples

The selected substrates for pyrolysis were polypropylene (PP), polyethylene terephthalate
(PET), polyethylene (PE), polystyrene (PS), polyester (PER), and nylon (Ny). The chemical
information of substrates is given in Table 11. The selected flammable liquids include hexane,
acetone, butan-2-one, 3-pentanone, ethyl acetate, and isopropanol. The chemical information
of selected flammable liquids is given in Table 12. Three temperatures were selected to initially
generate the library, 20 °C (room temperature), 300 °C, and 550 °C. The 300 °C and 550 °C
pyrolysis were carried out in the same manner described in 3.3.1  Experimental Simulation.
The internal standard (IS) solution prepared for the quantitative analysis was 0.03M 2-
nitrobenzaldehyde in dichloromethane. 1uL of IS solution was injected into the headspace vial
with sample and immediately sealed with a crimped cap. Each sample type was subjected to
three replicates of measurements, except for NyA550, PERAS550, and PPMEKS550 due to

malfunction of the furnace. A total of 126 samples were generated.

3.4.2 Instrumental & Data Analysis

The pyrolyzed samples were subjected to GCMS analysis under conditions described in 4.1.5
Optimised Analysis Method. The GCMS peaks in each chromatogram were identified using the
NIST library with the AMDIS software. The data analysis consisted of normalisation of
chromatograms and classification of peaks using principal component analysis (PCA).
Normalisation of chromatograms was conducted prior to performing calculations. The
normalisation process comprised of two stages, internal standard normalisation, and total area
normalisation. The aim of the internal standard normalisation was to ensure that there was the
same order of magnitude for the highest peak in all chromatograms of the data set. The total

area normalisation aimed to reduce variability among replicates arising from differences in
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injection volume. The similarities and differences among samples were graphically represented

in the form of scores plot using PCA.

To achieve internal standard normalisation, the peak area at each retention time (PA;) was
initially divided by the peak area of the internal standard (PAs) present in the corresponding
chromatogram. For total area normalisation, the peak area of each chromatogram in the data set
was summed and the average area of all chromatograms was calculated. Lastly, the peak area at
each retention time was divided by the area of the respective chromatogram and multiplied by
the average area of all chromatograms, general equation given in Equation (3). All

normalisation calculations were carried out using Microsoft Excel.
Equation (3)

The normalised data were subjected to PCA analysis in both Microsoft Excel and RStudio. The
code for PCA analysis in RStudio attached in Appendix 2: RStudios Code for PCA.
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Table 11 Chemical information of selected substrates

Polymer | Monomer Structure Molecular Composition (%) MM Density | M.P B.P Pyrolysis
Formula C H o N (g/mol) | (g/lecm3) | (°C) (°C) | Mechanism
PP N (CsHg)n 81.7| 183 | - - 44.10 0.905 160 173 RS
n
PET [ OH (C12H1404)n | 649 | 6.3 | 28.8| - 222.24 1.38 260 350 RS
O : o]
H--_O [¢] a
HDPE [ HY (C2Ha)n 85.6 | 144 | - - 28.05 0.941 110- 112 RS
~ C’C\ 130
L2 1, (linear)
LDPE [ HY (C2Ha)n 85.6 144 | - - 28.05 0.925 106- 170- RS
YOy 112 | 200
LH2 ], (long branched)
PS ( i (CgHg)n 923\ 7.7 - - 104.15 0.96 210- 430 SGC
i 249
__?_c]:__
L H H],
PER o (CoH202)n | 414 | 3.5 | 551 - 58.04 1.20 295 350 RS
O)J\R .
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Ny o (Ci2H22N202) [ 63.7 | 9.8 | 14.1 | 12.4| 226.32 1.47 250- 452 RS
P\/\/\NH\/\/\/\ N} n 260
o) H R
Table 12 Chemical information of selected flammable liquids
Compound Structure Molecular Formula Composition (%) MM (g/mol) | Density (g/cm3) | BP (°C) | Purity (%)
C H O |N

Propan-2-one )O]\ Cs;HeO 62.0 | 104 | 27.5 | - 58.08 0.791 56.0 99.5
Butan-2-one /l(JD\/ C4Hs0O 66.6 | 11.2 222 - 72.11 0.805 80.0 99.0
Pentan-3-one \/[CJ)\/ CsHi00 69.7 | 11.7 | 18.6 | - 86.13 0.813 101.5 99.0
Hexane NN CsHi4 83.6 | 164 | - - 86.18 0.659 69.0 95.0
Ethyl Acetate O C4Hs0, 5451 92 363 - 88.11 0.902 76.5-77.5 99.5
Isopropanol )Oi CsHgO 60.0 | 13.4 | 26.6 | - 60.10 0.786 82.5 99.5
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Chapter 4: Results & Discussion

4.1 Optimisation

4.1.1 Furnace Calibration
The furnace temperature was systematically set to 300, 450, 500, and 850 °C for the calibration
process. The obtained results were recorded in Table 7 and depicted in Figure 12. The

calibration equation derived from this analysis was y~ 09527, + 5.8446, with a R? value of

0.9986. The y represents the furnace temperature setting required for sample pyrolysis and x
represents the furnace temperature setting. The specific values for different sample pyrolysis

conditions can be found in Table .

Table 7 Furnace calibration

Furnace temperature | Measured furnace temperature | Measured temperature inside steel
(°C) (°C) block (°C)
300 321.7+£22.4 301.0+7.0
450 385.0+12.9 4257+1.0
500 561.2+37.7 477.6 £ 8.1
850 813.3+15.6 819.7+ 1.0
900
& 800
) 700
£ 600
2, 500
3 400
o 300
Z 200
S
S 100
0
0 100 200 300 400 500 600 700 800 900

Temperature st on furnace (°C)

—8— Average furnace temperature (°C) —&— Average temperature inside steel block (°C)

Figure 12 Graph of furnace calibration

Table 8 Temperature setting for sample pyrolysis
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. 300 400 500 550 600 700 800
Experimental temperature

required (°C)
Furnace temperature setting 308.8 | 413.7 | 518.7 | 571.2 | 623.7 | 728.6 | 833.6

calculated from equation of line
(°C)
Actual furnace temperature 309 414 519 571 623 729 834

setting for sample pyrolysis (°C)

4.1.2 Heating Apparatus

The temperature measurement data were given in Table 8 sand bath only, Table 9 sand bath
with water, Table 10 in an oven. The temperature measurements near the hot plate, as shown in
Figure 13(1.1), exhibited the highest temperature variation over a 10-min period, ranging from
61.3°C to 84.2°C, with a standard deviation of 10.86°C. Similarly, the temperature
measurements near the heating source with water in the sand bath, depicted in Figure 13(2.1),
also displayed significant temperature variations. The temperature difference during the 10-
minute interval ranged from 25.2°C to 26.7°C, with a standard deviation of 3.34°C. To test the
hypothesis, temperature measurements were taken at the centre of the heating system Figure
13(1.2 and 2.2). Without water, the temperature difference ranged from -7.1°C to 5.7°C, with a
standard deviation of 5.71°C. With water in the sand bath, the temperature difference ranged
from 6.6°C to 8.3°C and the standard deviation was 0.73. The smaller standard deviation
indicated that adding water to the sand bath improved temperature stability during the

extraction process.

To simulate the extraction conditions and determine the actual temperature experienced by the
samples, the temperature was measured at the centre of the sand bath using a headspace vial
Figure 13(1.3 and 2.3). In the sand bath alone (1.3), the temperature difference ranged from -
12°C to 3.7°C, with a standard deviation of 7.31°C, while in the sand bath with water (2.3), the
temperature difference ranged from -2.4°C to 3.1°C, with a smaller standard deviation of
2.25°C. These results further support the hypothesis that the sand bath does not provide
consistent temperature distribution, but the addition of water improves heat transfer

consistency.

Extraction temperature in sand bath with water incubated in an oven was evaluated Figure 13

(3). This method exhibited the smallest temperature differences, ranging from 0.7°C to 1.0 °C,
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with a standard deviation of 0.13°C. However, the practicality of this method could not be

achieved due to the separated location of the oven and the GCMS.

Table 8 Temperatures measured with temperature probe and thermocouple in sand bath at different positions

Time (min) 1 2 5 10
Position of thermocouple Near heating source
Temperature on probe (°C) 78 80 83 81
Temperature on thermocouple (°C) 139.8 145.2 167.2 142.3
Differences in temperature (°C) 61.8 65.2 84.2 61.3
Standard deviation (°C) 10.86

Position of thermocouple Centre of system

Temperature on probe (°C) 78 77 74 70
Temperature on thermocouple (°C) 70.9 72.9 75.5 75.7
Differences in temperature (°C) -7.1 -4.1 1.5 5.7

Standard deviation (°C)

5.71

Position of thermocouple

Centre of system inside a headspace vial

Temperature on probe (°C) 69 69 70 74
Temperature on thermocouple (°C) 57 65.6 73.1 77.7
Differences in temperature (°C) -12 -3.4 3.1 3.7

Standard deviation (°C)

7.31

Table 9 Temperatures measured with temperature probe and thermocouple in sand bath with water at different positions

Time (min) 1 2 5 10
Position of thermocouple Near heating source
Temperature on probe (°C) 73 72 71 71
Temperature on thermocouple (°C) 99.7 97.7 96.2 90.3
Differences in temperature (°C) 26.7 25.7 25.2 19.3
Standard deviation (°C) 3.34

Position of thermocouple Centre of system
Temperature on probe (°C) 70 70 70 69
Temperature on thermocouple (°C) 76.6 77.1 77.6 77.3
Differences in temperature (°C) 6.6 7.1 7.6 8.3
Standard deviation (°C) 0.73

Position of thermocouple

Centre of system inside a headspace vial

Temperature on probe (°C)

70

70

72

70
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Temperature on thermocouple (°C) 67.6 70.7 72.7 73.1

Differences in temperature (°C) -2.4 0.7 0.7 3.1

Standard deviation (°C) 2.25

Table 10 Temperature measured in an oven

Time (min) 1 2 5 10

Position of thermocouple Centre of system

Oven temperature (°C) 70 70 70 70

Temperature on thermocouple (°C) 69 69.1 69.2 69.3
Differences in temperature (°C) 1 0.9 0.8 0.7

Standard deviation (°C) 0.13

100

61.8 61.3

25.7 252

6.6 7.1 7.6

83
5.7
[] [] e | 9 | F
1 07 09 - 07 08 . 07
. —_— o — o708 [ | [
g = m- 10
24 41 34

20
H (1.1) near heating source H (1.2) centre of system H (1.3) centre of system in headspace vial

M (2.1) near heating source ¥ (2.2) centre of system M (2.3) centre of system in headspace vial

B (3) centre of system in headspace vial

Figure 13 Temperature differences between temperature probe and thermocouple in (1) sand bath, (2) sand bath with water at
different position, and (3) in oven

4.1.3 Extraction Time

Based on the results depicted in Figure 14, all tested extraction times were effective in
extraction of target compounds above the limit of detection for GCMS analysis. The optimal

extraction time was determined to be 30 min. This extraction duration yielded the highest peak
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area for all major compounds in the chromatograms. Therefore, a 30 min extraction time was

selected for the further analyses.

350000000.00
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S 50000000.00 I. .
o
Q-‘ 0.00 . . . . . .

12.943

Retention time of major peaks (min)

B 30min M 20 min 10 min

Figure 14 The effect of time on the extraction of volatile compounds

4.1.4 GCMS

The chromatograms and results obtained were recorded in Table 11 and Table 12. Resolution
values highlighted in blue were found to be less than 1.5, indicating that the neighbouring
peaks were not fully separated. By comparing the resolution values and visually examining the
chromatograms, condition 7 was identified as the optimal GC condition for analysing the
pyrolyzed samples. Although the resolution between peaks 4 and 5 had a Rs value of 0.923,
indicating some overlap, it was considered acceptable for further analysis since two distinct
peaks could be distinguished from the chromatogram. EPA 610 PAH mixture was separated
under condition 7. Table 13 shows the mixtures had some overlap between neighbouring peaks

but two distinct peaks could be distinguished from the chromatogram, Figure 15.

Table 11 GC optimisation conditions

Condition # | Chromatogram

1 6.0E r 140.00

5.0E7
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Table 12 Peak resolution using standard mixture solution

Peak numbers

1,2

2,3

3,4

4,5

5,6

6,7

7,8

Condition 1

3.49

1.21

3.48

1.28

0.95

5.03

1.82
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Condition 2 2.12 1.35 4.01 0.99 1.58 8.09 2.12
Condition 3 3.58 1.40 4.28 0.81 1.35 9.33 2.13
Condition 4 6.05 3.57 8.45 0.74 1.88 12.37 2.92
Condition 5 7.25 4.22 8.25 0.81 2.13 14.01 3.03
Condition 6 5.60 2.76 7.80 0.90 2.05 12.56 2.93
Condition 7 7.60 3.92 7.00 0.92 2.32 12.65 2.75

Table 13 Peak resolution using PAHSs standard

Peak numbers 1,2 2,3 3,4 4,5 5,6 6,7 7,8 8,9 9,10

Resolution 3.25 | 0.61 1.54 | 484 | 0.30 4.64 1.11 | 9.16 | 0.25
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Figure 15 Reference standard separation under condition 7

4.1.5 Optimised Analysis Method

Sample pyrolyse in a steel block under preset temperature and time. Score the ampoule at
halfway point with a glass cutter. Break the ampoule in half and transfer into a headspace vial,
immediately crimp the lid to minimise escape of gaseous compounds. Extract with PDMS fibre
for 30 min at 70 °C in a water-sand bath. Analyse with GCMS equipped with DB-1MS column
in 30 m length, 0.25 mm film thickness, 0.25 pm internal diameter, helium mobile phase at 1.2
mL/min. The injection temperature set at 250 °C and oven temperature programmed as
follows: initial temperature of 35 °C with a hold time of 2 min followed by a ramp at 10 °C/min
to 250 °C and finally hold for 5 min. The scan mode set to 50-300 m/z. Split ratio of 20:1 for
experimental simulation samples and split-less setting for real world simulation samples.

SPME fibre was cleaned between analysis by exposing the PDMS fibre in the injector at 250 °C
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for 10 min.

4.2 Validation of Pyrolysis
This section consists of the qualitative analysis with the aims to determine the effect of time,

temperature, and presence of ignitable liquids on the pyrolysis of substrates.

4.2.1 Time Variation Analysis

To explore the effect of time on the pyrolysis of polymer, an initial experiment was conducted
using polypropylene (PP). The PP samples were subjected to pyrolysis at a temperature of 500
°C for various durations: 1, 5, 10, 15, and 30 min. The pyrolysis process took place in a heated
steel block to simulate oxygen-free thermal degradation. The temperature of 500 °C was
chosen as it falls within the typical range for pyrolysis, allowing the determination of optimal
duration for conducting experimental pyrolysis. The objective was to observe the appearance
of aromatic compounds in the chromatograms derived from the polymer substrate at
temperatures commonly associated with pyrolysis. Additionally, the pyrolysis of acetone and
its introduction to the PP substrate were investigated to evaluate the influence of an external

source of flammable liquid on the pyrolysis profile.

Figure 16 presents the results of the time variation analysis of pyrolysis in the form of a
heatmap. Alkane and cycloalkane/alkene products were predominant in the 1-15min pyrolysis
samples, while alkylbenzenes and naphthalene dominated the 30 min pyrolysis samples. The
addition of acetone to the PP substrate accelerated the formation of alkylbenzene, as seen in the

15min pyrolysis sample.

Figure 17 presents the total ion chromatograms (TICs) of PP subjected to pyrolysis at 500 °C
for different durations. Figure 17 (a) to (d) show pyrolyzed fragments consisting solely of
alkanes, cycloalkanes/alkenes, with no presence of aromatics. Aromatic fragments are only
observed in Figure 17 (e), corresponding to a 30 min pyrolysis duration, where C1-C5

alkylbenzenes, C2-C3 styrenes, C0-C3 naphthalene, and C1 indanes are detected.

Figure 18 displays the TICs of PP pyrolyzed at 500 °C for various durations in the presence of
acetone. Pyrolysis durations of 1-10min primarily produced C7-C19 alkanes,
cycloalkanes/alkenes, with no aromatic products. A 15min pyrolysis yielded C1-C3
alkylbenzenes, carboxylic acids, and alcohols products. The longest pyrolysis duration of 30
min, with the addition of acetone to the PP substrate, resulted in the highest production of

aromatic products, including C0-C5 alkylbenzenes, C0O-C3 naphthalene, as well as aldehydes,
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ketones, and alcohols.

Figure 19 illustrates the TICs of acetone subjected to pyrolysis at 500 °C for different
durations. The pyrolysis of acetone produced isophorone as the major product in 1, 5, 10, and
15min durations, while 2,4-dimethyl-2-pentene was the sole aldol product observed in the 30
min pyrolysis. Pyrolysis products in the alkyne group were observed in durations of 1-15min,
with substituted alkanes and alcohols present only in the 1min pyrolysis samples, and aldehyde
only detected in the 15min pyrolysis samples. A 30 min pyrolysis yielded target compounds
listed in the ASTM E1618, including C0-C4 alkylbenzene and naphthalene, along with other
products from carboxylic acids, alcohols, and ketones. The presence of aldehyde, ketone, and

alcohol in the products can be attributed to the presence of acetone.

The results from the time variation study demonstrated the 30 min pyrolysis duration
significantly influenced the product distribution of PP, resulting in a product matrix resembling
profiles found in gasoline or diesel. Thus, the 30 min pyrolysis duration was selected for further
analysis. The introduction of acetone as an external source of flammable liquid further
impacted the pyrolysis profile, promoting the formation of products from other functional
groups. These findings provide valuable insights into the pyrolysis behaviour of polymer
materials and can contribute to the development of a reference library that aids in the

identification of matrix backgrounds that may have been misinterpreted as ignitable liquids.

Alkane Cycloalkane/Alkene  Alkylbenzene Naphthalene Indane
PP A PPAIPP A PPAI|PP A PPA |[PP A PPA |[PP A PPA
1min
Smin
10min
15min
30min

IISHGREGRRENHN \1cciun detection  Weak detection | NGISIECHONIN

Figure 16 Heatmap comparison of pyrolysis results for time variation
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Figure 17 Chromatograms from time variation analysis on PP only - (a) 1min, (b) 5min, (c) 10min, (d) 15min, and (e) 30 min
[AB - alkylbenzene; STY - styrene; NAP - naphthalene; IND - indane]
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Figure 18 Chromatograms from time variation analysis on PP with the presence of acetone - (a) 1min, (b) 5min, (c) 10min, (d)

15min, and (e) 30 min [AB - alkylbenzene; STY - styrene; NAP - naphthalene; IND - indane; COOH - carboxylic acid]
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Figure 19 Chromatograms from time variation analysis on acetone - (a) 1min, (b) 5min, (c) 10min, (d) 15min, and (e) 30 min

[AB - alkylbenzene; NAP - naphthalene; COOH - carboxylic acid; PAH — polyaromatic hydrocarbon]

4.2.2 Pyrolysis Temperature Analysis
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Many literature studies have examined the effect of pyrolysis temperature on the degradation
products of common polymers and concluded that the temperature of pyrolysis has a
significant influence (Nisar et al., 2022; Zafar, 2021; Esmizadeh et al., 2020; Das et al., 2018;
Huang et al, 2017; Ahmad et al., 2014; Lee et al., 2007). It had been observed that
temperatures below 450 °C result in solid products, while temperatures exceeding 800 °C lead
to gas products (Nisar et al., 2022; Zafar, 2021). During the flashover phase of a compartment
fire, when the room is filled with hot smoke, pyrolysis of materials present in the room occur as
the temperature reaches approximately 600 °C. In the fully developed phase, the temperature
inside the compartment can rise to 800-1000 °C (Janssens, 2012).

To investigate the influence of pyrolysis temperature on the formation of various cracking
products of PP, a temperature range of 300-600 °C was chosen. This range was selected due to
constraints associated with the preparation of sample ampoules of pyrolysis. As the
temperature increases, the pressure inside the glass ampoule also increases, leading to the risk
of ampoule rupture during pyrolysis and preventing the generation of oxygen-free thermal

degradation products.

Figure 20 illustrates the outcomes of the temperature variation study on pyrolysis. The
detection of alkane and cycloalkane/alkene products decreased as the pyrolysis temperature
increased. Conversely, the detection of alkylbenzene and naphthalene products showed an
upward trend with increased temperature. Notably, when acetone was present within the
temperature range of 300-500 °C, the detection of alkane and cycloalkane/alkene products was
reduced. This observation suggests that the production of aldol products masked the typical
alkane and cycloalkane/alkene products originating from the substrate itself. It implies that the
presence of an external flammable liquid can influence the detection of the substrate type but

not the presence of the flammable liquid itself.

Figure 21 presents the TICs of PP subjected to pyrolysis at 300, 400, 500, 550, and 600 °C for
30 min. Aromatic products were observed at pyrolysis temperatures >500 °C. In Figure 21(c),
the detected aromatics included C1-C5 alkylbenzene, C2-C3 styrene, CO-C3 naphthalene, and
C1 indanes. At 550 °C, the detected aromatics encompassed C0-C4 alkylbenzenes, C0O-C1
indene, CO-C2 naphthalene, as well as polyaromatic hydrocarbons such as acenaphthene,
acenaphthylene, fluorene, 2-methyl-9H-fluorene, and phenanthrene. Likewise, at 600 °C, the
detected aromatics consisted of C0-C3 alkylbenzene, CO-C1 indene, CO-C2 naphthalene, along

with the same polyaromatic hydrocarbons observed at 550 °C.
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Figure 22 depicts the TICs of PP subjected to pyrolysis at 300-600 °C in the presence of
acetone. A prominent aldol product, 4-methyl-3-penten-2-one, was detected in the 300-400 °C
pyrolysis samples. This aldol product masked the extraction and detection of other compounds
derived from the pyrolysis of substrate matrix at 300 °C. At 400 °C, a C3 alkylbenzene product
was detected, suggesting that the presence of an external flammable liquid or an oxygenated
component can enhance the degradation and production of aromatic compounds. At a pyrolysis
temperature of 500 °C, various products from functional groups such as aldehydes, ketones,
and alcohols were observed, which were attributed to the presence of acetone. Similarly, the
pyrolysis products from the alcohol group were observed at 550 °C, but their occurrence
significantly decreased as the temperature was raised to 600 °C, where only hydrocarbon

products were observed.

Figure 23 illustrates the TICs of acetone subjected to pyrolysis at temperatures ranging from
300 to 600 °C for 30 min. In the 300-400 °C pyrolysis range, the presence of strong signals
corresponding to aldol products was observed. A C3 alkylbenzene was detected in the 400 °C
pyrolysis sample. Increasing the pyrolysis temperature to 500 °C revealed the presence of
functional groups such as carboxylic acids, alcohols, and ketones. On the other hand, the
alcohol functional group was the only one observed in addition to hydrocarbons at 550 °C. No
detection of alkylbenzenes or other functional groups, except for polyaromatic hydrocarbons
comprising CO-C2 naphthalene, substituted biphenyl, and phenanthrene was observed at 600
°C.

These findings offered valuable understanding of polymer pyrolysis behaviour and highlights
the significance of accounting for temperature variations when examining the generation of
degradation products. Understanding the thermal degradation pathways can potentially
facilitate the establishment of comprehensive databases for identifying and distinguishing
substrate characteristics and external flammable liquids. Such resources would aid forensic
investigations in fire incidents. The pyrolysis temperature of 550 °C was selected for further

analysis in this study.
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Figure 20 Heatmap comparison of pyrolysis results for temperature variation
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Figure 21 Chromatograms from temperature variation analysis on PP - (a) 300 °C, (b) 400 °C, (c) 500 °C, (d) 550 °C, and (e)
600 °C [AB - alkylbenzene; NAP - naphthalene; IND — indane; STY — styrene; PAH — polyaromatic hydrocarbon]
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Figure 22 Chromatograms from temperature variation analysis on PP with the presence of acetone - (a) 300 °C, (b) 400 °C, (c)
500 °C, (d) 550 °C, and (e) 600 °C [AB - alkylbenzene; NAP - naphthalene; STY — styrene; PAH — polyaromatic hydrocarbon]
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Figure 23 Chromatograms from temperature variation analysis on acetone - (a) 300 °C, (b) 400 °C, (c) 500 °C, (d) 550 °C, and
(e) 600 °C [AB - alkylbenzene; NAP - naphthalene; COOH — carboxylic acid; PAH — polyaromatic hydrocarbon]

4.2.3 Ignitable Liquid Ratio Analysis

This qualitative study aimed to identify fuel-like pyrolysis products while also examining the
influence of varying ratios of ignitable liquid on polymer samples. As discussed earlier, the
presence of acetone was found to impact the pyrolysis profiles of PP. In order to investigate the
ratio effect of ignitable liquid on the polymer, PP was combined with acetone at ratios of 1:1,
1:5, 1:10, 5:1, and 10:1. As shown in Figure 25, the mixtures were subjected to pyrolysis at a

temperature of 550 °C for a duration of 30 min.

Similar to previous analyses, the absence of alkane and cycloalkane/alkene products was
observed when the pyrolysis temperature exceeded 550 °C, Figure 24. In contrast, strong
detection of alkylbenzene and naphthalene products were observed across all investigated
ratios. Weak detection of indane and ketone products was only observed in the 5:1 ratio
sample. Alcohol products were detected in samples with an equal or greater presence of
acetone, specifically in the ratios of 1:1, 1:5, and 1:10. The number of detected polyaromatic
hydrocarbon peaks decreased as the acetone ratio increased, suggesting that the presence of
acetone or oxygenated compounds in the pyrolysis of PP did not promote the generation of
polyaromatic hydrocarbons during the pyrolysis process. These findings contribute to the
understanding of the pyrolysis behaviour of polymer-ignitable liquid mixtures and have

implications for forensic investigations involving fire incidents.

Alkane Cycloalkane/Alkene  Alkylbenzene Naphthalene

1:1
15
1:10
51
10:1

IISESREEERN icdium detection  Weak detection |GGG

Figure 24 Heatmap comparison of ratio effect on pyrolysis of PP and acetone
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Figure 25 Chromatograms from ratio variation analysis on PP:acetone - (a) 1:1, (b) 1:5, (c) 1:10, (d) 5:1, and (e) 10:1 [AB -

alkylbenzene; NAP - naphthalene; IND - indane; PAH — polyaromatic hydrocarbon]
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4.2.4 Pyrolysis of Common Polymers

To investigate the differences in pyrolysis products generated from the substrate, additional
polymers including high density polyethylene (HDPE), polyethylene terephthalate (PET), and
nylon were subjected to pyrolysis at 550 °C for 30 min. The resulting chromatograms are given

in Figure 26.

Across all substrates, no detection of alkane or cycloalkane/alkene products was observed. The
pyrolysis products of PP consisted of C0-C4 alkylbenzene, CO-C2 naphthalene, CO-C1 indene,
and five types of PAHs including acenaphthene, acenaphthylene, fluorene, C1 fluorene, and
phenanthrene. Similar pyrolysis products were observed for HDPE, which included C0-C4
alkylbenzenes, CO-C3 naphthalene, CO-C1 indene, and the same five types of PAHs as PP.
This similarity can be attributed to the linear aliphatic chemical structure of both PP and
HDPE, which undergo random chain scission during the pyrolysis (Huang et al., 2018; Huang
etal., 2017; Stauffer, 2003).

PET produced CO-C2 alkylbenzenes, C0O-C1 naphthalene, as well as two types of PAHs,
namely fluorene and phenanthrene. Additionally, compounds from other functional groups
such as alcohol, ketone, and aldehyde were also detected in the pyrolysis products of PET.
Biphenyl was the most abundant pyrolysis product of PET. This can be explained by the
presence of phenyl group in the PET structure, where the bond dissociation energy between the
phenyl group and its neighbouring carbon was approximately 452.6kJ/mol, while the C-C bond
dissociation energy within the ester was around 358.2kJ/mol (Huang et al., 2018).
Consequently, the formation of phenyl group products was preferred as opposed to aromatic

products during the pyrolysis process.

The pyrolysis of nylon resulted in the production of C0O-C3 alkylbenzene, CO-C1 naphthalene,
as well as wvarious nitrogen-containing compounds including pyridine, C2
benzenemethanamine, benzonitrile, benzenamine, and C0-C1 quinoline. The production of non
-hydrocarbon compounds derived from the substrate itself can aid the identification of
substrate types, allowing for the subtraction of matrix effect accordingly to determine the

presence of ignitable liquid.

The general pyrolysis mechanism of polymers is presented in Figure 27. The thermal energy
from the pyrolysis process initiates the formation of free radical products based on the bond

dissociation energy of each bond. These free radicals propagate to form aliphatic structures.
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Aromatic products will form at higher pyrolysis temperature where greater thermal energy are

present into the process.
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Figure 26 Chromatograms from pyrolysis of substrates at 550 °C for 30 min [AB - alkylbenzene; NAP - naphthalene; PAH —

polyaromatic hydrocarbon; BMTA — benzenemethanamine; BN — benzonitrile; BA — benzenamine; QN - quinoline]

92



(©

- NN

Figure 27 General pyrolysis mechanisms for the formation of aromatic products (a) polyethylene, (b) polypropylene, (c)

degradation and free radical products from propagation

4.2.5 Pyrolysis of Common Polymer with Acetone

To investigate the influence of a foreign ignitable liquid on the pyrolysis profiles, the substrates
were subjected to pyrolysis at 550 °C for 30 min in the presence of acetone. The resulting

chromatograms are depicted in Figure 28. No detection of alkane or cycloalkane/alkene

products was observed in any of the samples.

PP with acetone (PPA) exhibited pyrolysis products consisting of C0-C4 alkylbenzene, C0O-C3
naphthalene, CO-C1 indene, and five types of PAHs, namely acenaphthene, acenaphthylene,
fluorene, C1 fluorene, and phenanthrene. Additionally, an alcohol product was detected.

Similarly, HDPE with acetone (HDPEA) yielded similar pyrolysis products, including C0-C4
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alkylbenzene, CO-C3 naphthalene, CO-C1 indene, the same five PAHs as PPA, and an alcohol

product. The only variation in the pyrolysis profile was the presence of indane in HDPEA.

PET with acetone (PETA) produced C0-C4 alkylbenzene, CO-C1 naphthalene, CO indene,
along with two types of PAHs, fluorene and phenanthrene. Furthermore, compounds from
other functional groups, such as alcohol, ketone, and aldehyde were also detected in the

pyrolysis of PETA.

The pyrolysis of nylon with acetone (NyA) resulted in the generation of C0-C3 alkylbenzene,
C0-C2 naphthalene, CO indane, CO indene, as well as products from other functional groups,

including ketone, nitrogen-containing compounds, alcohol, and carboxylic acid.

The comparison of substrate pyrolysis with or without acetone is presented in Figure 28. In the
presence of acetone, notable differences were observed in the pyrolysis products. When
acetone was added to PP, the production of naphthalene with a higher carbon number was
observed compared to the pyrolysis of PP without acetone. The detection of indane was only
observed in the pyrolysis of HDPEA and NyA while it was not detected in the pyrolysis of the

respective substrates alone.

The addition of acetone to PET led to the formation of alkylbenzene products with higher
carbon numbers compared to the pyrolysis of PET without acetone. In the case of NyA,
functional groups including ketone, alcohol, and carboxylic acid were detected, which can be
attributed to the presence of acetone in the pyrolysis process. Additionally, the presence of

acetone in NyA also resulted in the production of naphthalene with a greater carbon number.

These findings emphasised the influence of ignitable liquids on the pyrolysis behaviour and
product profiles of polymers. The identification and characterisation of these pyrolysis
products can help in determining the presence of specific substrate types and foreign ignitable

liquids.
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Figure 28 Chromatograms from pyrolysis of substrates in the presence of acetone at 550 °C for 30 min [AB - alkylbenzene;

NAP - naphthalene; STY- styrene; PAH — polyaromatic hydrocarbon; IND —

IQN — isoquinoline; COOH — carboxylic acid]

indane; N-ketone — nitrogen-containing ketone;
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4.2.6 Pyrolysis of Polypropylene with Common Ignitable Liquids

To investigate the changes in pyrolysis profile of the substrate in the presence of different
ignitable liquids, PP was subjected to pyrolysis at 550 °C for 30 min with acetone, hexane,
ethyl acetate, butan-2-one (methylethylketone/MEK), and 3-pentanone. None of the samples
exhibited detection of alkane or cycloalkane/alkene compounds. The results obtained from this

investigation are presented in Figure 29.

Hexane and PP shared a similar chemical composition, consisting solely of carbon and
hydrogen in their structures. Therefore, it was hypothesised that the pyrolysis profiles of PP
with or without the presence of hexane as ignitable liquid would exhibit similarities due to their
comparable chemical structures. However, notable differences were observed between the two
profiles, PP and PPH, including additional peaks corresponding to indane, C2 indene, C3
naphthalene, and reduced peaks of PAHs. These findings suggest that the presence of hexane
facilitates the conversion of compounds with higher carbon numbers while simultaneously

reducing the formation of PAHs.

Ethyl acetate, acetone, butan-2-one, and pentan-3-one were ignitable liquids containing
oxygen atoms. It was postulated that the presence of oxygen during the pyrolysis process
would alter the pyrolysis profiles of the substrates, potentially leading to a partial combustion

reaction and generating a reduced number of peaks. Comparative results are given in Figure 30.

The resulting pyrolysis products of PPEA included C0-C3 alkylbenzene and naphthalene, CO
indane and indene, as well as two PAHs, namely fluorene and phenanthrene. On the other hand,
PPA yielded C0-C4 alkylbenzene, CO-C3 naphthalene, CO-C1 indene, and the same five PAHs
as the original PP profile. Pyrolysis of PPMEK produced C0-C4 alkylbenzene, C0-C3
naphthalene, CO indane and indene, as well as three PAH peaks including acenaphthene,
fluorene, and phenanthrene. The resulting pyrolysis products of PP3P included C0-C4
alkylbenzene, CO-C1 naphthalene, CO indane and indene, and three PAH peaks, namely

acenaphthylene, fluorene, and phenanthrene.

The carbon number in alkylbenzene remained unchanged for all ignitable liquid except for
ethyl acetate. This implies that ketone-based ignitable liquids had no effect on the carbon
numbers of the identified alkylbenzene compounds, while the presence of a carboxylate ester
resulted in a reduction in the carbon number of detected alkylbenzene. In contrast, the addition

of an ignitable liquid during the pyrolysis of PP led to an increase in the carbon number of
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detected naphthalene, except in the case of pentan-3-one where the carbon number of
naphthalene decreased. Peaks corresponding to indane were detected when an ignitable liquid
was added during pyrolysis, while they were absent in the pyrolysis of PP and PPA. The
detected peaks of indene products varied depending on the specific ignitable liquid used.
Furthermore, the overall number of detected PAHs decreased when an ignitable liquid was

present during the pyrolysis of PP.

These findings provided useful insights into the effects of different ignitable liquids on the
pyrolysis profiles of PP and highlight the importance of considering the chemical composition
of ignitable liquids in understanding the resulting pyrolysis products. Further research required
is to explore the underlying mechanisms driving these observations and to investigate the

implications of these findings with in the field of arson investigation.
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Figure 30 Comparison of carbon number at each category and number of PAHs from pyrolysis of PP with ignitable liquids
at 550 °C for 30 min

4.2.7 Re-evaluation of Importance of Temperature in Pyrolysis of Substrates with Ignitable
Liquid

Previous discussion emphasised that temperature played a crucial role in the formation of
aromatic pyrolysis products. When the temperature exceeded 500 °C, substrates formed
aromatic products irrespective of the substrate type. Upon subjecting substrates and ignitable
liquids to pyrolysis at 550 °C for 30 min, the predominant pyrolysis products were aromatic
compounds. Some of these aromatic compounds matched the indicative compounds listed in
the E1618 ASTM standard. To further investigate the influence of temperature, pyrolysis at
300 °C (mild pyrolysis temperature) was conducted to compare the differences in pyrolysis

profiles.

The differences in pyrolysis product detection between 550 °C and 300 °C are depicted in
Figure 31 to Figure 33, and tabulated in Table 19. It was confirmed that a pyrolysis temperature
of 550 °C led to higher levels of aromatic products, highlighting the significance of

temperature in the conversion of petroleum fuel-like aromatic products.
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Figure 31 Chromatograms from pyrolysis of substrate in the presence of acetone at 300 °C and 550 °C for 30 min to determine the importance of temperature effect [AB - alkylbenzene; NAP -

naphthalene; STY- styrene; PAH — polyaromatic hydrocarbon; IND — indane; COOH- carboxylic acid; N-ketone — nitrogen-containing ketone; IQN — isoquinoline; AP — aminopyridine; PZ —
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pyrazole; PD — piperidione]
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4.2.8 Real World Simulation

Two methods were employed to simulate real world pyrolysis samples of substrates, pyrolysis
under a thin metal sheet and direct flame burning. The preliminary findings of this simulation
study demonstrated the feasibility of collecting and analysing the debris from pyrolyzed
polymers with ignitable liquids under a metal cover in an open container. The experimental
data revealed that the phenomena observed in closed ampoules could be replicated in this

setup.

The pyrolysis products obtained from the thin metal sheet pyrolysis method indicated the
presence of indicative compounds found in gasoline even though there was only weak
detection of C3 alkylbenzene and CO-C1 naphthalene in the pyrolyzed PP samples. In contrast,

no aromatic compounds were detected when PP was subjected to direct flame burning.

However, there were certain limitations associated with the real world analysis using the thin
metal sheet method, which hindered the qualitative analysis of the samples. These limitations
included variations in pyrolysis duration, inconsistent heating of the surface, sampling
location, sampling technique, and weathering effects. The duration of pyrolysis could be
influenced by the distance between the heating source and the metal cover. Moreover, room
temperature could impact the cooling rate of the sample, thereby affecting the overall pyrolysis
duration. The heating temperature variation depended on the location of the heating source on
the metal surface, with the centre receiving more heat compared to the edges. The sampling
location and technique also affected the results due to the liquefaction of PP, which seeped
through the sand and increased the distance from the heat source. The experimental pyrolyzed
samples with secondary cracking exhibited charred compounds instead of solidified burnt
polymers. This observation suggested that the sampling of pyrolyzed samples was influenced

by the degree of substrate pyrolysis and the appearance after cooling.

Additionally, weathering effects posed a common limitation in fire debris analysis. The real
world simulation results did not detect low molecular aromatic compounds commonly found in
most experimental simulation samples. Although weak detections of certain indicative
gasoline compounds were observed, the absence of major characteristic products indicated that
the evidence collected was insufficient to conclude the presence of accelerants in a fire

incident.

4.3  Slow Pyrolysis Profiles
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Each peak observed in the chromatograms was identified and classified into 24 component

groups based on their chemical composition. These components were composed of isomers

with varying chain lengths but belonging to the same functional group. A detailed list of these

component groups can be found in Table 22.

Table 22 List of component groups

Compound types Symbol Function groups
alkyne aromatic AAr Alkyne
alkylbenzene AB CO0 - C4 isomers
alkane alkane C10-C20
alkene alkene Cl12-C17
alkyne alkyne Alkyne
cycloalkane cycloalkane | C4 — C6
indane indane Indane
indene indene CO0 — C2 isomers
naphthalene NAP CO0 — C3 isomers
nitrogen-containing aliphatic NCAI
nitrogen-containing aromatic NCAr
: — : Hydrocarbons with
nitrogen-containing cyclic NCC .
nitrogen
nitrogen-containing heterocyclic NCH
nitrogen-containing heterocyclic aromatic NCHAr
. ‘ Alcohol, aldehyde,
oxygenated aliphatic OAl
ester, cther, ketone
oxygenated aromatic OAr
oxygenated cyclic oC
oxygenated cyclic aliphatic OCAl
. - Alcohol, ester, ether,
oxygenated nitrogen-containing ONCA
: _ S— ketone, carboxylic
oxygenated nitrogen-containing aliphatic ONCALI "
aci
oxygenated nitrogen-containing aromatic ONCAr
oxygenated nitrogen-containing cyclic ONCC
oxygenated nitrogen-containing heterocyclic aromatic | ONCHAr
. Fluorene,
polyaromatic hydrocarbon PAH
acenaphthene,
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acenaphthylene

Figure 34 illustrates the contribution of the variables to the principal components through a
scree plot. It was determined that the first three principal components accounted for a
significant proportion of the variation, accounting for 74.8% of the total variation. Specifically,
alkylbenzene, oxygenated aromatic, and naphthalene were the primary contributors to these
three components. The first variable, alkylbenzene, accounted for the highest proportion of
variance at 43.8%, indicating its abundance in the samples. Although the second (oxygenated
aromatic) and third (naphthalene) variables explained a relatively smaller proportion of
variance, 15.8% and 15.2% respectively, their contributions were significant compared to the
variances moving further down plot. These three main principal components were
characterised by aromatic structures, indicating the significance of aromatic compounds in the
dataset and their influence on the observed variation. These findings emphasized the
importance of aromatic compounds in explaining the variation observed in the dataset. These
aromatic compounds formed during the secondary cracking of pyrolysis process where
cyclisation reaction takes place. Secondly, the oxygenated aromatic formed from cyclisation of
pyrolyzed substrates and the presence of foreign oxygenated ignitable liquids. Lastly,
naphthalene was formed where degraded substrates undergo cyclisation without oxygenated

compound.

Figure 35 displays the correlation matrix from the data. Negative correlations were observed
between unburned substrates and all pyrolysis samples conducted at 550 °C, except for
unburned PS. The unburned PS showed positive correlations with PS550 and PSA550 due to
its identical substrate type and chemical structure. Among the 550 °C pyrolysis samples, strong
positive correlations were observed between PPMEKS550, PPIP550, PPH550, PP550,
PP3P550, LDPEA550, LDPES50, HDPEA550, and HDPE550, with R? values close to 1. This
finding provides additional evidence in favour of the theory that polymers undergo
aromatisation when exposed to elevated temperatures during a fire. It also underscores the
inadequacy of the current Py-GCMS database in accurately forecasting the outcomes of
prolonged, high temperature combustion events typical of fire scenarios. Similar observations
are shown in Figure 36, this indicated a high degree a similarity in their pyrolysis products
resulting from random scission. Samples such as PSA550, PS550, PPEAS550, PETAS50,
PET550, PERA550, and PER550 exhibited R? values around 0.5, suggesting moderate
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correlation. These samples consisted of substrates with a phenyl ring in their chemical
structure. The presence of ignitable liquids did not significantly impact the correlations among
the 550 °C pyrolysis samples, as seen on the strong correlation between substrates pyrolyzed
with ignitable liquids on the right. However, the substrates do affect the correlation intensities
between samples. PP, HDPE, and LDPE of which with similar chemical structure had higher
correlation level while PER and PET of which structured with phenyl ring were correlated
closer together. Strong positive correlation between samples observed in the top right corner.
Samples were from 300 °C pyrolysis temperature. Unburned samples on the left (HDPE,
LDPE, PP) had similar correlation due to their chemical structures. Furthermore, the weak
positive correlation between samples from 300 °C and 550 °C pyrolysis, as well as weak
negative correlations between samples from 300 °C and unburned samples were also observed.
This correlation matrix highlighted that the presence of flammable liquids has a minimal effect
on the pyrolysis products when the temperature exceeded 550 °C. In Figure 37, all unburned
samples and those subjected to pyrolysis at 300 °C exhibited a negative correlation with PC1
(alkylbenzene). In contrast, all samples from the pyrolysis conducted at 550 °C showed a
positive correlation with PC1. Among the 550 °C samples, those containing a phenyl ring in
their chemical structure demonstrated a weak negative correlation with PC2 (oxygenated
aromatic), except for PS550 and PSA550, which exhibited a weak positive correlation with
PC2. This graph further supports that presence of foreign ignitable liquid in pyrolysis of
substrates over 550 °C will not affect the product similarity when the starting substrates have
similar chemical structure. Lower correlation level from samples pyrolyzed <300 °C observed.
This was due to the absence of secondary cracking process for which the degradation product

did not undergo cyclisation to form highly similar products like those pyrolyzed at 550 °C.
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Figure 36 Cos2 plot of the samples
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Chapter 5: Conclusion

In conclusion, the experimental simulation and real world simulation conducted in this study
provided insights into the pyrolysis behaviour of substrates and the influence of various factors
on the formation of degradation products. The time variation analysis revealed that the duration
of pyrolysis significantly influenced the product distribution of the polymer substrate. A 30 min
pyrolysis duration resulted in a product matrix resembling profiles found in gasoline or diesel,
while the addition of acetone as a foreign ignitable liquid further impacted the pyrolysis profile,

promoting the formation of products from other functional groups.

The temperature variation analysis demonstrated the crucial role of pyrolysis temperature in
the generation of degradation products. As the temperature increased, the detection of alkane
and cycloalkane/alkene products decreased, while the detection of aromatic products, such as
alkylbenzenes and naphthalene showed an upward trend. The presence of acetone within the
temperature range influenced the product distribution, with aldol products masking the typical

alkane and cycloalkane/alkene products.

Evaluation of ignitable liquid ratio indicated the ratio of the polymer substrate to acetone
affected the formation of aromatic compounds, with higher ratios resulting in increased

production of alkylbenzenes, naphthalene, and other functional groups.

Overall, these findings emphasize the importance of considering time, temperature, and the
presence of ignitable liquid when analysing pyrolysis products for forensic investigations in
fire incidents. Understanding the thermal degradation pathways and product distribution can
aid in the identification and differentiation of substrate characteristics and the presence of
potential ignitable liquids. This knowledge can contribute to the development of
comprehensive databases and reference libraries, facilitating more accurate interpretations in

fire investigations.

The findings from slow pyrolysis profile study provide insights into the pyrolysis
characteristics of various substrates and their correlation patterns through the examination of
chromatograms and the application of PCA. The use of PCA further improved the investigation
of the relationship between samples through graphical demonstration. The results highlighted
the complex relationships between pyrolysis conditions, chemical compositions, and the
resulting pyrolysis products. It emphasized the importance of considering variables such as

temperature, substrate composition, and functional groups in understanding the pyrolysis
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process. A limitation in this study was the use of PDMS fibre, which inhibited the extraction of
oxygenated compounds. Development of a new SPME fibre capable of extracting various

compound types would enhance the generation of a library data base.
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Chapter 6: Future Work

Py-GCMS was insufficient in reproducing pyrolysis samples and profiles similar to those
collected from fire scenes. The investigation in the field of arson did not primarily focus on
pyrolysis conditions such as time, temperature, and substrate type. Limited information
regarding the pyrolysis duration and temperature of substrates was available in the field. To
address these knowledge gaps and questions, it is important to conduct investigations and
generate a library of data on substrates commonly subjected to pyrolysis in arson cases. This
would enable the determination of the matrix identity by comparing it to the library data and
the possibility of identifying the presence of accelerants by subtracting the substrate pyrolysis
profile from the debris profile.

Future studies could investigate the influence of additional factors, such as heating rate,
reaction time on the pyrolysis process to develop a data base that better represents real world
fire conditions. Moreover, expanding the sample size and including wider range of substrates
would provide a more comprehensive understanding of the correlation patterns and pyrolysis
behaviour. These investigations will contribute to the advancement of fire investigation
techniques and the development of more accurate forensic tools for the analysis of pyrolysis

products.

Other possible future studies could focus on the continuous development of the machine
learning and artificial intelligence algorithms for the analysis of large datasets of fire debris
samples and identify patterns that can help with the detection of accelerations. Another
potential future investigation direction is the study of mechanistic degradation of substrates
which can further enhance the library data base and provide deeper insights into the formation
of accelerant-like matrix from substrates. Lastly, attempts to standardise fire debris analysis
procedures with modern analytical techniques would improve the efficiency, consistency, and

accuracy across different laboratories and jurisdictions.
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Appendix 1: FTIR of Selected Substrates
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Figure 40 FTIR of nylon sample
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Figure 43 FTIR of PP sample
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Appendix 2: RStudios Code for PCA

The following code were taken from (Keita, 2023; Bioinformatics for All, 2021) with some
changes to the data set.

1. Install and load packages required to generate PCA in RStudio.

> install.packages(“corrr”, “ggplot2”, “ggcorrplot”, “factoextra”, “FactoMineR”,

PR3

“stats” “devtools”, “ggpubr”)
> library(readr)

> library(corrr)

> library(ggplot2)

> library(ggcorrplot)

> library(factoextra)

> library(FactoMineR)

> library(stats)

> library(devtools)

> library(ggpubr)
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2. Import .csv file from locate
> install.packages(“tidyverse”)
> library(tidyverse)
Select “Session” > “Set Working Directory” > “Choose Directory” > select the location
> setwd(“~/Desktop”)
Import data.csv file from files from the lower right quarter
3. Read the .csv file
> data <- read csv(“data”)
> view(data)
> str(data)
4. Check for null values
> colSums(is.na(data))
5. Normalising the data
> numerical data <- data [,2:43]
> head(numerical _data)
> data_normalized <- scale(numerical data)
> head(data_normalized)
6. Correlation matrix generation
> corr_matrix <- cor(data normalized)
> ggcorrplot(corr_matrix)
7. Generate PCA summary table
> data.pca <- princomp(corr_matrix)
> summary(data.pca)

8. Scree plot generation
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> pca.data <- PCA(data[,-1], scale.unit = TRUE, graph = FALSE)
> fviz_eig(pca.data, addlabels = TRUE, ylim = ¢(0,50))
9. Generate Cos2 plot

> fviz_pca_var(pca.data, col.var = “cos2”, gradient.cols = c(“#FFCC00”, “#CC9933”,
“#660033”, “#330033”), repel = TRUE)

10. Generate individuals - PCA
> pca.data <- PCA(t(library[,-1]), scale.unit = TRUE, graph = FALSE)

> fviz_pca_ind(pca.data, col.ind = “cos2”, gradient.cols = c(“#FFCC00”, “#CC9933”,
“#660033”, “#330033”), repel = TRUE)

11. Labelling individuals — PCA
> devtools::install github(“kassambara/ggpubr”)

> a <- fviz_pca_ind(pca.data, col.ind = “cos2”, gradient.cols = c(“#FFCCO00”,
“#CC9933”, “#660033”, “#330033”), repel = TRUE)

> ggpar(a, title = “Principal Component Analysis”, xlab = “PC1”, ylab = “PC2”,
legend.title = “Cos2”, legend.position = “top”, ggtheme = theme minimal())
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