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Abstract: The sample analysis and data interpretation is the most challenging step of fire debris
analysis, due to the presence of combustion and pyrolysis products in the substrate material. In this
study, a headspace solid phase microextraction (HS-SPME) procedure was applied to the extraction
of combustion and pyrolysis products from three commonly used carpet substrate materials, made of
nylon 6,6 and polyesters. Each carpet sample was burned with and without two different ignitable
liquids (ILs), i.e., gasoline and kerosene, and the Total Ion Chromatograms (TICs) and extracted ion
profiles of characteristic class compounds of ILs were obtained and compared to those of unburned
neat ILs, using gas-chromatography mass spectrometry (GC-MS), to study the possible interferences
of these substrate materials in fire debris analysis.

Keywords: solid-phase microextraction (SPME); gas chromatography-mass spectrometry (GC-MS);
extracted ion profile; fire debris; carpet substrate; arson

1. Introduction

Arson is defined as a willful and malicious burning of property [1] and is considered a crime.
According to the National Fire Protection Association (NFPA), approximately 1.3 million fires were
responded to in the year 2019 in the United States [2], of those, 33,395 were reported as arson by the
FBI [3]. Fire investigators follow standard scientific approaches to determine the origin and cause of
fire [1]. The determination of the cause of fire is defined as the identification of a fuel, ignition source
and the oxidizer [4]. If the use of ignitable liquids is suspected, fire debris is collected and sent to the
laboratory to be analyzed for the presence of ignitable liquid residues (ILRs) [4].

Ignitable liquids are classified into two major categories: petroleum-based and non-petroleum
based [5]. Petroleum-based ignitable liquids are derived from crude oil and are more often encountered
in structure and vehicle fires [4,5]. The American Society of Testing and Materials (ASTM) has further
classified petroleum-based ignitable liquids according to their boiling point range (light, medium, and
heavy) and general chemical composition [4,5]. The petroleum-based ignitable liquids commonly
encountered in ILR analysis are gasoline and kerosene [5]. Gasoline is mainly composed of aromatic
compounds (from 4-carbon long chain, C4, to 12-carbon long chain, C12), and contains small amounts
of alkanes [4]. Kerosene is classified as a heavy petroleum distillate in ASTM E1618 and contains both
aliphatic and aromatic compounds in the C8-C20+ range [4].

Since ILRs mainly contain a complex mixture of volatile compounds, extraction followed by
gas chromatography coupled to mass spectrometry (GC-MS) is the most predominant and effective
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technique for their analysis in fire debris [6]. The current standard extraction methods used for the
pre-treatment of fire debris samples are: headspace concentration [7,8], and solvent extraction [5,9].
Among these methods, passive headspace concentration with activated charcoal (ASTM E1412-12) [7]
is the most widely used confirmatory test in the United States [5]. In this method, an activated charcoal
strip (ACS) is suspended in the headspace of the fire debris in a sealed container and the container
is heated at the recommended temperature for relatively long durations to allow the desorption of
ILRs from the fire debris into the headspace so that they can be adsorbed on the activated charcoal
strip adsorbent. The activated charcoal strip is then removed from the headspace and the adsorbed
compounds are desorbed into an organic solvent which is directly analyzed by GC-MS using liquid
injection [5,7]. Although simple and inexpensive, the activated charcoal strip method is time-consuming
and requires the use of toxic organic solvents such as carbon disulfide [6]. Another passive headspace
extraction method that has become popular in recent years due to being fast and solvent-free is solid
phase microextraction (SPME) [8]. In this technique, the sorbent is a polymer, coated on a fiber, which is
mounted on a syringe-like device. The sorbent is exposed to the headspace of the heated fire debris
in a sealed container for a relatively short extraction time, e.g., 30 min. The sorbent is then removed
from the headspace and directly injected into the injection port of the GC-MS for thermal desorption
and analysis [4,5]. Although SPME is considered a screening test, it can provide fast and diagnostic
information to forensic scientists [5]. Compared with the activated charcoal strip method, solid phase
microextraction is not an exhaustive method and the fire debris sample analyzed using SPME can be
tested again if required [8]. Furthermore, small, commonly used glass vials (e.g., 10 mL screw cap vials)
can be used for SPME, which can be conveniently heated in the autosampler heater at a controlled
temperature. Unlike activated charcoal strips, SPME fibers can be baked prior to extraction to avoid
any contamination and are re-used for several extractions.

The sample analysis and data interpretation are perhaps the most challenging steps of fire
debris analysis. The identification and classification of ILRs is performed by a pattern recognition
technique, which is a visual comparison of the Total lon Chromatograms (TICs) obtained from the fire
debris sample to those of reference ignitable liquids (RILs) obtained under the same chromatographic
conditions [5]. However, the chromatograms obtained from an extracted sample from the headspace
of fire debris not only include the ignitable liquid residues, but they also represent volatile compounds
present in the matrix—substrate background products—as well as pyrolysis and combustion products,
which can complicate the data interpretation, especially when the ILRs concentrations are very low.
Thus, the standard test method for the interpretation of ILRs extracted from fire debris samples,
ASTM E1618-14 [10], recommends that each laboratory should have both their own reference ignitable
liquid (RIL) database, as well as a database of commonly used substrate materials that do not contain
ILs [6]. However, since not all laboratories can collect and keep such a large collection of reference
substrate samples, the National Center for Forensic science (NCFS) maintains a database known as
the Ignitable Liquid Reference Collection (ILRC) [6,11]. Moreover, gas chromatography coupled to
mass spectrometry provides extracted ion monitoring, which is a more accurate technique for the
identification and classification of ILRs. In this technique, fragment ion(s) related to different class
compounds known to be present in each class of ILs are extracted from the total ion chromatograms of
the heated extracted fire debris and the obtained chromatogram, which is known as extracted ion profile,
is visually compared to the extracted ion profile of that class of compounds in neat ignitable liquids. For
example, to decide if gasoline is present in a fire debris sample, fragment ions representative of at least
alkanes, aromatics and oxygenates must be reviewed besides the total ion chromatogram [12]. This
technique is particularly helpful when volatile organic compounds caused by substrate background
products and pyrolysis and combustion products are present at higher concentrations compared to the
ILRs and can skew the total ion chromatogram [12]. Although the ILRC database is a comprehensive
library of chromatograms obtained from commonly used ILs and substrates and is gathered according
to the ASTM guidelines [6], the data is obtained using the activated charcoal strip method and to
our knowledge, there is no database available for laboratories that use the SPME method, which can
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produce a different chromatographic pattern for substrate materials due to the difference in physical
and chemical characteristics of the sorbent, sorbent capacity, extraction temperature and extraction
time. Besides being solvent-free, fast, reusable, and non-exhaustive, another advantage of SPME over
the ACS method is the smaller sample size required for the substrate material analysis. For example,
while the ACS method required burning a 6 cm? sample of the substrate carpet material [11], the SPME
method requires a small sample size (e.g., a single fiber) for analysis. Therefore, SPME can provide
significant substrate information even in cases where the sample size limits the use of the ACS method.
Moreover, the ILRC database does not provide the chromatograms obtained from substrates burned in
the presence of different ignitable liquids. Since the pyrolysis products can be different at the presence
of different ILs, due to the change in combustion temperature, investigating the chromatograms of
carpets in the presence of a particular IL is useful in arson identification.

Due to the advantages of SPME, forensic scientists have shown more interest in using SPME
for the analysis of accelerants in fire debris [13,14]. Fetig et al. evaluated an SPME method for the
analysis of ILs in fire debris [13] and Li Ying et al. were able to demonstrate that the chromatograms
obtained from burning a brand of carpet differed in the presence or absence of gasoline and that some
of the gasoline target compounds are also found in the pyrolysis products of carpet [14]. However,
the extracted ion profiles have not been investigated. The main objective of the current study is to
apply the proposed SPME method by Fetig et al. to obtain the total ion chromatograms as well as the
extracted ion profiles of three different carpet substrates at different conditions, namely, burned without
ILs and burned at the presence of two commonly used ILs, i.e., gasoline and kerosene. Considering the
advantages of SPME over other extraction techniques and the recent interest in using this method in
forensic laboratories, the provided data are valuable in demonstrating the reliability and robustness of
the SPME as an alternative technique to ACS in fire debris analysis.

2. Materials and Methods

2.1. Materials and Reagents

Methanol and ethyl acetate were purchased from Fischer Scientific (Pittsburgh, PA, USA).
Kerosene was obtained from Lowe’s Home Improvement Store (Mooresville, NC, USA), and gasoline
was obtained from a local gas station. Three different carpet samples were obtained from Lowes:
Stain Master Pet Protect (Nylon 6,6), Stain Master Essential Carpet (polyester), and Berber 100%
Dyed Polyester (polyester). DVB/CAR/PDMS SPME fibers and manual holders were purchased from
Fischer Scientific.

2.2. Sample Preparation

For preparing the samples, a diluted stock solution of ILs was first prepared. A 1.00 mL portion of
a 9:1 ratio mixture of methanol and ethyl acetate was spiked with 10 pL of the Ignitable Liquid (IL),
either gasoline or kerosene, vortexed for 1 min and refrigerated.

To obtain the IL sample for SPME extraction, 10 pL of the diluted IL stock solution was transferred
into a 10 mL septum screw cap vial together with 2 mL of deionized (DI) water. To prepare the burned
carpet samples, approximately 0.1 g of carpet was placed on a watch glass and ignited using a lighter
and burned until charred (for a duration of 30 s) in the open air. To prepare the carpet burned in the
presence of the ILs, approximately 0.1 g of carpet was spiked with 10 pL of diluted IL stock solution,
set for 1 min, and burned on a watch glass until charred and placed in a vial together with 2 mL of
DI water.

2.3. Head Space Solid Phase Microextraction

The HS-SPME method evaluated by Fetig et al. [13] was used for the head-space analysis of
all samples. Each sample was first incubated at 30 °C for five minutes and the preconditioned
DVB/CAR/PDMS fiber was inserted into the cap septum and exposed to the head-space of the sample
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for 30 min. The fiber was then removed and injected into the gas chromatogram injector at 250 °C for
the desorption time of two min.

2.4. Instrumentation

A Thermo Scientific Trace 1310 gas chromatograph (Thermo Fisher Scientific, Waltham, MA, USA)
interfaced with a ISQ Single Quadrupole mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) with the XCalibur software program equipped with NIST library was used to perform the
GC-MS analysis. The GC was equipped with a TG-5QC Thermo Fischer Scientific capillary column
(30 m x 0.25 mm X 0.25 pm). The injection temperature was 250 °C and the injector was used in the
splitless mode for 0.3 min starting with the SPME injection, followed by split mode with a split flow of
100 mL/min. The helium carrier gas flow rate was 1.7 mL/min. The GC oven temperature was initially
held at 40 °C for 3 min and increased to 160 °C at a rate of 5 °C/min and then increased to 280 °C at
a rate of 60 °C/min and held for 1 min. The transfer line temperature was set at 310 °C, the electron
ionization source was operated at 70 eV and the quadrupole mass analyzer was operated at full scan
mode (m/z = 50-500).

2.5. Data Analysis

The total ion chromatograms and the extracted ion profiles were obtained for each sample using
the XCalibur software. The selected fragment ions for each class compounds were as follows: m/z = 57.0,
71.0, 85.0, and 99.0, for extracted alkane profile; m/z = 55.0, 69.0, 83.0, 97.0 for extracted cycloalkanes
and alkenes profile; m/z = 91.0, 105.0, 119.0, and 133.0, for extracted aromatics (alkylbenzenes) profile;
mfz = 128.0, 142.0, 156.0, for extracted polynuclear aromatics; and m/z = 117.0, 118.0, 131.0, 132.0,
145.0, 159.0 for extracted indane profile [15]. The target compounds and pyrolysis products were
identified by a comparison of the fragmentation pattern of the mass spectrum of the unknown with the
reference mass spectra in the NIST library. The mass spectrum matching score is reported as Reverse
Match Factor (RSI).

3. Results

3.1. Extracted lon Data for Unburned Neat Ignitable Liquids

The total ion chromatogram obtained for unburned neat gasoline sample (Figure 1a) was consistent
with what was reported in the literature for neat gasoline analyzed using HS-SPME in terms of the
retention time and abundance of the volatile organic compounds [13,14].

The extracted ion profiles could not be found in the literature for the SPME technique; however,
the extracted profiles (Figure 1b—f) were visually comparable with those provided in the literature
using the activated charcoal strip (ACS) method [11]. It should be noted that the extracted profiles
obtained by the SPME method can be different in terms of abundance of the peaks with those obtained
using activated charcoal strip due to the differences in both the physical properties and the capacity of
the extraction phases used in the two methods [5]. Nevertheless, the extracted profiles of gasoline
were clearly distinguishable and characteristic of neat gasoline. The gasoline target compounds were
also identified in the chromatograms: toluene (RT = 3.28 min, RSI = 929), m- and p-xylene (RT = 5.85
min, RSI = 924), o-xylene (RT = 6.51 min, RSI = 931), trimethylbenzene (RT = 10.54 min, RSI = 904), and
indane (RT = 10.92 min, RSI = 921).
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Figure 1. GC-MS extracted ion data related to neat gasoline. (a) Total ion chromatogram; (b) extracted
alkane profile; (c) extracted cycloalkanes and alkenes profile; (d) aromatics (alkylbenzenes) profile; (e)
extracted polynuclear aromatics profile; (f) extracted indane profile.
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The TIC pattern and the extracted profiles for kerosene using HS-SPME were not found in the
literature but the obtained pattern (Figure 2a) presents the disproportionality abundant homologous
series of n-alkanes and the less abundant cycloalkanes, which are the characteristics for kerosene.
The extracted profiles were also comparable with those obtained using the ACS method provided in
the literature [5]. The following target compounds of kerosene were identified: nonane (RT = 6.80 min,
RSI=881), decane (RT = 10.09 min, RSI = 931), undecane (RT = 13.19 min, RSI = 922), and dodecane
(RT = 16.00 min, RSI = 926).

RT: 0.00-30.10 =
1156 NL
100 7.49€9
TIC MS
903 1063 1260 sample101
1319
00 1120 | 1202
904 970 1000 1450 M8
2™ 869
g 1354 1496 16.02
5§ 60 !
§ 880 g
g a1 5
£ 403 8
§ 157 4 [ |
20 _ 1636
203
567 16.46
104 144 T 485 v‘/ 0o 1273 1871
3013 135 28 3 A Mrban 1919 1953 2133 2149 2381 2418 2405 2515 2778 2885 2000
T T T T T T T T T T T T T T T T 7 Y T T T T T T T
1 2 3 4 5 6 7 8 9 0 1 12 13 14 15 16 7 18 1 20 2 2 2 24 2 2 2 2 2 3 a
Time (min)
RT 0.00-20.10 -
1319 N
306.] 10.08 2789
mz=
o] 122 16.02 £6.50.57.50+
1075 1298 706071 50+
80-] 679 y 8450-85 50+
— 9850-9950 MS
» 7] 1121 ko sample101
2 880
S 60 1496
g 903
2 504 1469
2 803
§ 4 1638
“ 2
3 567 il |
752
20
568
104 o 1871
3 17,
144 155 240 337 396 48559 U e lmn 2072 2133 2288 2381 2496 2615 2725 26.14 2865 2012 b
T T T T T T T T T T T T T T Y T T T T T T T T T T T
1 2 3 4 5 6 7 8 L] 0 1 12 13 1 15 1% w7 18 189 220 2 2 2B 24 25 2% 27 88 2B 30
Time (min)
RT 0.00-30 10 -
941 N
100 24969
1082 miz=
90- 545065 60+
66 50-69 50
80° 5250835
96.50-97 50 MS
» 704 gy 889 760 - sample101
8 604 002
< 50
g 40 858
304
20
591
104 485 524 1635 1653
123 161 251 347 408 1220 1871 1980 2133 2248 2291 2418 2501 2615 2730 2814 2867 2909
T T Y T T T T T T T T T T T T T T T T T T C
0 1 2 3 4 5 6 9 10 11 12 13 4 15 16 17 18 18 20 21 2 2B 24 2% 8 2 B 2B N
Time (mun)
RT: 000-30.10
i ] 1450 NL 17369
2=
190.50-91 50
905 9 104 50-105 50+
1061 o, 1250 1368 11850-119.50+
803 1354 [14.38 13250-133.50 MS
1166 sample101
& 704 1483
E' 865 1321
3 o] 1524
5
2 505 923 Il
2 I l
§ 403 1589
@ 580 l
303 o® 1622
203 649 | 1645
1662 16.98
103 557 747 | 17.20 1760
080 156 203 32 365 461 735 | 1848 1982 2053 2113 2239 2289 2418 2435 2617 2731 2802 2891 2973 d
T T T T T T T T T 7 T ¥ T T T T Y T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 1 12 13 4 15 16 17 18 19 20 2 2 22 24 26 26 2 28 28 N
Time (min)

Figure 2. Cont.



Separations 2020, 7, 63

RT: 0.00

Relatve Abundance
8

104 130 182 246 449 468
T T T

1000

1121 122

] i 1289 16.02 75 1851 o
V\/(:"vfj v"ﬁ"’lﬂj)ﬂ}u,“ x,N.IULﬂ,!rM \‘JW“}" A(UL"}M..‘“ L ?‘;7‘
s 17 18

7 of 18

13.19

|

1449 1688

11

2143 2181 201 2418 2450 2815 2673 2771 2891 203
T T T 7

T
1 2 3 4 5 8 7 8

2

000-3010
100

90

80

70

80

Relative Abundance

10

1098

1 12

1258

13

T T
14 15 16 23 24 2
Time (min)

T
19 20 2 22 26 21 ] 2

14.16

1588

1550
1483 ’
I

2418 2431 2639 2733 27.82

T T
% 27 28

29.14
2 3

3 1242
2
| J 1383 “1579159| 1773
10- ogo 062} 177 il ) A | ALl e e
ol 11815 24228351 450 e e7mra8 888 A AL A [ M ALITT NIl A ac 1856 1943 2112 2167 2256
T T T T ey Y Ty f T
16 20

1 2 3 4 5 6 7 8 9 0 1 12 13 1 15 17 18 19 21 2 2

Time (min)

u 2%

Figure 2. GC-MS extracted ion data related to neat kerosene. (a) Total ion chromatogram; (b) extracted
alkane profile; (c) extracted cycloalkanes and alkenes profile; (d) aromatics (alkylbenzenes) profile;
(e) extracted polynuclear aromatics profile; (f) extracted indane profile.

3.2. Extracted Ion Data for Carpet Substrates

To be able to study the possible interferences of commonly used carpet substrates in the analysis
of ILs, three different types of carpet were chosen. Carpet #lwas a Stain Master Pet Protect Carpet with
the color concord-mystical charm and the type of the carpet was plush, 100% Stain Master Dyed BCF
Nylon. Carpet #2 was Stain Master Essential Carpet with the color fancy flair-antique lace and the type
of carpet was plush. Carpet #3 was Berber 100% Dyed Polyester with the color 46016 Seneca. The total
ion chromatograms and the extracted ion profiles for carpet samples burned with and without ILs
are provided in the Supplementary Materials. In the following sections, selected chromatograms are
provided for comparison purposes.

3.2.1. Carpet #1 Stain Master Pet Protect (Nylon 6,6)

Potential Interference with Identification of Gasoline

Comparison of the total ion chromatograms obtained for carpet #1 sample burned without ILs
with that of unburnt neat gasoline, suggests the presence of interfering compounds and it can be
suspected that gasoline is present in the sample (Figure 3). The following interfering compounds
were identified in carpet burned without ILs: toluene (RT = 3.30 min, RSI = 900), ethylbenzene
(RT = 5.61 min, RSI = 948), m- p- xylene (RT = 5.86 min, RSI = 892), n-propylbenzene (RT = 8.37 min,
RSI = 908), and naphthalene (RT = 15.38 min, RSI = 912). However, the extracted ion profiles of carpet
burned without ILs and unburned neat gasoline present distinguishable differences. In other words,
although the extracted ion profiles of the two samples have common peaks (e.g., extracted alkylbenzene
profile), the peak abundance ratios are not similar, indicating that gasoline is not present in the sample.
However, since the carpet was burned and the neat gasoline was unburned, it might be argued that the
difference is due to the evaporation, degradation, or combustion of the potentially present gasoline in
the sample. To clear this ambiguity, the TIC and the extracted ion profiles of the carpet #1 burned with
gasoline were obtained and compared to those of neat gasoline and carpet #1 burned without ILs.
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Figure 3. Total ion chromatograms (m/z 50-500) of (a) carpet #1, burned without ILs; (b) carpet #1
burned with gasoline; and (c) neat gasoline.

A comparison of the TIC and extracted ion profiles of carpet #1 burned with gasoline and neat

gasoline (Figure 3b,c) shows clear similarities. All target compounds of gasoline were identified in the
carpet burned with gasoline and with the same proportions as found in neat gasoline.

The comparison of the extracted ion profile for alkylbenzene compounds in neat gasoline with that

of carpet #1 burned without ILs clearly shows that even though some of the characteristic alkylbenzene
compounds of gasoline are present in carpet #1 burned without gasoline (Figure 4a), the abundance
and peak ratios are different from that of neat gasoline (Figure 4c). The abundance and peak ratios of
alkylbenzene compounds in the carpet burned with gasoline (Figure 4b), however, are comparable

with

those of neat gasoline (Figure 4c), making it easy to distinguish between the presence and absence

of gasoline in the fire debris.
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Figure 4. Extracted aromatic (alkylbenzenes) profiles of (a) carpet #1 burned without ILs; (b) carpet#1
burned with gasoline; and (c) neat gasoline.

To further investigate the presence of interfering compounds in carpet #1, the extracted polynuclear
aromatics profiles were compared (Figure 5), and naphthalene (RT = 15.38 min, RSI = 943) was identified
in carpet #1 burned without ILs, which is also present in carpet burned with gasoline (RT = 15.37 min,
RSI = 925), and neat gasoline (RT = 15.38 min, RSI = 925). Therefore, based on the extracted polynuclear
aromatics profiles, the carpet burned without ILs cannot be distinguished from the carpet burned with
gasoline, and naphthalene is an interfering compound in the analysis of gasoline.
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Figure 5. Extracted polynuclear aromatics profiles of (a) carpet #1, burned without ILs; (b) carpet #1
burned with gasoline; and (c) neat gasoline.

A comparison of the indane profiles shows that the pattern and intensities of peaks in
chromatograms obtained from carpet #1 without ILs (Figure 6a) are different from that of neat gasoline
(Figure 6¢). Identification of peaks showed indane was present in neat gasoline (RT = 10.92 min,
RSI =919) and carpet #1 burned with gasoline (RT = 10.84 min, RSI = 904; however, this compound was
not identified in the chromatogram of carpet burned without ILs (Figure 6a). The characteristic indane
profile of gasoline was clearly observed for carpet #1 burned with gasoline (Figure 6b), indicating that
the indane profile can be reliably used to identify gasoline in the fire debris of carpet #1.
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Figure 6. Extracted indane profiles of (a) carpet #1 burned without ILs; (b) carpet #1 burned with

gasoline; and (c) neat gasoline.

It is concluded that the tested SPME method, together with the extracted ion profile pattern
recognition, can successfully and reliably determine the presence or absence of gasoline in fire debris
with Stain Master Pet Protect (nylon 6,6) substrate material.
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Potential Interference with the Identification of Kerosene

A comparison of the TIC of carpet #1 burned without ILs (Figure 7a) with that of neat kerosene
(Figure 7c) shows that there might be interference with the identification of kerosene, especially in the
area between 11.00 to 15.00 min. The library search suggested the presence of alkenes or cycloalkanes,
which could indicate the presence of an IL. However, the extracted cycloalkane profiles do not show
the same patterns as neat kerosene. The TIC of carpet burned with kerosene (Figure 7b) is less complex
compared to neat kerosene (Figure 7c), probably due to the evaporation of n-alkanes and cycloalkanes;
however, the extracted ion profiles have common peak patterns with that of neat kerosene, and kerosene
target compounds were identified as Nonane (RT = 6.73 min, RSI = 917), decane (RT = 9.88 min,
RSI = 937), undecane (RT = 12.95 min, RSI = 900), and dodecane (RT = 15.91 min, RSI = 928), which are
not present in carpet burned without ILs.
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Figure 7. Total ion chromatograms (rm/z 50-500) of (a) carpet #1, burned without ILs; (b) carpet #1
burned with kerosene; and (c) neat kerosene.

A comparison of the TICs of the SPME extracts of carpet #1 burned without ILs and in the
presence of gasoline and kerosene, indicates that the chromatograms are easily distinguishable. The
main pyrolysis product of nylon 6,6 polymer was identified as styrene (RT = 6.47, RSI = 956), which
has been reported to be a pyrolysis product of nylon at temperatures between 400 °C and 700 °C
in the literature [15]. Nylon fibers are known to be resistant to fire and it was not easy to burn the
fiber in the absence of ILs and the fiber burned without a flame. In the presence of ILs, the fiber
burned to produce a flaming fire, which explains the reduction in the relative abundance of styrene
in the chromatograms obtained in the presence of ILs. The generated heat of the flame can result in
degradation and evaporation of styrene.
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3.2.2. Carpet #2 Stain Master Essential Carpet

To investigate the effect of the background interferences of carpet substrates made from polyester
in arson analysis, the Stain Master Essential Carpet (carpet #2) was burned in the absence and presence
of ILs (Figure 8). The pyrolysis products identified in the chromatogram of carpet #2 burned without
ILs, were benzene (RT = 1.81 min, RSI = 951), toluene (RT = 3.17 min, RSI = 957), styrene (RT = 6.30 min,
RSI = 944), benzaldehyde (RT = 8.46 min, RSI = 945), and naphthalene (RT = 15.19 min, RSI = 925),
which were consistent with those reported in the literature using the activated charcoal strip (ACS)
method for polyester fibers [11].
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Figure 8. Total ion chromatograms (1m/z 50-500) of carpet #2 (a) burned without ILs; (b) burned with
gasoline; and (c) burned with kerosene.

Potential Interference with the Identification of Gasoline

The examination of the TIC of carpet #2 burned without ILs shows potential interferences with the
identification of gasoline. However, comparing the alkylbenzene profiles of carpet #2 burned without
ILs and neat gasoline shows that the abundance and the peak ratios are not consistent with the pattern
observed for gasoline. The comparison of polynuclear aromatic profiles of carpet #2 burned without
ILs with that of neat gasoline also shows an interference at retention time of 15.19 min, which was
identified as naphthalene (RSI = 925). Although some indane derivatives were identified in carpet #2
burned without ILs (Figure 9a), the retention times and the peak abundance relative ratios were not
consistent with the indane compounds identified in neat gasoline (Figure 9¢) and carpet #2 burned with
gasoline (Figure 9b). The indane profile for carpet #2 burned with gasoline shows the characteristic
indane profile observed in neat gasoline, which makes the indane profile a suitable profile for the
identification of gasoline in the charred debris of carpet #2.
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Figure 9. Extracted indane profiles of (a) carpet #2, burned without ILs; (b) carpet #2 burned with
gasoline; and (c) neat gasoline.

Potential Interference with the Identification of Kerosene

The TIC and extracted ion profiles for carpet #2 burned without IL do not show interferences
with kerosene. The TIC and the extracted ion profiles obtained for carpet #2 burned with kerosene
match very well with those obtained with neat kerosene. The obtained profiles are distinguishable
from carpet burned without ILs, indicating that this method can be reliably used for the identification
of kerosene in the charred debris of carpet #2.

Comparison of the TICs of the SPME extracts of carpet #2 burned without ILs and in the presence
of gasoline and kerosene (Figure 8), indicates that the chromatograms are easily distinguishable and
that this method can successfully be used to identify gasoline and kerosene in charred Stain Master
Essential (polyester) carpet.

3.2.3. Extracted Ion Data for Carpet #3 Berber 100% Dyed Polyester Carpet

The third studied carpet was Berber 100% Dyed Polyester carpet. The TIC and extracted ion
profiles for this carpet burned in the absence and presence of ILs is presented in Figure 10. The identified
compounds in carpet #3 were benzene (RT = 1.81 min, RSI = 938), phenol (RT = 2.98 min, RSI = 969),
toluene (RT = 3.17 min, RSI = 956), 2,4-dimethy-1-heptene (RT = 4.89 min, RSI = 947), ethylbenzene
(RT = 5.45 min, RSI = 932), and styrene (RT = 6.30 min, RSI = 948).
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Figure 10. Total ion chromatograms (m/z 50-500) of carpet #3 (a) burned without ILs; (b) burned with

gasoline; (c) burned with kerosene.

Potential Interference with the Identification of Gasoline

Although toluene and ethyl benzene, target compounds of gasoline, were identified in carpet
#3 burned without ILs, a comparison of extracted ion profiles in carpet #3 burned without ILs with
that of neat gasoline shows that the profiles are distinguishable based on the number of identified
compounds and the relative abundance. The profiles obtained from carpet #3 burned with gasoline
clearly demonstrate the characteristic alkylbenzene, polyaromatics, and indane profiles of gasoline.
The extracted alkylbenzene profiles are compared in Figure 11 as an example. It should be noted that
the relative peak abundance for toluene (RT = 3.17 min, RSI = 956) is much higher compared to the
other characteristic alkylbenzenes since, it is also a pyrolysis product of polyester carpet.
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Figure 11. Extracted aromatic (alkylbenzenes) profiles of (a) carpet #3 burned without ILs; (b) carpet#1
burned with gasoline; and (c) neat gasoline.

Comparison of the extracted indane profiles of carpet #3 burned with and without gasoline with the
indane profile of neat gasoline, shows that the indane profile can be reliably used to confirm the presence of
gasoline. The indane profile of carpet #3 burned without gasoline does not match with that of neat gasoline,
whereas the indane profile of carpet #3 burned with gasoline matches with that of neat gasoline (Figure 12).
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Figure 12. Extracted indane profiles of (a) carpet #3 burned without ILs; (b) carpet #3 burned with

gasoline; and (c) neat gasoline.

Potential Interference with Identification of Kerosene

Comparison of the profiles obtained for carpet #3 burned without kerosene and those of unburned
neat kerosene does not show interferences. On the other hand, the TIC and extracted ion profiles
obtained from carpet #3 burned with kerosene, present the characteristic alkane, and cycloalkane
profiles of kerosene. The obtained results clearly demonstrate that the tested SPME method can be
reliably used to distinguish between carpet burned without ILs and carpet burned with kerosene.

The extracted alkane profiles of carpet burned without ILs is compared to those of carpet burned
with kerosene and neat kerosene, for example in Figure 13.
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Figure 13. Extracted alkane profiles of (a) carpet #3 burned without ILs; (b) carpet #3 burned with

kerosene; and (c) neat kerosene.
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4. Discussion

An HS-SPME method was tested and applied in the study of the background interferences
of three commonly used carpets, namely, Stain Master Pet Protect Dyed BCF Nylon 6,6, and Stain
Master Essential carpet, for the identification of gasoline and kerosene in fire debris. The main
purpose of the study was to demonstrate that SPME can be reliably used for the identification of ILs,
if combined with GC-MS. Mass spectrometry provides the option of extracted ion profiles, which helps
interpret the data when substrate background interferences make it difficult to make a solid decision
based solely on the TICs. To show the reliability of the method in the interpretation of arson data,
each carpet was burned in different conditions, namely, without ILs, with gasoline, and with kerosene.
The TIC and extracted ion profiles of unburned neat gasoline and kerosene were also obtained for
comparison purposes. The results showed that in general all carpets showed a few target compounds of
gasoline (alkylbenzenes and polynuclear aromatics) when burned without ILs; however, the extracted
profiles showed that the peak abundance ratios of alkylbenzenes and indanes were different from the
characteristic ratios expected for gasoline, whereas the carpet samples burned with gasoline clearly
showed the alkylbenzene and indane profiles with the same peak abundance ratios as neat gasoline.
Naphthalene was identified as an interference in all three carpet substrates making the polynuclear
aromatics profiles not suitable for analysis. Unlike gasoline, target alkane compounds of kerosene were
not identified in carpets burned without ILs. The TICs and extracted ion profiles of carpets burned
with kerosene clearly showed the characteristic profiles expected for kerosene. It can be concluded
that this method can reliably be used for the identification of gasoline and kerosene in charred fire
debris with the carpets included in this study as substrate material. To our knowledge, such a study of
carpet substrate showing extracted ion profiles for carpet burned with gasoline and kerosene using
HS-SPME as the extraction method has not been reported in the literature. Considering the advantages
of SPME over other extraction techniques, the present study is valuable in providing forensic labs with
a reliable method. Moreover, the provided data can help forensic labs interpret their fire debris data
more reliably and demonstrates that SPME, although merely accepted as a screening test, is as reliable
as the ACS method, which is accepted as the confirmatory test for ILR analysis.
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