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Abstract

Firefighting is classified as a 2B-possibly carcinogenic profession by the International Agency for
Research on Cancer (IARC). Firefighters are exposed to a host of toxic fireground contaminants
such as phenols, phthalates, and polycyclic aromatic hydrocarbons (PAHs), many of which are
potentially carcinogenic. Studies show that the exposure to contaminated firefighter gear postfire
poses a health risk to the firefighters. This study focused on the issue of contaminants being
present on the gear and developing a thermal extraction method to perform the assessment.

A headspace sampler (HS) connected to a gas chromatography—mass spectrometry (GC-MS)
system was used to thermally extract known fireground contaminants and understand the effect of
equilibration time and temperature on the thermal extraction efficiencies. The outer shell fabric
samples (PBI/Kevlar blend) were spiked with known amounts of fireground chemicals, heated

at various temperatures (36, 50, 100, and 200 °C), and analyzed using the developed method to
calculate extraction efficiencies. This study is one of the first to utilize the all-in-one HS—-GC-MS
instrument to analyze the thermal extraction of a variety of fireground contaminants relative

to different temperatures from firefighter gear materials. Based on the conditions evaluated,

the results indicate that the 200 °C condition allowed for the maximum thermal extraction of
contaminants from the outer shell material. The data collected from this study pave a way

of creating a new method for the analysis of volatile and semivolatile contaminants from field-
contaminated firefighter turnout material using HS—-GC-MS.
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INTRODUCTION

Fireground Contaminants in Firefighting.

In the world of firefighting, the turnout jacket and pants are exposed to several toxic
chemicals in the fire scenario, including volatile organic compounds (VOCs), semivolatile
compounds, particulates, gases, and soot.12 It is known that the ability to extract the
amount of chemicals thermally is mostly dependent on the temperature and the time that the
sample is analyzed after exposure/contamination. VOCs, such as acetone, benzene, hexane,
and toluene, have been shown to off-gas for about 30 min after the gear is exposed to

the fire.3 VOCs are organic chemical compounds that can evaporate under normal indoor
atmospheric conditions of temperature and pressure. Although the specific boiling point of
most VOCs ranges between 50 and 260 °C at ambient conditions, these compounds could
be available for thermal extraction at lower temperatures on increasing the vapor pressure.*
Other compounds such as phenols, phthalates, polycyclic aromatic hydrocarbons (PAHS),
brominated flame retardants, and dioxins are commonly found fireground contaminants.>~’
For this study, a range of fireground contaminants was initially chosen for identification on
the GC-MS system. Of the many, PAHs were specifically chosen since they are known to
have carcinogenic properties (refer to Table 1). Also, they are commonly found at structural
fires as they are common products of combustion for modern commercial products.8-10 The
four different PAHs were chosen based on increasing aromatic ring sizes and boiling points
to cover a broad spectrum of this class of compounds. Phthalates were chosen since they
are universal plasticizers. As seen in Table 1, some of them are carcinogenic, while others
are highly toxic. These compounds are present in almost all plastic products, which burn in
many structural fires. Additionally, phenols were chosen since they were common fireground
contaminants according to various literature sources.11:12 The National Fire Protection
Association (NFPA) references these classes of chemicals in the “NFPA 1851:2020 Standard
on Selection, Care and Maintenance of Protective Ensembles for Structural Fire Fighting
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and Proximity Fire Fighting”.2% The three types of compounds are varied in their physical
and chemical properties and are harmful to human health. The mere presence of these
compounds in the firefighting atmosphere is potentially dangerous for the health of the
firefighters in multiple ways such as inhalation, dermal exposure, and ingestion.919:21.24.25
These compounds had sufficiently different retention times for separation in the initial
screening using a liquid injection GC-MS method. Hence, based on the compatibility to the
developed method, available literature, broad spectrum of consideration, and hazard levels,
these compounds were selected for analysis.

Importance of Thermal Extraction.

Thermal extraction utilizes heat to extract analytes from a substrate, translating to the
evolution of chemicals from a solid/liquid analyte into a vapor phase. The sample, upon
heating, reaches a liquid—vapor equilibrium after a specific time, which is the maximum
amount that would be released in the specific conditions of the test environment. Thermal
extraction is particularly useful in removing VOCs from fabrics. Currently, no research
utilizes the headspace sampler to extract contaminants from firefighters’ gear thermally.
However, it is essential to know the rate at which various fireground contaminants are
released from the fabrics, which could potentially be hazardous to the firefighters’ health
in certain conditions. A headspace sampler (HS) is an instrument that can perform thermal
extraction in solid or liquid matrices. The solid/liquid samples are placed in HS crimp-top
glass vials and heated at a set temperature for a fixed amount of time (as seen in Figure 1).

The instrument is built so that the vial can be equilibrated and shaken in the oven precisely.
The best feature of this add-on is that it can be directly attached to a gas chromatograph
(GC) inlet via a heated transfer line. After a sample is heated, the gases evolving from

the sample are collected in the headspace area between the sample and the vial cap. A
needle precisely pierces through the sealed cap and transfers the gas to the transfer line
through a heated loop. The heated transfer line then carries the gas into the GC inlet with
minimal sample loss. One of the significant advantages of using the HS is that there is

very little sample preparation required. Any solid or liquid sample can be placed inside

the glass vial and can be heated in the oven for analysis. Simulating the extraction using
heat and measuring the output gases through any other method such as polymer sorption—
liquid extraction or active/passive air sampling requires an elaborate setup and complex
sample preparation. At all temperatures used for this study, the time the sample was allowed
to equilibrate in the headspace oven was a factor deciding the amount released from the
materials because there is a solid—gas equilibrium that is formed inside the heated vial. This
equilibrium involves the partitioning of the contaminants between the fabric and the gases
accumulated in the headspace region. Since this is a closed system, the maximum amount
that can be thermally extracted is also dependent on the volume in the vial and the saturation
point in the air at those temperature and pressure conditions. This equilibrium is when no
further liquid would transfer to the vapor phase. To obtain the best-suited temperature and
time conditions, several trials were conducted. This study assesses the viability of the HS
explicitly to measure the thermal extraction of compounds at various temperatures from the
outer shell material. The study focuses on developing a robust method having the capability
to perform thermal extraction on firefighter turnout gear materials. The study could be
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extrapolated to include other elements of personal protective equipment such as gloves,
hoods, or boots.

Currently, several other methods aid in the understanding of contamination from firefighter
gear. However, they can be complicated, time-consuming, and expensive to run. Easter et
al. developed a method to assess soil deposits on contaminated firefighter gear by using
microwave-assisted extraction in a 1:1 mixture of methylene chloride and acetone, followed
by separate GC-MS analyses for PAHs, phthalates, and other compounds.3 Alexander used
wipe samples from different areas of the turnout gear and performed liquid extraction on the
samples followed by a GC-MS analysis using the EPA 8270D method to analyze PAHSs and
phthalates.14 The headspace-GC-MS method developed does not require a solvent and is a
simple one-step process from sample preparation to analysis.

Scope of the Research.

This research investigates the thermal extraction of selected fireground contaminants from
outer shell fabrics. The study looks at parameters such as the effect of equilibration time
and temperature. The research is a first-of-its-kind using a headspace sampler to understand
the thermal extraction of contaminants from firefighter gear material. The purpose of this
study is to assess the viability of the headspace—GC system as a screening tool to perform
the thermal extraction of fireground contaminants from turnout materials. The goal is also
to develop a simple yet robust method that is capable of analyzing the thermal extraction

of selected fireground contaminants. The following are the questions addressed through this
research:

. Is the headspace sampler a useful tool to analyze the thermal extraction of
the fireground contaminants from the outer shell material in a simple, one-step
process?

. What is the effect of temperature on the thermal extraction efficiencies for the

selected fireground contaminants?

. What is the ideal equilibration time to carry out the thermal extraction of
contaminants from the outer shell material?

. Does the headspace sampler generate valuable data to further the study to mimic
actual conditions in the fire service?

MATERIALS AND METHODS

Materials.

A custom calibration standard solution containing three phenols, three phthalates, and four
polycyclic aromatic hydrocarbons (PAHSs) (Table 1, structures are shown in the Supporting
Information) was purchased from Agilent Technologies. This solution will be referred to as
the master mix. The concentration of each of the compounds in the master mix was 2000
ng/uL (methylene chloride as a solvent), and the solution was stored in the refrigerator (4
°C) in 2 mL amber ampules. The compounds in the master mix were chosen based on their
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prevalence in structural fires and toxicity profiles.8 For calibration standards, /~hexane (gas
chromatography grade, 99.9+%, ACROS Chemicals) was used.

Calibration Method Development on the Headspace—GC. Calibration Solution
Preparation for Headspace Sampling.—A 50 ng/uL master mix stock solution was
prepared by pipetting 250 £ of the 2000 ng/L master mix into a 10 mL volumetric flask
and diluting with 7-hexane. Further, a total of nine calibration solutions from 50 to 10 000
ng (as per mass-in vial) were prepared using two solutions: 50 ng/uL stock solution was
used to prepare the 50, 100, 200, 500, and 1000 ng samples by pipetting 1, 2, 4, 10, and 20
AL, respectively, into HS crimp-top vials. 2000 ng/L stock solution was used to prepare the
2000, 4000, 8000, and 10 000 ng samples by pipetting 1, 2, 4, and 5 g1, respectively into HS
crimp-top vials. Each liquid calibration solution was spiked in a 20 mL crimp-top glass vial.

GC-MS Analysis Method.—The analysis of phenols, phthalates, and PAHs was carried
out using an Agilent 7890B gas chromatographic system coupled to an Agilent 5977B
mass spectrometer equipped with electron ionization (EI). Chromatographic analysis was
conducted in the split mode with a split ratio of 10:1. The column used in the GC was

an Agilent EPA 8270D, fused silica capillary column (30 m x 0.25 mm x 0.25 g/m). An
Agilent 5190-3136 Ul splitless single taper with glass wool liner was used in the inlet for
injection. The injection volume was 1 /1, and the injection temperature was kept at 250
°C with a helium flow rate of 1.2 mL/min. The oven gradient was set to begin at 40 °C,
increased to 280 °C for 1 min at a rate of 10 °C/min, and further increased to 300 °C at

5 °C/min for 1 min. The total run time was 30 min. The MS transfer line was kept at 280
°C throughout the run. The MS quadrupole temperature was maintained at 230 °C, and the
ion source temperature was kept at 150 °C. The gain factor used was 1.00. The analysis
was conducted in scan mode (35-550 amu) using electron ionization (EI) with an energy
of 70 eV. A calibration curve of peak area versus mass-in vial (ng) was plotted for all the
compounds.

Thermal Extraction Method Development on the Headspace—GC.—The 7697A
Agilent Technologies headspace sampler connected to a 7890B GC and 5977B MS
instrument was used to extract the contaminants from the fabric samples thermally. Three
replicates of 1 cm x 1 cm outer shell fabric materials were spiked with 10 000 ng (mass-on
fabric) of each of the compounds in the master mix by evenly spreading five drops of 1

AL having a concentration of 2000 ng/¢L. The drops were allowed to soak into the fabrics
for 1 h and were then transferred into crimp-top headspace vials for analysis. An unused
reference outer shell fabric was chosen as the negative control to obtain the baseline signal.
A positive control was used, for which 5 gL of the master mix was directly spiked into

the headspace vial. The positive control is crucial in understanding the maximum mass
that could be extracted through the headspace method. This is because 10 000 ng of pure
liquid chemical directly spiked inside a headspace vial and analyzed produces variable
mass values, depending on the specific method parameters. To account for variability in
calculating the extraction efficiencies of spiked fabric samples, the value of the positive
control sample is considered as the maximum mass the instrument can detect (without
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any interferences from the fabric matrix). The positive control sample is also essential in
calculating the percent extraction efficiencies for all the compounds. All the extraction
efficiencies calculated in this study are relative extraction efficiencies based on the mass
of the positive control sample. The value of the percent extraction efficiency cannot be
directly compared to the mass initially added on the fabric, without knowing the mass of
the positive control detected. The spiked fabrics and both the control samples were placed
in 20 mL crimp-top glass vials. The GC-MS method developed earlier was used for the
headspace—GC analysis. A set of different temperatures and times was used to understand
the temperature and time profiles. Table 2 shows the various conditions that were tested.

The physical limit of the headspace sampler oven is 260 °C. Initial trials at 260 °C showed
that the crimp-top caps were separated from the vial, possibly because of excessive pressure
being built up in the vial due to the expansion of moisture in the fabrics. Hence, the
maximum temperature used for all headspace analysis was limited to 200 °C for the smooth
functioning of the instrument.

Figure 1 shows a schematic of the headspace—~GC-MS setup. The figure also depicts the
various types of samples and controls that were used. The R, /R, and Rj are replicates of
the 1 cm x 1 cm outer shell fabrics spiked with a known amount of the master mix. The —ve
(negative control) sample is a reference unused outer shell fabric measuring 1 cm x 1 cm.
The +vesample is the pure master mix liquid directly spiked inside the vial. The vials are
made of borosilicate glass and crimp-top to avoid loss of analytes.

Calculation of the Extraction Efficiencies.—The peak areas for the compounds were
obtained from the chromatograms. This area was entered into the calibration curve equation
to obtain the resulting mass. The same was repeated for the fabric and control samples. The
mass of individual fabric samples was divided by the mass of the positive control sample to
obtain the percent extraction efficiency. Equation 1 shows the formula to obtain the mass of
compound in individual vials:

mass of compound in vial (ng)
= concentration of solution (ng/uL) X volume spiked (L)

0]

For noting the extraction values, consider the following Table 3.

There were compounds detected from the unused blank outer shell fabric, some of which
eluted at the same or similar retention times of the master mix compounds. These nontarget
compounds had constant values, regardless of the temperatures used. These compounds,
forming the negative control signal, were marked as 0. The negative control (0) was
subtracted from the sample areas (F1,, F2,, F3,), and the effective masses (F1., F2., F3,) were
calculated, as seen in Table 3. The masses obtained from the fabric samples were divided
by the masses of the positive control sample to obtain percent extraction efficiencies. These
relative extraction efficiencies are based on positive control samples and cannot be directly
compared to the original mass (10 000 ng) that was spiked on the fabric because only a part
of the mass in the vial actually vaporized (as per the boiling point and vapor pressure of each
compound) and was further transferred to the GC for analysis.
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Calculation of Error Bars for All the Graphs Plotted.—Error bars were plotted as
standard error with 95% confidence, which is calculated using the formula shown in eq 2:

standard error = 1.96 X % )
n

where 1.96 = z-score for 95% Cl, ¢ = standard deviation of » samples, and » = number of
samples in consideration

The standard error, when added and subtracted from the sample mean, would give the upper
bound and lower bound for the confidence interval, as shown in eq 3:

c

confidence interval = mean + 1.96 X \/_ 3)
n

RESULTS AND DISCUSSION

Effect of Equilibration Time on Thermal Extraction.

Equilibration time is an important factor that governs the amount of a compound partitioning
into the vapor phase. The solid/liquid matrix in the headspace vial must be allowed to
equilibrate for sufficient time so that a complete sample—vapor equilibrium can be reached.
Effective transfer into the vapor phase is possible only when an equilibrium is reached inside
the vial. Even though the temperature of exposure might be lower than the boiling point

of the compound to be extracted, if the compound is left inside the vial for enough time,

a certain fraction of thermal extraction is possible. An optimal equilibration time must be
calculated based on the extraction efficiencies obtained for the compounds. There may be a
possibility that having an equilibration time much greater than the optimal time could lead
to the redeposition of the vapor phase into the fabric sample/surfaces inside the vial. The
current section assesses the effect of equilibration time on the thermal extraction of phenols,
phthalates, and PAHSs spiked onto outer shell fabrics. Table 4 shows the average of the actual
masses of compounds detected using the headspace—GC at 100 °C for 30, 60, and 120 min.

Extraction Efficiencies for Phenols.

Firstly, of the three phenolic compounds present in the master mix that was spiked onto the
outer shell fabrics, only two compounds were detected at the 100 °C condition, as seen in
Figure 2. The temperature that the fabrics were exposed to was below the boiling point for
all the compounds. Phenol provided a low extraction efficiency of about 10% since there
were issues with the detection of the compound, which was persistent even after several
troubleshooting techniques. 2,4,6-TCP was detected but had a low efficiency of around 24%,
since it has a boiling point of 246 °C, which is significantly above the temperature of
exposure (100 °C). PCP was absent since it has a boiling point of 310 °C, and an exposure
of 100 °C provided insufficient energy for the transfer of the compound into the vapor phase.
The overall trend for phenolic compounds shows that the equilibrium is formed in 30 min of
heating, and any further equilibration time would be insignificant.

J Chem Health Saf. Author manuscript; available in PMC 2023 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shinde and Ormond Page 8

Extraction Efficiencies for Phthalates.

Of the three phthalates present in the master mix spiked onto the outer shell fabrics, only
DBP was detected, as seen in Figure 3. With the boiling points of all the compounds

over 300 °C, the exposure of the fabrics to only 100 °C proved insufficient to extract

the compounds thermally. DBP was detected at a very low efficiency of 1% with a large
standard error of almost 1%, which states that the compound could be absent in some of the
fabric replicates that were run. Even though the extraction efficiencies for DBP were low,
increasing the equilibration time from 30 to 60 min produced nearly a 3-fold increase in the
extraction efficiency, but this was reduced when further increased to 120 min.

Extraction Efficiencies for PAHs.

Three out of the four PAHs present in the master mix that was spiked on the outer shell
material were detected, as seen in Figure 4. Pyrene, phenanthrene, and benzo[a] pyrene
being semivolatile compounds, having boiling points over 300 °C, were not sufficiently
thermally extracted at a lower condition of 100 °C. Naphthalene had a relatively higher
extraction efficiency between 72% and 78%, which was interesting to note since the
temperature of 100 °C used for analysis was below its boiling point of 182 °C. However,
naphthalene is highly volatile and is known to sublime at as low as 50 °C.20 Hence, at a
temperature of 100 °C, the vapor pressure of naphthalene was sufficient to extract significant
amounts from the fabric. Overall, it was seen from Figure 4 that an equilibration time of 30
min was sufficient to cause maximum extraction at the 100 °C temperature condition.

Best-Suited Equilibration Time for Thermal Extraction.

After analyzing data from Table 4, it was decided that the equilibration time of 30 min was
most efficient for the thermal extraction of the fireground contaminants from outer shell
fabrics in the headspace sampler vials, best suited to the combination of the time and the
temperature tested. The chosen condition works best for the majority of the compounds. The
thermal extraction levels conducted in this study pertain to the specific HS vials (having

a specific volume) that were used for the analysis. The headspace sampler equilibration
time combined with the GC-MS analysis run time equates to a 1 h method for analyzing

a single sample. Compared to other methods of analyzing thermal extraction, the method
developed through this research proves to be less time-consuming. The samples to be used
for headspace—GC analysis do not need sample preparation, and multiple samples can be
analyzed continuously, further reducing the time spent.

Effect of Equilibration Temperature on Extraction Efficiency.

It is known that the vapor pressure of most compounds, except water, increases as the
temperature is increased. Compounds having a higher vapor pressure at a given temperature
will volatilize rapidly as compared to compounds with lower vapor pressure. The data shown
in this section outline the effect of the temperature on the amount of thermal extraction of
fireground contaminants from spiked outer shell materials. Table 5 summarizes the thermal
extraction efficiencies for all the compounds in the master mix at various temperatures
tested. The equilibration time was constant at 30 min, as concluded to be sufficient from the
previous section.

J Chem Health Saf. Author manuscript; available in PMC 2023 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shinde and Ormond

Page 9

For a firefighter gear application, it is crucial to understand the types and amounts of
compounds at various exposures of heat. To test the effect of temperature, a mass of

10 000 ng of the master mix was spiked onto the outer shell materials for headspace-GC
analysis. Table 6 shows the masses of compounds thermally extracted at the various
temperatures.

The chromatogram shown in Figure 5 shows an overlay of individual chromatograms of
compounds extracted from outer shell fabrics at various temperatures. The height of the
peak represents the masses of compounds extracted from the outer shell fabrics at respective
temperatures. The chromatogram (Figure 5) provides a general visual representation of the
masses obtained, as shown in Table 6. While all compounds were detected at 200 °C, only
six were detected at 100 °C; three were detected at 50 °C and two at 36 °C.

A proper comparison of the amounts at various temperatures is not clearly visible in Figure
5. Hence, Figure 6 shows the representative comparison for naphthalene in a magnified
version. It can be seen from the peak heights that higher amounts of naphthalene are
detected at higher temperatures.

Extraction Efficiencies for Phenols.

It can be seen in Figure 7 that all the three phenolic compounds were detected at 200 °C, two
at 100 °C, two at 50 °C, and one at 36 °C. The extraction efficiencies for phenols were in

the range 60-100%. Phenol and 2,4,6-TCP had increasing extraction efficiencies when they
were exposed to higher temperatures. For phenol and 2,4,6-TCP, the extraction efficiencies
went up by 6-fold and 5-fold, respectively, compared at 100 °C versus 200 °C, as seen in
Table 6.

Extraction Efficiencies for Phthalates.

It can be seen in Figure 8 that all three phthalates were detected at 200 °C, and only

one was detected at 100 °C. None of the phthalates were detected at 50 and 36 °C. All

the compounds are semivolatile compounds having boiling points over 300 °C; thus, the
vaporization at the temperatures tested was not significant. However, at 200 °C, DEHP had
a relative extraction efficiency of about 92%, BBP a relative extraction efficiency of about
70%, and DBP a relative extraction efficiency of about 66%. These efficiencies could be due
to the 30 min equilibration time being sufficient to form a partial solid—vapor equilibrium
and extract the partial compound from the outer shell fabrics.

Extraction Efficiencies for PAHs.

It can be seen in Figure 9 that all four PAHs were detected at 200 °C; three were

detected at 100 °C, while only one compound was detected at 50 and 36 °C. Naphthalene,
phenanthrene, and pyrene had increasing extraction efficiencies when they were exposed

to higher temperatures. When comparing the efficiency at 200 °C versus that at 100 °C,
phenanthrene had a 6-fold increase in the mass extracted, pyrene a 16-fold increase, and
naphthalene just over a 1.5-fold increase. Of all the compounds, only naphthalene was
detected at all the temperatures tested. The extraction efficiency and masses extracted for
naphthalene almost doubled when increasing the temperature from 36 to 50 °C and from 50

J Chem Health Saf. Author manuscript; available in PMC 2023 December 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shinde and Ormond

Page 10

to 100 °C. Naphthalene is a highly volatile compound with a high vapor pressure at room
temperature, where it is known to sublime if kept for a long time.1” Hence, when exposed
to elevated temperatures, the vapor pressure is even higher, and higher vaporization of the
compound occurs. Overall, the 200 °C exposure was best suited among all the temperatures
tested for the thermal extraction of PAHs. However, it can be observed from Figure 9

that the extraction efficiencies decreased as the boiling point of the compounds was much
higher than 200 °C (comparing phenanthrene, pyrene, and benzo[a] pyrene; where benzo[a]
pyrene has the highest boiling point of the three compounds). This further means that the
thermal extraction of the higher-boiling PAHs using headspace—GC might not be the most
efficient method at extracting significant amounts of the compounds from the substrate.
Other methods or instruments might have to be used, wherein the temperature of exposure
could be elevated around the boiling point of some of these compounds.

Best-Suited Method for Thermal Extraction Using Headspace—GC.

After headspace—GC analysis of spiked outer shell materials at 36, 50, 100, and 200 °C,

it can be concluded that 200 °C with an equilibration time of 30 min is the best-suited
method for the extraction of fireground contaminants. There was a significant increase in the
extraction efficiencies at higher temperatures because the vapor pressure of the compounds
increases with an increase in the temperature. At a higher vapor pressure, the volatility of
the compounds is higher, and a higher mass of compound is converted to the vapor phase.
Table 5 contains the extraction efficiencies for all the compounds. It was intriguing to point
out that, at 200 °C, 2,4,6-TCP and naphthalene had extraction efficiencies over 100%. The
Association of Official Analytical Chemists (AOAC) has published several documents where
it is specified that extraction efficiencies over 100% are regularly obtained and are a result
of variability in the readings. The acceptable range for extraction efficiencies is typically
between 85% and 115%.18

The chromatogram (seen in Figure 10) shows the compound peaks for pure liquid chemicals
overlaid with compounds extracted from outer shell materials. The analysis was conducted
using headspace-GC at 200 °C, 30 min. As seen in Figure 10, the peak heights for the

pure liquid compounds are higher than the extracted compound peaks. This difference is
because, when the chemicals are spiked onto fabrics, factors such as fabric construction

and absorption affect the ability to extract thermally. It is observed that the masses of

the compounds detected from spiked fabric samples were always lesser than pure liquid
samples. Most fabrics have higher binding capabilities for compounds; hence, the analysis
of pure liquid chemicals results in higher responses. The chromatogram, shown in Figure
10, displays appropriate compound resolution with sharp peak shapes, which is required for
accurate analysis.

LIMITATIONS

The headspace sampler oven has an operational temperature range between 35 and 260 °C,
which is a limitation in the case of thermal extraction analysis of fireground contaminants

with lower volatility. In the current study, it was seen that this method was not particularly
helpful for the thermal extraction of some of the much higher-boiling PAHs such as
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benzo[a] pyrene (having a boiling point of 404 °C). If the instrument could achieve

higher temperatures, the higher-boiling PAHs could be better detected. In such a case,
some other suitable methods would need to be used to analyze these types of compounds.
The current method focused on 10 representative fireground contaminants. However, a
field-contaminated jacket could have hundreds of compounds present on it, and a suitable
chromatographic separation method would need to be separately developed to cater to a
higher number of compounds. However, even with the limitations, the current method was
able to provide a quick screening method to analyze contamination on the outer shell
materials.

CONCLUSION

From the various temperatures tested, it can be concluded that 200 °C was the most suited
temperature to thermally extract the maximum amounts of phenols, phthalates, and PAHs
from the outer shell material used in firefighter turnout gear. The current research proves that
headspace—GC could be reliably used as a screening tool to measure the amounts of different
compounds on gear using a single/all-in-one method of analysis. The compounds analyzed
included volatile and semivolatile compounds, many of which are found in actual field-
contaminated samples. The method requires minimal sample preparation, covers a range of
compounds, and is relatively quick at producing results. This study proves that the method

is between 80% and 100% effective at extracting certain types of phenols, phthalates, and
PAHSs. The method is especially useful for extracting highly volatile compounds such as
naphthalene, where it may evaporate in other methods of extraction, such as the sonication
or pressurized solvent extraction, resulting in low extraction efficiencies.

For all compounds, it was observed that increasing the temperature of exposure leads to

the evolution of higher amounts. This study also shows that the equilibration time does not
affect the amount of extraction of the compounds from the outer shell material significantly.
An equilibration time of 30 min was found to be sufficient for most of the compounds that
were analyzed. Ultimately, this study validates the headspace—-GC as an easy and robust
technique to measure the off-gassing of certain chemicals from firefighter gear material.

As seen in Table 5, the higher-boiling PAHs had a low extraction efficiency across the
temperatures tested. This finding suggests that such compounds might still be present on the
gear and be available for dermal exposure. In the past, several studies have looked at dermal
exposure of contaminants through the skin, leading to a variety of health problems.20.21.24.25
Additionally, it is known that the typical temperatures in structural fires are above 50 °C,22
and hence, the fireground contaminants that are off-gassing could potentially be a dermal
exposure risk to the firefighters.

FUTURE WORK

The results from this study indicate that headspace—~GC-MS is a viable tool to assess
the thermal extraction of fireground contaminants from outer shell material. Therefore,
the study opens avenues for several other questions to be addressed about off-gassing in
the fire service. It is seen that the fire service is slowly transitioning to an on-site gross
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decontamination of the turnout gear, which occurs immediately after a firefighter exits a
burning structure. However, this practice is not yet followed across all the departments, and
the personnel performing the gross decontamination are typically not wearing respiratory
protection. At this point, the gear is still considerably heated from the exposure and could be
potentially off-gassing chemicals, which could pose a respiratory hazard for the firefighters.
Even though the current research focused on 30 min extraction levels, future studies could
focus on shorter time intervals, such as 5-10 min, which would be realistic to the conditions
in the field. The trials at 36 and 50 °C showed that volatile compounds, specifically
naphthalene and phenol in this study, could be readily removed from the fabric at these
relatively low temperatures. With further analysis, it may be possible to generalize these
findings to other volatile compounds such as acetic acid, acetone, and benzene, which have
also been found on contaminated gear.19

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the headspace sampler—-GC-MS setup.
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Figure 2.
Extraction efficiencies for phenols using headspace-GC at 100 °C for 30, 60, and 120 min.
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Figure 3.

Extraction efficiencies for phthalates using headspace-GC at 100 °C for 30, 60, and 120

min.
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Figure 4.
Extraction efficiencies for PAHs using headspace—-GC at 100 °C for 30, 60, and 120 min.

J Chem Health Saf. Author manuscript; available in PMC 2023 December 06.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Shinde and Ormond

1.6x107 =

1.4x107 —

1.2x107 —

1.0x107 =

8.0x10° —

Peak Area

6.0x10% —

4.0x10° —

2.0x10° —

Page 18

— 36°C

Naphthal ke

a alene o
. Phenanthrene —— 100°C
—— 200°C

2,4,6-TCP DBP Pyrene
DEHP
PCP BBP

Phenol

Benzol[a] pyrene

0.0

5

4 L A &A_L A A A " ds e A G L A
I | A I L I T I [ r*rr*r*rrrrrr1rr1r1r1r1rr1i
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Retention time (mins)

Figure 5.
Effect of temperature on extraction of compounds from outer shell fabrics.
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Figure 6.
Magnified chromatogram showing the peak areas at various temperatures.
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Figure 7.
Extraction efficiencies for phenols using headspace-GC at 36, 50, 100, and 200 °C for 30
min.
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Figure 8.
Extraction efficiencies for phthalates using headspace-GC at 36, 50, 100, and 200 °C for 30

min.

J Chem Health Saf. Author manuscript; available in PMC 2023 December 06.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shinde and Ormond Page 22

| | 200°C
T [ ]100°C

§ 234 50°C
Benzo[a] pyrene 36°C
H— 63.3
Pyrene 3.91
om
I e
E —H— 84.2
Phenenthrene ——"I_* 15.94
H+  102.2¢
Naphthalene = 77.87
H—  34.97
H- 15.67
LA LT . L . T . - L
0 20 40 60 80 100

Extraction Efficiency (%)

Figure 9.
Extraction efficiencies for PAHs using headspace-GC at 36, 50, 100, and 200 °C for 30 min.
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Table 2.
Conditions Used for HS-GC-MS Method Development

temperature (°C)  time (min)

36°C 30
50°C 30
100 °C 30, 60, 120
200 °C 30
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Table 3.

Calculation of Percent Extraction Efficiency for Spiked Fabric Samples

sample

fabric 1
fabric 2
fabric 3
negative control

positive control

peak area
Fl,
F2,
F3,
o
K

effective mass (ng); (substitute iny=mx +b
calibration curve equation)

[Fl,— £)/m=F1,
[F2,— b)im=F2,
[F3, — blim=F3,
[0— Blim= 0,
[K— Blim= K,

original mass (ng);
(the mass of master
mix used in spiking)

10 000

10 000

10 000

0

10 000

Page 26

relative % extraction

efficiency; (relative to the
positive control)
(F1/K,) X 100
(F2./K,) X 100
(F3./K,) X 100
(04K, X 100
100
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