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Abstract—This paper describes the detection and persistence of gasoline residues present in household mate-
rials, cotton fabric, cardboard, and carpet. These samples were spiked with 50 μL of gasoline and dried for a
controlled period of time at room temperature prior to chemical analysis. The extraction and chemical anal-
ysis of gasoline residues were conducted via headspace-solid phase microextraction and gas chromatogra-
phy‒mass spectrometry, respectively. Our data showed that gasoline residues were detected in the cotton fab-
ric samples after up to 7 days of drying, while both the cardboard and carpet samples could retain gasoline
residues for longer than 3 weeks. The adoption of small-sized vials for headspace analysis improved the detec-
tion limit of gasoline residues in the samples. The physical features of the samples, such as porosity, thickness,
and number of layers, were found to be more important than chemical compositions for the increased per-
sistence of gasoline residues.

Keywords: gasoline residues, persistence, gas chromatography, mass spectrometry, headspace, solid phase
microextraction
DOI: 10.1134/S1061934820010153

The detection and identification of ignitable liquids
present on solid substrates is an important issue in fire
investigations [1‒3]. If the fire investigator suspects
that a fire was deliberately started by ignitable liquids,
any physical evidence potentially containing these liq-
uids will be collected at the fire scene, as well as from
the arson suspects, for further investigation. Gas chro-
matography‒mass spectrometry (GC‒MS) is the
standard analytical method in forensic laboratories to
identify the presence of ignitable liquids [1‒3].

Prior to instrumental analysis, any ignitable liquid
present in the collected samples can be recovered by
several techniques, including solvent extraction, head-
space vapor sampling, passive headspace concentra-
tion with activated carbon, and headspace concentra-
tion-solid phase microextraction (HS-SPME)
[3‒12]. One or multiple techniques can be used to
optimize the collection process for the given samples.
Muller et al. reported that passive headspace concen-
tration with activated carbon and subsequent solvent
extraction using dichloromethane was an effective
method for recovering gasoline residues on an arson
suspect’s hands [5]. Almirall et al. demonstrated [6]
that HS-SPME was an effective technique for extract-
ing various types of ignitable liquids at extremely low
quantities from human skin.

We note that HS-SPME provides an easy and con-
venient sampling method for detecting gasoline resi-
dues in various types of solid samples [13‒15]. Head-
space concentration is a sampling technique that col-
lects volatile organic compounds associated with non-
volatile solid samples without the use of direct solvent
extraction. In static headspace mode, a sample con-
taining target volatile compounds is tightly sealed into
a container and heated. Volatile compounds present in
the sample diffuse into the gas phase, and their con-
centrations in the headspace reach a state of equilib-
rium. Then, the solid phase microextraction tech-
nique selectively extracts volatile compounds from the
headspace and injects them into the injection port of
the gas chromatograph for chemical analysis. The
amount of the compounds extracted by the SPME
fiber is critical to enhance the detection limit of the
target compounds. Several factors are known to affect
the amount extracted by the SPME fiber, including
the size and composition of the fiber, the chemical and
physical properties of the extracted compounds, and
the headspace volume [6, 16].

Until recently, a majority of previous studies
focused on the detection of ignitable liquids from
either burnt samples or human skin to reconstruct fire
scene investigation [6‒11]. In addition, the presence
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and persistence of ignitable liquids in unburnt materi-
als encountered in our daily lives such as clothes,
shoes, carpets, and household products were exten-
sively investigated [17‒22]. These studies have shown
that ignitable liquids could be unintentionally trans-
ferred to clothes and shoes [17‒19]. However, it was
also found that these samples may contain inherent
ignitable components which originated from the man-
ufacturing process [21, 22]. Because of the size and
nature of samples used in these studies, large-sized
nylon bags or cans were used for headspace analysis
which, in turn, may limit the detection capability of
ignitable liquid residues present in these samples.

In this study, we investigated the presence and per-
sistence of ignitable liquids from unburnt household
samples via HS-SPME and GC‒MS. In particular,
small-sized headspace vials were used to improve the
detection capability of trace amounts of ignitable liq-
uids present in our samples. We chose to examine cot-
ton fabric, cardboard, and carpet samples, which are
materials commonly encountered in living spaces. We
assumed that these samples likely contained gasoline
residues if they were in contact with gasoline and/or
persons carrying gasoline. A small quantity (50 μL) of
gasoline was added to the samples, which were then
dried over a controlled period of time at room tem-
perature and placed into a small-sized headspace vial
(10 mL). The headspace vapors were collected and
extracted by SPME and finally analyzed by GC‒MS.
Herein, our GC‒MS data from samples dried for dif-
ferent periods are presented for the detection and per-
sistence determination of gasoline residues.

EXPERIMENTAL

Materials and sample preparation. Household sam-
ples used in this study were purchased from local
stores. The bulk samples were cut into pieces with the
size of ca. 2.5 × 2.5 cm2 for the carpet and cardboard
samples and ca. 3.5 × 3.5 cm2 for cotton fabric sam-
ples. These samples were stored in airtight fire debris
evidence collection nylon bags (Sirchie, Youngsville,
NC) to prevent any potential contamination before
use. The gasoline used in this study was 87 octane
grade which was purchased from a local gas station and
stored in an airtight container. Selected components in
gasoline, p-xylene (>99%, Sigma-Aldrich), 1,2,4-
trimethylbenzene (>98%, Sigma-Aldrich), 1,2,3-
trimethylbenzene (>90%, Sigma-Aldrich), 1,2,4,5-
tetramethylbenzene (>97%, Acros), 2-methylnaph-
thalene (>97%, Sigma-Aldrich), n-octane (>99%,
Acros), n-nonane (>99%, Acros), n-decane (>99%,
Acros), n-undecane (>99%, Acros), n-dodecane
(>99%, Acros), and n-tridecane (>99%, Acros) were
purchased and used as received without further purifi-
cation as reference materials.

A 50 μL portion of gasoline was precisely taken by
micropipette and spiked onto household samples. The
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samples were then dried in a vented cabinet for a con-
trolled period of time up to 21 days (e.g., 1, 2, 4 h, 1, 2,
3, 4 days, etc.) at 25°C. To prevent potential cross-
contamination between the samples, household sam-
ples of the same type were dried together for the same
controlled period of time. In addition, samples in the
cabinet were separated by at least 4 inches while dry-
ing. After the given drying period, each sample was
placed into a 10 mL headspace vial (Restek, Belle-
fonte, PA) using clean forceps and then tightly sealed
before chemical analysis. For each type of household
material, at least four samples were prepared for a
given drying time. Samples that were not spiked with
gasoline (negative control or blank samples) were also
prepared and placed in headspace vials for analysis.

Extraction and chemical analysis. An Agilent GC
Sampler 80 was used to heat the headspace vials, fol-
lowed by SPME extraction and injection into a gas
chromatograph. The SPME fibers used in this study
were made of polydimethylsiloxane with a 100 μm
diameter and were purchased from Sigma-Aldrich
(St. Louis, MO). The SPME fibers were conditioned
in the GC injection port at 250°C for 1 h before use.
Although standard experimental procedures for sepa-
ration and concentration of gasoline residues from
solid substrates via HS-SPME are described in ASTM
standard E2154-15a [23], experimental parameters
such as headspace vial heating temperature and time,
SPME sampling time, and desorption time, were opti-
mized using gasoline-spiked carpet samples prior to
data collection. Headspace vials containing household
samples were heated at 100°C for 3 min to transfer vol-
atile components from the solid sample matrices to the
headspace. Then, SPME sampling was conducted for
3 min at 100°C in a headspace vial. Our preliminary
experiments showed that both heating and sampling
times longer than 3 min did not make any noticeable
difference in the data. The results indicate that volatile
components are equilibrated between headspace,
SPME fiber, and solid sample matrices in 3 min at
100°C under our experimental condition. Finally, an
SPME fiber was injected into the GC, and desorption
was conducted for 20 s.

Chemical analysis was conducted via an Agilent
7890A gas chromatograph equipped with an Agilent
5975C mass selective detector. The GC‒MS experi-
mental parameters were adopted from previously pub-
lished articles with slight modification [5, 7, 10, 11].
Details of the GC‒MS experimental parameters for
this study are listed in Table 1. The mass selective
detector was frequently optimized before data collec-
tion using a tuning agent, perfluorotributylamine. The
control of GC‒MS, data collection, determination of
the retention time, and structural analysis were con-
ducted using the Enhanced GC/MSD ChemStation
Software (ver. E.02.02.1431, Agilent Technologies).
The retention times of several isomeric compounds in
the total ion chromatograms (TICs) and extracted ion
chromatograms (EICs) were confirmed using the ref-
o. 1  2020
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Table 1. Experimental parameters of gas chromatography and mass spectrometry (GC‒MS)

Parameter Value

Column Agilent HP-5MS, 30 m (L) × 250 μm (ID) × 0.25 μm (film thickness)

Carrier gas and flow rate Helium, 1.5 mL/min

Inlet temperature 270°C

Oven parameters

initial temperature 50°C

initial hold time 1 min

ramp rate 10 grad/min

final temperature 250°C

final hold time 3 min

MSD transfer line temperature 250°C

Source temperature 230°C

Quadrupole temperature 150°C

Scan range and speed 50–550 amu, 2.91 scans/s

Table 2. Major ions used for identification of each class of
compounds in gasoline

Class of compounds m/z

Alkanes 57, 71, 85, 99

Cycloalkanes 55, 69, 83

Aromatics 91, 105, 119

Naphthalenes 128, 142, 156
erence compounds, p-xylene, 1,2,4-trimethylben-
zene, 1,2,3-trimethylbenzene, 1,2,4,5-tetramethyl-
benzene, 2-methylnaphthalene, and selected normal
alkanes (C8–C13).

Identification criteria of gasoline. According to the
ASTM standard E1618, the presence of aromatics such
as C3- and C4-alkylbenzenes, as well as alkanes, is
required, but quantification of these compounds is not
needed for the identification of gasoline [24]. In this
study, the presence or absence of gasoline residues in
samples was determined by the detection of all mark-
ers; 1,2,4-trimethylbenzene, 1,2,3-trimethylbenzene,
1,2,4,5-tetramethylbenzene, and one of normal
alkanes (C8–C13). For the identification of these
compounds, both the TICs and EICs of the samples
were evaluated. The major ions used for the construc-
tion of EICs for the target compounds are listed in
Table 2. One or more ions with signal-to-noise ratio
(S/N) greater than 10 were used to determine the
retention times and mass spectra of the peaks in both
the TICs and EICs taken from the samples. The pres-
ence of the target compounds in the samples was pos-
itively confirmed if the retention times and mass spec-
tra of these compounds were comparable to those
obtained from a standard gasoline sample. In addi-
tion, peak areas from selected ions of 1,2,3-trimethyl-
benzene, 1,2,4,5-tetramethylbenzene, and 2-methyl-
naphthalene in EICs were used to find relative compo-
sitions of gasoline residues in the sample over the
controlled drying period.
JOURNAL O
RESULTS AND DISCUSSION

Comparison of chromatographs of gasoline via
direct injection and headspace-solid phase microex-
traction. In the first set of experiments, the quality of
the total ion chromatogram and extracted ion chro-
matograms for the selected ions, listed in Table 2, from
gasoline via HS-SPME injection was evaluated
through comparison with data obtained via direct
injection. A TIC via HS-SPME was produced from a
carpet sample immediately after spiking with 50 μL of
gasoline using the extraction and desorption condi-
tions described in the experimental section. A TIC via
direct injection was obtained by manual injection of
1 μL of undiluted gasoline into GC‒MS under the
same experimental parameters. The results are pre-
sented in Figs. 1 and 2. These TICs and EICs were also
used as references for the identification of target com-
pounds from gasoline-spiked samples.
F ANALYTICAL CHEMISTRY  Vol. 75  No. 1  2020
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Fig. 1. The total ion chromatogram for gasoline via HS-
SPME injection (a) and extracted ion chromatograms for
selected ions of alkanes (b), cycloalkanes (c), aromatics
(d), and naphthalenes (e) from the TIC shown in Fig. 1a.
Note that the abundance scale of all EICs is the same.
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Fig. 2. The total ion chromatogram for gasoline via direct
injection (a) and extracted ion chromatograms for selected
ions of alkanes (b), cycloalkanes (c), aromatics (d), and
naphthalenes (e) from the TIC shown in Fig. 2a. Note that
the abundance scale of all EICs is the same.
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The TICs and EICs in Figs. 1 and 2 showed that
gasoline contains numerous volatile components that
eluted during the first 14 min under our experimental
conditions. Using both TICs and EICs from gasoline
and reference compounds, the presence of several
major classes of compounds including reference com-
pounds (p-xylene, 1,2,4-trimethylbenzene, 1,2,3-
trimethylbenzene, 1,2,4,5-tetramethylbenzene,
2-methylnaphthalene, and selected normal alkanes)
in gasoline and their retention times were confirmed.
These compounds include short-chained alkanes and
cycloalkanes (C5–C6, retention time, Rt < 1.8 min),
toluene (Rt ≈ 2.8 min), n-octane (Rt ≈ 3.1 min),
xylenes (Rt ≈ 3.8–4.5 min, Rt ≈ 4.0 min for p-xylene),
n-nonane (Rt ≈ 4.4 min), n-decane (Rt ≈ 5.9 min),
C3-alkylbenzenes (Rt ≈ 4.5–6.5 min, Rt ≈ 5.9 min for
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 75  N
1,2,4-trimethylbenzene, Rt ≈ 6.3 min for 1,2,3-
trimethylbenzene), C4-alkylbenzenes (Rt ≈ 6.0–
8.4 min, Rt ≈ 7.8 min for 1,2,4,5-tetramethylben-
zene), n-undecane (Rt ≈ 7.5 min), n-dodecane (Rt ≈
8.9 min), and n-tridecane (Rt ≈ 10.4 min). Although
they are not major components in gasoline, naphtha-
lene (Rt ≈ 8.8 min), C1-alkylnaphthalenes (Rt ≈ 10.4–
10.7 min, Rt ≈ 10.4 min for 2-methylnaphthalene),
and C2-alkylnaphthalenes (Rt ≈ 11.6–12.7 min) were
also identified. Some compounds including markers
for gasoline residues were labeled in EICs in Fig. 1.

The TICs and EICs in Figs. 1 and 2 were compara-
ble, but a slight difference was found in the intensities
of peaks at retention time of less than ~2.0 min. The
TIC obtained via HS-SPME (Fig. 1a) exhibited lower
relative abundances of highly volatile compounds
o. 1  2020
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Fig. 3. Total ion chromatograms from the background
matrices via HS-SPME injection for cotton fabric (a),
cardboard (b), and carpet (c). Note that the abundance
scales of the three TICs are different. For clarity, the inset
in Fig. 3c shows the enlarged area of the retention times
between 2 and 6 min. Some of the identified compounds
are labeled in the TICs. These compounds are also listed in
Table 3.

0

600

30

20

10

200

400

0 2 4 6 8 10

10

0

30

20

12 14

(c)

(b)

(a) (a)

Retention time, min

×103

A
bu

nd
an

ce

40
20
0

2 3 4 5 6

×103

Toluene
Benzaldehyde

Xylenes

Nonanal

Nonanal

C12

Decanal

Decanal

C13
C14 C15
compared with that obtained via direct injection
(Fig. 2a). This observation indicated that a relatively
less amount of the lighter compounds was extracted by
the HS-SPME sampling technique. Previous studies
have shown that the relative concentrations of volatile
compounds extracted by SPME fibers are different
from their headspace vapor compositions [25‒27].
The partition coefficient K (the ratio of analyte con-
centrations in the SPME fiber and the headspace)
depends on many factors, such as the extraction tem-
perature and time, the structure and polarity of the
extracting compounds, and the chemical composition
of the SPME fiber. Once all the adsorption sites on an
SPME fiber are occupied, compounds with a higher
adsorption affinity can replace compounds with a
lower adsorption affinity. Thus, the adsorption of ana-
lytes on an SPME fiber is competitive, and the com-
position of analytes extracted by the SPME fiber is dif-
ferent from that in the headspace [26]. This difference
is presumably responsible for attenuated relative peak
intensities of the lighter components in the TIC and
EICs via HS-SPME injection (Fig. 1) compared with
those in the TIC and EICs via direct injection (Fig. 2).

Evaluation of background matrices. Since all house-
hold materials used in this study are man-made, it is
possible that these materials contain inherent ignitable
liquid or ignitable liquid components, as reported pre-
viously [22]. The background matrices were evaluated
using the identical HS-SPME sampling and GC‒MS
conditions described in the “Experimental” to deter-
mine the structures of present compounds. Total ion
chromatograms from three background matrices are
presented in Fig. 3.

All the background matrices released volatile com-
pounds, but their structures and compositions varied.
Because of the extremely low relative abundance of
peaks in the TICs, it was not feasible to identify all
detected compounds. The largest peak found in the
TICs from the background matrices had a relative
abundance of ~105 (see Fig. 3c), which is smaller than
the largest peak in the TICs from gasoline, shown in
Figs. 1 and 2, by an order of ~102. Some of the com-
pounds identified in the background matrices are
listed in Table 3.

Although the cotton fabric matrix produced a TIC
that contained peaks of relatively low abundance, two
compounds, nonanal and decanal, were identified
(Fig. 3a). These compounds were commonly detected
in clean and sterilized cotton products, but their origin
in cotton fabric matrix is not clear [28]. One proposed
possibility is that they are byproducts of ozone with
the cotton fabric [29]. Our data also showed that both
the cardboard and carpet matrices contained a larger
number of compounds with a higher relative abun-
dance. Alkyl aldehydes and long-chain alkanes (C11–
C15) were detected in the cardboard samples, presum-
ably due to the adhesives used in the manufacturing
process [30, 31]. Many volatile organic compounds,
JOURNAL O
including toluene, xylenes, and benzaldehyde, were
detected in the carpet matrix (Fig. 3c). Our data are
consistent with previous reports in which new carpet
was found to be an adsorptive reservoir for volatile
organic compounds [32‒34]. Although some compo-
nents of ignitable liquids have been identified in both
the carpet and cardboard matrices, it should be noted
that neither contained enough components to identify
any ignitable liquid – as per ASTM Standard E1618
[24].

Chemical analysis of gasoline-spiked samples. Fig-
ures 4−6 show the TICs and EICs for selected ions in
Table 2 from gasoline-spiked cotton fabric samples
dried at room temperature for 1 h, 1, and 7 days,
F ANALYTICAL CHEMISTRY  Vol. 75  No. 1  2020
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Table 3. Compounds found in three background matrices and
their retention times (min) in the total ion chromatograms
shown in Fig. 3

Compound Retention time

Cotton fabric

n-Nonanal 7.54

n-Decanal 9.05

Carpet

Toluene 2.76

m-Xylene 3.91

o-Xylene 4.34

Benzaldehyde 5.34

n-Dodecanoic acid 13.96

Cardboard

n-Undecane 7.45

n-Nonanal 7.54

n-Dodecane 8.93

n-Decanal 9.05

n-Tridecane 10.35

n-Undecanal 10.50

n-Tetradecane 11.70

n-Dodecanal 11.81

n-Pentadecane 12.96

n-Ttridecanal 13.12
respectively. In the TICs and EICs in Fig. 4, a major
portion of the highly volatile components in gasoline
(e.g., short-chained alkanes, cycloalkanes, and light
aromatics) rapidly evaporated from the cotton fabric
samples within 1 h. However, heavier aromatics
including 1,2,4-trimethylbenzene, 1,2,3-trimethyl-
benzene, 1,2,4,5-tetramethylbenzene, long-chain
alkanes (e.g., n-undecane and n-dodecane), and
naphthalenes were found in our cotton fabric samples
dried for 1 h and 1 day (Figs. 4 and 5). When the cotton
fabric samples were dried for 7 days, the presence of
some aromatics (e.g., 1,2,4-trimethylbenzene, 1,2,3-
trimethylbenzene, and 1,2,4,5-tetramethylbenzene)
was confirmed despite the low abundance of ions from
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 75  N
these compounds and the presence of numerous
unidentified ions in the EIC (Fig. 6d).

In addition, the presence of long-chain alkanes
(e.g., n-tridecane and n-pentadecane) and naphtha-
lenes was confirmed, indicating the presence of gaso-
line residues (Figs. 6b, 6e). Both n-tridecane and n-
pentadecane are also found in both kerosene and die-
sel residues, but these compounds are detected as
major components along with a series of long-chain
hydrocarbons (e.g. C13–C17) in the case of kerosene
and diesel residues [6, 11, 12, 35]. Therefore, gasoline
residues are easily distinguishable from both kerosene
and diesel residues. When the cotton fabric samples
were dried for 14 days, some aromatics including
1,2,4-trimethylbenzene, 1,2,3-trimethylbenzene,
1,2,4,5-tetramethylbenzene, and naphthalenes were
clearly detected, but none of long-chain alkanes was
detected. Similar results were obtained from cotton
fabric samples of drying for 21 days.

The TICs and EICs from cardboard samples dried
for 1 h, 1, and 21 days are presented in Figs. 7−9,
respectively. As with the cotton fabric samples, the
presence of short-chained alkanes and cycloalkanes
was not confirmed, regardless of the drying time.
However, long-chain alkanes, many C3- and C4-alk-
ylbenzenes including 1,2,4-trimethylbenzene, 1,2,3-
trimethylbenzene, 1,2,4,5-tetramethylbenzene, and
naphthalenes were detected in the cardboard samples
even after 3 weeks of drying (Fig. 9). It should be noted
that the presence of long-chain alkanes (e.g., undec-
ane, dodecane, and tridecane) was already confirmed
in the background matrix (Fig. 3b). However, the rel-
ative abundance of these compounds in the TICs and
EICs of the gasoline-spiked cardboard samples dried
for 21 days was enhanced by ~2.4–2.8 times. This fact
indicates that some of these compounds originated
from gasoline residues present in the cardboard sam-
ples.

The TICs and EICs of carpet samples dried for 1 h,
1, and 21 days are presented in Figs. 10–12, respec-
tively. More amounts of volatile components were
detected than both cotton fabric and cardboard sam-
ples over longer drying periods. Unlike both
cotton fabric and cardboard samples, the presence of
n-octane, n-decane, and some cycloalkanes were pos-
itively confirmed in carpet samples dried for 1 h and
1 day. However, these compounds were no longer
found when the drying period was over 7 days (data
not shown). Xylenes, C3- and C4-alkylbenzenes
including 1,2,4-trimethylbenzene, 1,2,3-trimethyl-
benzene, 1,2,4,5-tetramethylbenzene, long-chain
alkanes, and naphthalenes were detected even after 3
weeks of drying (Fig. 12). The presence of these com-
pounds in the carpet samples was enough to confirm
the presence of gasoline residues, according to ASTM
Standard E1618 [24]. From our data, both the card-
board and carpet samples could retain gasoline resi-
dues for 3 weeks, the cotton fabric samples could
o. 1  2020
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Fig. 4. The total ion chromatogram for a gasoline-spiked
cotton fabric sample dried for 1 h (a) and extracted ion
chromatograms for selected ions of alkanes (b), cycloal-
kanes (c), aromatics (d), and naphthalenes (e) from the
TIC shown in Fig. 4a. Note that the abundance scale of the
four EICs was adjusted for clarity.
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Fig. 5. The total ion chromatogram for a gasoline-spiked
cotton fabric sample dried for 1 day (a) and extracted ion
chromatograms for selected ions of alkanes (b), cycloal-
kanes (c), aromatics (d), and naphthalenes (e) from the
TIC shown in Fig. 5a. Note that the abundance scale of the
four EICs was adjusted for clarity.
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retain gasoline residues up to 7 days of drying. When
drying period is longer than 7 days, C3- and C4-aro-
matics were detected, but the presence of long-chain
alkanes (C8–C13) was not positively identified from
cotton fabric samples.

The relative concentrations of selected markers
(1,2,3-trimethylbenzene and 1,2,4,5-tetramethylben-
zene) with respect to the concentration of 2-methyl-
naphthalene in samples as a function of drying period
were also investigated from our GC‒MS data. The
concentrations of 1,2,3-trimethylbenzene, 1,2,4,5-
tetramethylbenzene, and 2-methylnaphthalene in
samples were obtained using calibration curves of each
compound. Results are shown in Fig. 13. The relative
concentrations 1,2,3-trimethylbenzene and 1,2,4,5-
tetramethylbenzene in gasoline residues depend on
JOURNAL O
the choice of samples. In Fig. 13, the relative concen-
trations of 1,2,3-trimethylbenzene and 1,2,4,5-
tetramethylbenzene are very small in the case of cotton
fabric (Fig. 13a) and cardboard (Fig. 13b) samples, but
their relative concentrations are much larger for carpet
samples (Fig. 13c). In addition, the relative concentra-
tions of 1,2,3-trimethylbenzene and 1,2,4,5-
tetramethylbenzene in both cotton fabric samples and
cardboard samples are increased until drying periods
were less than 4 days (96 h), but they were nearly con-
stant when these samples were dried longer than
4 days. However, the relative concentrations of 1,2,3-
trimethylbenzene and 1,2,4,5-tetramethylbenzene in
carpet samples were increased over 21 days.

Although we did not investigate samples dried for
longer than 3 weeks, our data demonstrate that gaso-
F ANALYTICAL CHEMISTRY  Vol. 75  No. 1  2020
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Fig. 6. The total ion chromatogram for a gasoline-spiked
cotton fabric sample dried for 7 days (a) and extracted ion
chromatograms for selected ions of alkanes (b), cycloal-
kanes (c), aromatics (d), and naphthalenes (e) from the
TIC shown in Fig. 6a. Note that the abundance scale of the
four EICs was adjusted for clarity.
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Fig. 7. The total ion chromatogram for a gasoline-spiked
cardboard sample dried for 1 h (a) and extracted ion chro-
matograms for selected ions of alkanes (b), cycloalkanes
(c), aromatics (d), and naphthalenes (e) from the TIC
shown in Fig. 7a. Note that the abundance scale of the four
EICs was adjusted for clarity.
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line residues can be detected in cardboard and carpet
samples for longer than we expected due to the
improved detection sensitivity. Previous studies by
Folkman et al. have shown that gasoline residues
could be recovered from carpet samples after one week
[20]. Considering that nearly the same amount of gas-
oline was spiked to a given size of carpet (50 μL of gas-
oline per 2.5 × 2.5 cm2 of carpet), our method pre-
sented here exhibited an enhanced detection capabil-
ity of gasoline residues presumably because of the
employment of small-sized headspace vials, as noted
previously [6, 16].

In addition, our experimental results showed that
the persistence of volatile components in gasoline-
spiked samples primarily depended on the selection of
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 75  N
household materials. From our GC‒MS data, it was
not clear whether the increased persistence of gasoline
in the carpet and cardboard samples was due to differ-
ences in the chemical properties (e.g., chemical struc-
tures) or the physical properties (e.g., thickness and
porosity) of the household materials. The samples
investigated in our studies were different in terms of
physical features and chemical compositions. The cot-
ton fabric samples used in our work consisted of a sin-
gle layer with a thickness of ~0.07 mm. However, the
thickness of the carpet and cardboard samples was
measured to be ~5.5 and ~6.3 mm, respectively. In
addition, the cardboard and carpet samples had mul-
tiple layers. The major chemical composition of the
cotton fabric samples was cellulose, but the carpet
used in our study consisted of polyethylene-based face
o. 1  2020



52 MICHAEL J. SWIERCZYNSKI et al.

Fig. 8. The total ion chromatogram for a gasoline-spiked
cardboard sample dried for 1 day (a) and extracted ion
chromatograms for selected ions of alkanes (b), cycloal-
kanes (c), aromatics (d), and naphthalenes (e) from the
TIC shown in Fig. 8a. Note that the abundance scale of the
four EICs was adjusted for clarity.
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Fig. 9. The total ion chromatogram for a gasoline-spiked
cardboard sample dried for 21 days (a) and extracted ion
chromatograms for selected ions of alkanes (b), cycloal-
kanes (c), aromatics (d), and naphthalenes (e) from the
TIC shown in Fig. 9a. Note that the abundance scale of the
four EICs was adjusted for clarity.
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yarn and one or two polyethylene backing layers. The
cardboard was highly porous and contained cellulose
as a major component and varying amounts of miner-
als such as kaolin, talc, and calcium carbonate [36].
The compositions of these samples were obtained
from the manufactures (or vendors) and were con-
firmed by Fourier-transform infrared spectroscopy
experiments at Buffalo State College.

Although it is well known that the increased per-
sistence of gasoline residues is related to the thickness
and porosity of the samples, we conducted further
investigations to determine the effect of the chemical
composition of the samples on the persistence of gas-
oline residues [20]. For this investigation, four differ-
ent types of fabric samples (cotton, polyester, silk, and
nylon) were chosen. All the fabric samples had differ-
JOURNAL O
ent chemical compositions but similar thicknesses.
The samples were cut into pieces of the same size
(3.5 × 3.5 cm2), spiked with the same amount of gas-
oline (50 μL), and dried for the same controlled time
prior to chemical analysis via GC‒MS. The TICs and
EICs of these gasoline-spiked fabric samples were
nearly comparable, regardless of the type of fabric
(data not shown). However, it was reported that gaso-
line residues persisted longer on silk than cotton and
polyester when these fabric samples containing gaso-
line were burnt [11].

From our study, we noted that the persistence of
gasoline residues in our household samples was
mainly governed by the porosity and thickness of the
samples, rather than their chemical composition.
Once spiked, gasoline quickly soaked into the porous
F ANALYTICAL CHEMISTRY  Vol. 75  No. 1  2020
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Fig. 10. The total ion chromatogram for a gasoline-spiked
carpet sample dried for 1 h (a) and extracted ion chro-
matograms for selected ions of alkanes (b), cycloalkanes
(c), aromatics (d), and naphthalenes (e) from the TIC
shown in Fig. 10a. Note that the abundance scale of the
four EICs was adjusted for clarity.
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Fig. 11. The total ion chromatogram for a gasoline-spiked
carpet sample dried for 1 day (a) and extracted ion chro-
matograms for selected ions of alkanes (b), cycloalkanes
(c), aromatics (d), and naphthalenes (e) from the TIC
shown in Fig. 11a. Note that the abundance scale of the
four EICs was adjusted for clarity.

4
3

1
0

0

2

0.4
0.3

0.1
0.2

0.4

0.8
0.6

0.2

0 2 4 6 8 10

0.8
0.6

0.2

0

0.4

8

2

0

4
6

12 14

m/z = 128, 142, and 156

m/z = 91, 105, and 119

m/z = 55, 69, and 83

m/z = 57, 71, 85, and 99

(e)

(d)

(c)

(b)

(a)

Retention time, min

×106

A
bu

nd
an

ce
samples. Although more volatile fractions, such as
short-chained alkanes, cycloalkanes, and toluene,
quickly evaporated, less volatile (heavier) compo-
nents, such as long-chain alkanes (e.g., n-tridecane),
and C3- and C4-alkylbenzenes, persistently remained
in some types of household materials, such as carpet
and cardboard, for longer than three weeks. In addi-
tion, relative compositions of C3- and C4-alkylben-
zenes with respect to 2-methylnaphthalene depends
on the choice of samples. Therefore, the detection of
C3- and C4-alkylbenzens, and long-chain n-alkanes
from unburnt household materials strongly indicates
the presence of gasoline residues. However, special
attention should be given to burnt samples because
some components of gasoline such as alkylbenzenes
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 75  N
and naphthalenes could be produced by either the
pyrolysis or combustion of household products and
data analysis will be more complicated [37‒40].

CONCLUSIONS

Our study showed that the extraction of gasoline
residues via HS-SPME using small-sized headspace
vials is a powerful sampling technique to detect gaso-
line residues buried in household samples. The per-
sistence of gasoline residues was mainly governed by
the physical features of the samples, such as the thick-
ness and porosity, rather than the chemical composi-
tion. The thicker and multilayered cardboard and car-
o. 1  2020
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Fig. 12. The total ion chromatogram for a gasoline-spiked
carpet sample dried for 21 days (a) and extracted ion chro-
matograms for selected ions of alkanes (b), cycloalkanes
(c), aromatics (d), and naphthalenes (e) from the TIC
shown in Fig. 12a. Note that the abundance scale of the
four EICs was adjusted for clarity.
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Fig. 13. The relative compositions of 1,2,3-trimethylben-
zene (j) and 1,2,4,5-tetramethylbenzene (d) with respect
to the concentration of 2-methylnaphthalene in gasoline
residues in cotton fabric samples (a), cardboard samples
(b), and carpet samples (c) over 21 days of drying.
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pet samples retained gasoline residues longer than the
single-layered cotton fabric samples. Some compo-
nents, such as C3- and C4-alkylbenzenes, long-chain
alkanes, and naphthalenes, were detected in the gaso-
line-spiked cardboard and carpet samples even after
three weeks of drying. The enhanced detection capa-
bility of gasoline residues presented in this work partly
resulted from the use of small-sized vials for headspace
concentration.
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