
����������
�������

Citation: Aliaño-González, M.J.;

Montalvo, G.; García-Ruiz, C.;

Ferreiro-González, M.; Palma, M.

Assessment of Volatile Compound

Transference through Firefighter

Turnout Gear. Int. J. Environ. Res.

Public Health 2022, 19, 3663. https://

doi.org/10.3390/ijerph19063663

Academic Editor: Tetsuro Agusa

Received: 23 February 2022

Accepted: 17 March 2022

Published: 19 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Assessment of Volatile Compound Transference through
Firefighter Turnout Gear
María José Aliaño-González 1 , Gemma Montalvo 2,3 , Carmen García-Ruiz 2,3, Marta Ferreiro-González 1,*
and Miguel Palma 1

1 Department of Analytical Chemistry, Faculty of Sciences, Agrifood Campus of International
Excellence (ceiA3), University of Cadiz, The Wine and Food Research Institute IVAGRO, Puerto Real,
11510 Cadiz, Spain; mariajose.aliano@gm.uca.es (M.J.A.-G.); miguel.palma@uca.es (M.P.)

2 Universidad de Alcalá, Departamento de Química Analítica, Química Física e Ingeniería Química,
Ctra. Madrid–Barcelona km 33,600, 28871 Madrid, Spain; gemma.montalvo@uah.es (G.M.);
carmen.gruiz@uah.es (C.G.-R.)

3 Universidad de Alcalá, Instituto Universitario de Investigación en Ciencias Policiales (IUICP),
Calle Libreros 27, 28801 Madrid, Spain

* Correspondence: marta.ferreiro@uca.es; Tel.: +34-956-016355; Fax: +34-956-016460

Abstract: There is high concern about the exposure of firefighters to toxic products or carcinogens
resulting from combustion during fire interventions. Firefighter turnout gear is designed to protect
against immediate fire hazards but not against chemical agents. Additionally, the decontamination of
firefighter personal protective equipment remains unresolved. This study evaluated the feasibility of
a screening method based on headspace-gas chromatography-ion mobility spectrometry (HS-GC-
IMS) in combination with chemometrics (cluster analysis, principal component analysis, and linear
discriminant analysis) for the assessment of the transference of volatile compounds through turnout
gear. To achieve this, firefighter turnout gears exposed to two different fire scenes (with different
combustion materials) were directly analyzed. We obtained a spectral fingerprint for turnout gears
that were both exposed and non-exposed to fire scenes. The results showed that (i): the contamination
of the turnout gears is different depending on the type of fire loading; and (ii) it is possible to
determine if the turnout gear is free of volatile compounds. Based on the latest results, we concluded
that HS-GC-IMS can be applied as a screening technique to assess the quality of turnout gear prior to
a new fire intervention.

Keywords: volatile organic compounds (VOCs); fire; occupational risk; toxicity; turnout gear; fire-
fighter; ion mobility spectrometry; chemometrics; combustion products

1. Introduction

Fire departments are concerned about the contamination of their firefighters’ personal
protective equipment (PPE), especially turnout gear, after intervention and how it can
affect the firefighters’ health. Contaminants can come from many sources, but they are
mainly from incomplete combustion that can generate various substances (soot, volatile
organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), or small particles)
that can be asphyxiating, irritating, toxic, carcinogenic, or mutagenic [1,2]. In fact, the
International Agency for Research on Cancer (IARC) recognizes firefighters within the
18 occupations with a demonstrated increase in cancer cases in relation to the general
population [3]. The IARC indicates that some of the contaminants to which this group is
exposed are probable carcinogens (Group 2B), and many others, such as several PAHs,
1,3—butadiene, and formaldehyde, are carcinogenic [4,5]. Among the PAHs, benzopyrene
is the most common and is classified as a human carcinogen [6]. These aromatic compounds
are especially relevant due to their mutagenic and genotoxic properties, and some of them
are also considered endocrine disruptors [7,8]. For this reason, there are many studies
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focused on the assessment of the risk of cancer or mortality in firefighters [5]. Occupational
exposure has been associated with an increase in the risk of suffering from several types of
cancer (lung, bladder, skin, urinary, and gastrointestinal system), cellular damage due to
genetic mutations, oxidative stress, and cardiovascular diseases, which are the first cause
of death and the main cause of increased morbidity in firefighters [4,9–12].

Turnout gear is designed to protect firefighters against immediate fire hazards asso-
ciated with heat, asphyxiation, and the acute effects of toxic vapors, gases, and particles
from the combustion sources. However, it does not offer specific protection (or is not well-
characterized) against biological and chemical agents [13,14]. Furthermore, combustion
products usually remain impregnated in the coats, other parts of the turnout gear, vehicles,
etc., and, therefore, are transferred to the fire station or firefighters’ homes.

Firefighter coats are made with expanded polytetrafluoroethylene (ePTFE), which
does not provide specific protection from chemical agents and volatilizes at very high
temperatures, releasing toxic products [15]. Consequently, exposure to fire could damage
the ePTFE, affecting the coat protection function. If the combustion products remain usually
impregnated in the firefighter turnout gear, this creates a microenvironment between the
coat and the skin, which may favor the cutaneous absorption of toxic compounds or
the transfer of contaminants from clothing to the skin [16,17]. A recent study evaluated
chemical vapor diffusion through turnout gear, which was used as a passive membrane.
The results showed that chemical vapors, including carcinogens, could diffuse through
turnout gear [18].

Coats are normally machine-washed after several firefighting actions, but damage to
the ePTFE layer may also occur during the washing-machine-cleaning. However, other
sources of contamination may exist between washes, since toxic substances tend to accumu-
late in the equipment after each intervention, and they can be transferred to a firefighter’s
skin, as well as to other people or materials [17,19,20]. Other alternatives, such as the use
of ozone chambers, are becoming very popular among fire departments. However, a recent
study evaluated the use of ozone chambers as a method to decontaminate PPE [21]. The
results of this study showed that after ozone application there was partial, but not total,
chemical degradation of PAHs, and new oxygenated PAH compounds that may be even
more toxic appeared. Therefore, decontamination is still an unresolved issue, and, so far,
there is no method to guarantee the quality of firefighter PPE.

Although some studies have been carried out on the detection of VOCs or, specifically,
PAHs in firefighter turnout gear [14], these are very few and are mostly based on the
identification of individual compounds using techniques such as liquid chromatography
with photodiode array detection [12] or real-time monitoring through the use of specific
sensors [22]. In another case, these compounds were determined using wipes that were
subsequently analyzed by gas chromatography (GC) [23]. By determining individual com-
pounds, it is possible to identify harmful compounds [24]. However, these methodologies
require long analysis time and costly, skilled operators.

Therefore, a screening method capable of determining the level of contamination in
PPE in an easy and fast way would be a valuable tool for fire departments to guarantee the
cleanness of firefighter coats and to determine when it is necessary to clean them prior to
the next usage. In this way, the occupational risk due to harmful combustion products for
firefighters will be greatly reduced.

Ion mobility spectrometry (IMS) is an analytical technique based on the mobility of
ionized compounds in a gaseous state through a drift tube under a constant electric field at
atmospheric pressure [25–27]. IMS does not use solvents and does not generate residues,
which is a great contribution to the development of green chemistry methods. In addition, it
has low detection limits (in the ppb range), it has the ability to monitor analytes in real time,
and it works at atmospheric pressure, which greatly facilitates its adaptation to portable
equipment. This technique is often combined with other VOC pre-concentration techniques,
such as headspace (HS) or separation systems (such as GC) [28–31] in order to develop
fingerprint characteristics of VOCs present in the sample. This technique has already
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been successfully applied in the chemical detection of warfare agents, agents that cause
blisters (mustard gases or lewisite), and asphyxia agents (phosgene) [32,33]. Furthermore,
HS-GC-IMS systems have been used in the detection and discrimination of fire debris,
allowing the detection of its presence and subsequent characterization, even when it has
been exposed to biodegradation processes [34–36].

Therefore, the aim of this research is to evaluate the feasibility of the HS-GC-IMS
technique as a quick, easy, and reliable screening tool for the assessment of volatile com-
pound transfer through firefighter coats after being exposed to different experiences of
indoor fires.

2. Materials and Methods
2.1. Samples
2.1.1. Firefighters’ Turnout Gears

A firefighter’s coat contains three layers: (i) the outer layer (220 g, 99% aramid and
1% carbon fibre) that allows the firefighter to have greater flexibility and comfort; (ii) the
moisture barrier (140 g, ePTFE-laminated aramid) that acts as a waterproof and breathable
membrane (that is, permeable to water vapor); and (iii) the internal thermal liner (130 g,
40% aramid, 40% viscose, and 20% Zylon) that acts as a moisture barrier to steam and hot
liquids and as protection from bodily fluids and blood-borne pathogens (in the event that
a victim needs care). The moisture barrier and the thermal barrier are sewn together as a
single piece and attached to the outside using snaps or Velcro.

For this study, small armbands (10 cm × 5 cm) from new firefighter coats were
constructed (i.e., without any type of previous contamination) that were identical to those
used in the manufacture of Madrid firefighter personal protective equipment. These
armbands were kindly supplied by Protec Solana S.L. (Arnedo, Spain). A cotton rope
was sewn to each end to allow a complete fastening, as can be seen in Figure 1. These
armbands were placed on the coats of firefighters who participated in activities to extinguish
controlled indoor fires. They were positioned 10 cm above the elbow of each firefighter,
facing outwards so that they were exposed in the same way a firefighter’s turnout gear
would be. Both the placement and subsequent removal were carried out by an analyst, thus
avoiding any possible external contamination if it were touched by the firefighter.
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Once the exposure of the samples was finished, the armbands were collected and
stored in 250 mL metal cans that were perfectly closed, avoiding contamination from
outside and avoiding loss of the VOCs. Subsequently, the armbands were cut into 3 square
pieces of 3 cm × 3 cm and stored in 10 mL vials, obtaining 3 replicas from each armband.
Samples were stored at 0 ◦C in order to avoid microorganism proliferation until the analysis.
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2.1.2. Fire Scenes

Two types of fire scenes with different combustion materials were carried out, both in a
firefighter training center (Centro de Entrenamiento contra Incendios—Ilunion Seguridad)
in Brunete (Madrid, Spain).

The first fire scene (FS 1) was carried out inside a completely empty 15 m2 metal
container, where 50 L of diesel was spilled in the center without the use of any type of
substrate. In this case, the armbands were exposed to residues generated by the combustion
of only diesel oil without the existence of any other combustible material.

For fire scene 2 (FS 2), a car fire was selected. This experience took place inside a
120 m2 container. The ignition point was placed in the middle of the car and several wood
pieces were used as support. Inside, there was a total of 150 kg of wood to which 5 L
of diesel was added. Therefore, one would expect to find volatile compounds and small
particles from diesel and wood residues, in addition to residues from the car’s components.

Both fire experiences were repeated for 3 consecutive days. In each fire experience,
one armband was tied to each of the three firefighters’ coats, ensuring their total exposure
to the fire. Two samples (3 cm × 3 cm) were taken from each armband, located at different
positions within it. In addition, 8 samples (3 cm × 3 cm) from new and clean armbands
were used as a reference for non-exposed armbands. Samples of armbands not exposed
to the fire were named blank. A total of 44 samples were obtained and analyzed in this
study (8 blanks + 18 exposed armband samples (3 days × 3 firefighter coats × 2 samples) ×
2 fire experiences). On the other hand, the samples exposed to the fires were named FS 1 or
FS 2 (depending on whether they were exposed to fire scene 1 or fire scene 2, respectively),
followed by the day of exposure (D1, D2, or D3), the sample number (1–3), and _A or _B to
distinguish between two replicas of the same armband.

2.2. HS-GC-IMS Analysis

All the armband samples were placed into 10-mL glass vials (G.A.S., Dortmund, Ger-
many) and directly analyzed by a FlavourSpec HS-GC-IMS system (G.A.S., Dortmund,
Germany) without any pre-treatment. The conditions of the analysis were selected accord-
ing to the previous experience of the group on fire debris analysis using HS-GC-IMS [37].

2.3. Data Treatment
2.3.1. Ion Mobility Sum Spectra (IMSS)

The results from HS-GC-IMS were processed as previously reported for transformation
to Ion Mobility Sum Spectra (IMSS), which has produced very good results in the detection
and discrimination of fire debris and PDP samples [34–37]. Once the data matrix was
obtained, the drift times were normalized to the reaction ion peak (RIP) with LAV software
(G.A.S., Dortmund, Germany), using the ionized water signal as the signal of reference.
Subsequently, the IMSS were obtained using LAV software. During this study, the spectra
employed contained a total of 1020 drift times in the range of 1.030–2.050 (RIP relative).
Spectra were normalized by assigning 1 to the maximum signal in each spectrum. IMSS
were arranged in data matrixes named Dmxn, where m is the number of armband samples
and n is the number of drift times.

2.3.2. Chemometric Analysis

Non-supervised techniques, such as hierarchical cluster analysis (HCA) and principal
component analysis (PCA), were employed to study the tendency of the samples to be
grouped. The supervised technique of linear discriminant analysis (LDA) was used to
determine the capacity of the IMS results to discriminate among the three types of samples,
i.e., the non-exposed armbands and the ones exposed to FS 1 and FS 2.

The statistical software used for all data treatment were LAV software (G.A.S., Dort-
mund, Germany) for obtaining IMSS, IBM SPSS Statistics 22 (Armonk, NY, USA) for PCA
and LDA, and RStudio software (R version 4.0.5, Boston, MA, USA) for HCA.
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3. Results and Discussion
3.1. Method Development

As previously mentioned, a total of 44 samples were collected for this study: 8 blanks
and 36 exposed armband samples (18 samples × 2 fire scenes). The first step was to
evaluate the suitability of HS-GC-IMS for detecting differences between the exposed and
non-exposed armbands based on the global volatile profiles.

The resulting average IMSS of blank armbands and of those exposed to the two fire
scenes were analyzed. For this part of the study, 22 samples were analyzed: 4 blank
samples and 18 armband samples (all were randomly chosen from the 18 samples from
each fire scene). A chemometric study was carried out to prepare a model that categorized
the contaminated armbands vs. the blank samples. For that, the 22 IMSS obtained were
subjected to HCA. The methodology employed was Ward’s method with squared Euclidean
distance. The HCA results are graphically represented in a dendrogram in Figure 2.
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Figure 2. Dendrogram of HCA of blank (blue) and exposed armbands from FS 1 (orange) and FS 2
(grey) (D22X1020), where 22 is the number of armband samples, and 1020 is the number of drift times.

As can be observed in Figure 2, blank samples were grouped together (blue dots) and
fully separated from the contaminated armbands. These results confirmed that the studied
fire scenes produced VOCs that remained in armbands, producing differences in signals
than non-exposed armbands. The second cluster (orange dots) grouped five of the nine
samples of armbands from FS 1. Finally, the third cluster was divided into two sub-clusters.
The first one was formed by the rest of the samples from FS 1 and the samples from FS 2
from day one. The second sub-cluster grouped together the rest of the armband samples
from FS 2 (grey dots). To sum it up, the second conclusion obtained from the HCA results
was that fire scenes with different characteristics (presence and nature of supports, ignitable
liquid, time of burning, etc.) produced different VOCs, and, consequently, different signals
that could be employed to determine these characteristics.

A PCA was later performed using the same data matrix. Figure 3 displays the sam-
ples according to the first three principal components (PCs). The results showed that
the first PC achieved 42.5% variance, whereas 89.9% was obtained with the first three
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PCs (PC1 + PC2 + PC3). As can be observed in Figure 3, PC2 is the main variable responsi-
ble for the discrimination, according to exposure or non-exposure armbands. Consequently,
these signals could be employed to detect a firefighter coat that can be exposed to a fire
scene. On the other hand, armbands from FS 1 and FS 2 were mainly separated in the space
according to PC1, which means the drift times that contribute to this principal component
could be used to discriminate between fire scenes with and without supports.
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the number of drift times.

These results indicated that the data from HS-GC-IMS were related to the compounds
responsible for the discrimination of the armbands according to the presence or absence
and type of combustion products, even though the 1020 signals obtained from the IMSS
were not sufficient to obtain perfect separation of all analyzed samples.

Based on the tendency shown from the unsupervised analysis, finally, an LDA was
carried out using the same data matrix (D22X1020) in order to obtain a model for the dis-
crimination of armbands based on VOCs. Three groups were considered a priori: blanks
(non-exposed armbands) and armbands taken from FS 1 and FS 2. Cross-validation with
stepwise methodology was applied. Table 1 shows Fisher’s linear discriminant functions
obtained by LDA that were used to prove the suitability of the method.

Table 1. Fisher’s linear discriminant functions obtained from LDA at different drift times.

Drift Time (RIP Relative)/Group Non-Exposed FS 1 FS 2

1.200 6806.43 2855.84 2471.55
1.272 4770.23 481.89 1696.80
1.335 43,898.86 11,820.60 13,790.42
1.441 19,788.63 7004.15 6294.30
1.458 −31,983.88 −7892.60 −9503.70
1.667 −5272.90 125.29 −1160.12

Constant −3034.61 −455.93 −421.54
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A 100% classification was obtained. HS-GC-IMS results showed clear differences in
signals caused by VOCs present on firefighter coats, not only between the non-exposed
and exposed armbands, but also according to the type of fire scene.

LDA provided different drift times (1.200, 1.272, 1.335, 1.441, 1.458, and 1.667 ms (RIP
relative)) important to obtaining the discrimination. By plotting the intensities at these
selected drift times, characteristic fingerprints for a non-exposed and an exposed armband,
as well as for armband samples of FS 1 and FS 2 were obtained (Figure 4). Figure 4A
depicts the average intensity of non-exposed armbands vs. exposed armbands (samples
from FS 1 and FS 2). As can be observed, non-exposed armbands exhibited their maximum
intensity at 1.335 ms (RIP relative), and exposed armbands showed around 30% of this
signal, followed by 1.458 ms (RIP relative) when exposed armbands exhibited around 45%
of the signal showed by blanks. On the other hand, the highest intensity from exposed
armbands was achieved at 1.667 ms (RIP relative), but non-exposed armbands showed
just 80% of the total signal. It was concluded that, with the developed method, only three
signals are required to determine whether the firefighter coat was exposed to a fire scene
and if VOCs from fire combustion were transferred to the coat.
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Figure 4. (A) Fingerprint obtained from the blank and exposed armbands signals based on the drift
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Moreover, the intensities from samples of FS 1 and FS 2 at the drift times were selected
as obtained from LDA for the fire discriminations. Average intensities from samples of
FS 1 and FS 2 were calculated and normalized to the maximum intensity of the range. The
resulting fingerprints are represented in Figure 4B.

In this case, samples from FS 2 displayed higher intensity than samples from FS 1
at 1.200 and 1.272 ms (RIP relative). Intensities from FS 1 at these times were less than
80% of FS 2 intensities. On the contrary, at 1.441 ms (RIP relative) samples from FS 1
displayed their maximum intensities, whereas samples from FS 2 were just 70% of the
FS 1 intensities. Consequently, although more fire scenes should be evaluated, the results
discussed above indicate that it is possible to discriminate between fires with different
combustion materials using only a few of the signals obtained by HS-GC-IMS analysis
without the need of identifying individual compounds.

3.2. Validation Study

After testing the suitability of the selected technique for the detection of exposed
armbands and the discrimination between armbands from different fires, the next step was
to evaluate the applicability of the developed method. For that, the remaining samples
(4 blanks and 18 exposed armbands from both fire scenes) that were not employed for
model development were analyzed and used for the validation of the model by applying
the discrimination functions (Table 1) obtained by LDA. Samples from non-exposed and
exposed armbands were successfully discriminated, as well as samples from fire scenes 1
and 2.

These results are in consonance with those observed by Shinde and Ormond [38], who
optimized an HS sampling method coupled with GC-MS for the analysis of contaminants
on firefighter turnout materials. So far, most of the methods used for the characterization of
contaminants in firefighter PPE have been based on the identification of target compound,
such as PAHs [14,22–24], making this task complex and difficult to reproduce.

In this case, the aim was not to identify individual compounds by HS-GC-IMS, but
to study the feasibility of this technique to obtain an overall fingerprint of the odor for
determining the global contamination profile (fingerprint) of firefighter equipment. In this
case, two different types of fire scenes were studied, and, although a larger variety of fires
should be carried out, the obtained results indicated that this technique in combination
with chemometrics can be used to develop models for the characterization of samples
containing different levels of contaminants. By using pattern recognition techniques, such
as LDA, the models “learn” as they analyze more samples, so models are always up-to-date.
Therefore, HS-GC-IMS is a viable tool that can be used by firefighter units as a screening
method to assess the level of contamination in their equipment.

4. Conclusions

The suitability of HS-GC-IMS as a screening method for the detection of volatile
compounds in firefighter turnout gear exposed to a fire was evaluated. The results demon-
strated that IMSS combined with chemometric techniques, especially with LDA (100%
correct classification), can be used for the recognition of non-exposed and exposed turnout
gear, even with turnout gear from two different types of fires. The results showed that
volatile compounds from the different fire scenes were not the same. Additionally, based
on LDA, by using a few drift times (1.200, 1.272, 1.335, 1.441, 1.458, and 1.667 ms), a char-
acteristic fingerprint for an easy and fast identification of the different types of samples
was obtained.

In further studies, it would be interesting to study the suitability of the developed
method and to characterize the volatile compounds from different fires in order to establish
fingerprints according to the contaminants. In this way, it will be possible to guarantee the
quality of PPE before using it at a new scene and to decide the proper washing method after
different types of fires. The many advantages of this technique in comparison to traditional
methods (fast, inexpensive, eco-friendly, easy to use, and portable) make HS-GC-IMS a
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promising, convenient tool for use in fire departments to reduce the occupational risk of
firefighters. In addition, a database with the different fingerprints could be created, and if
these fingerprints were correlated with different health risks, it could be possible to create a
web platform or application with the generated models in order to automatically evaluate
the occupational risk derived from exposure to a fire scene.

Author Contributions: Conceptualization, C.G.-R.; data curation, M.F.-G.; formal analysis, M.J.A.-G.;
funding acquisition, G.M. and M.F.-G.; investigation, M.J.A.-G. and M.F.-G.; methodology, G.M. and
M.P.; resources, G.M. and C.G.-R.; software, M.J.A.-G. and M.F.-G.; supervision, G.M. and M.F.-G.;
validation, M.P.; visualization, M.P.; writing—original draft, M.J.A.-G.; writing—review and editing,
G.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Region of Madrid Fire Department, grant number “83
LOU, 148/2018”. This work was also co-financed by the 2014–2020 ERDF Operational Program;
the Department of Economy, Knowledge, Business, and University of the Regional Government of
Andalusia (FEDER-UCA18-107214); and 0756_FIREPOCTEP_6_E “Strengthening of cross-border
systems for the prevention and extinction of forest fires and improvement of resources for the
generation of rural employment post-COVID-19” (2021-020/PE/Interreg POCTEP 2014-2020/PR).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors want to thank the Region of Madrid Fire Department for the design
and the performance of the fire extinguishing exercises in which the samples were collected. The
authors also thank Protec Solana SL for providing firefighter personal equipment protection fabrics.
Additionally, we thank Jaime Aznar Rodriguez-Monteverde (PEJ16/IND/TL-1880 founding by the
General Directorate of Research and Technological Innovation of the Community of Madrid and the
European Social Fund) and the Research Group in Chemical and Forensic Sciences (CINQUIFOR)
staff for their collaboration in collecting samples.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Drysdale, D.D. La Química y La Física Del Fuego. In Manual de Protección Contra Incendios; Cote, A.E., Linville, J.L., Eds.;

Dialnet—University of La Rioja: La Rioja, Spain, 1993; pp. 47–63, ISBN 84-7100-645-6.
2. Secretaría de Salud Laboral de CCOO de Madrid. Exposición de las Bomberas y Bomberos a Sustancias Cancerígenas Durante el Trabajo,

1st ed.; Unigráficas GPS: Madrid, Spain, 2016.
3. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans Painting, Firefighting, and Shiftwork. IARC Monographs

on the Evaluation of Carcinogenic Risks to Humans; IARC: Lyon, France, 2010; Volume 98, pp. 9–764, ISBN 978-92-832-1598-1.
4. Oliveira, M.; Slezakova, K.; Fernandes, A.; Teixeira, J.P.; Delerue-Matos, C.; Pereira, M.d.C.; Morais, S. Occupational Exposure

of Firefighters to Polycyclic Aromatic Hydrocarbons in Non-Fire Work Environments. Sci. Total Environ. 2017, 592, 277–287.
[CrossRef] [PubMed]

5. Laroche, E.; L’espérance, S. Cancer Incidence and Mortality among Firefighters: An Overview of Epidemiologic Systematic
Reviews. Int. J. Environ. Res. Public Health 2021, 18, 2519. [CrossRef] [PubMed]

6. WHO Regional Office for Europe. Chapter 5.9 Polycyclic Aromatic Hydrocarbons (PAHs) General Description. In Air Quality
Guidelines, 2nd ed.; WHO Regional Office for Europe: Copenhagen, Denmark, 2000.

7. Rodrigues Mansilha, C.; Marques, J.M.E. Water Quality Concerns Due to Forest Fires: Polycyclic Aromatic Hydrocarbons (PAH)
Contamination of Groundwater From Mountain Areas Fire Effects on Soil View Project. J. Toxicol. Environ. Health Part A 2014, 77,
806–815. [CrossRef] [PubMed]

8. Zhang, Y.; Dong, S.; Wang, H.; Tao, S.; Kiyama, R. Biological Impact of Environmental Polycyclic Aromatic Hydrocarbons (EPAHs)
as Endocrine Disruptors. Environ. Pollut. 2016, 213, 809–824. [CrossRef] [PubMed]

9. Wingfors, H.; Nyholm, J.R.; Magnusson, R.; Wijkmark, C.H. Impact of Fire Suit Ensembles on Firefighter PAH Exposures as
Assessed by Skin Deposition and Urinary Biomarkers. Ann. Work Expo. Health 2018, 62, 221–231. [CrossRef] [PubMed]

10. Bott, R.C.; Kirk, K.M.; Logan, M.B.; Reid, D.A. Diesel Particulate Matter and Polycyclic Aromatic Hydrocarbons in Fire Stations.
Environ. Sci. Processes Impacts 2017, 19, 1320–1326. [CrossRef] [PubMed]

11. Baxter, C.S.; Hoffman, J.D.; Knipp, M.J.; Reponen, T.; Haynes, E.N. Exposure of Firefighters to Particulates and Polycyclic
Aromatic Hydrocarbons. J. Occup. Environ. Hyg. 2014, 11, D85–D91. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2017.03.081
http://www.ncbi.nlm.nih.gov/pubmed/28319714
http://doi.org/10.3390/ijerph18052519
http://www.ncbi.nlm.nih.gov/pubmed/33802629
http://doi.org/10.1080/15287394.2014.909301
http://www.ncbi.nlm.nih.gov/pubmed/25072713
http://doi.org/10.1016/j.envpol.2016.03.050
http://www.ncbi.nlm.nih.gov/pubmed/27038213
http://doi.org/10.1093/annweh/wxx097
http://www.ncbi.nlm.nih.gov/pubmed/29236997
http://doi.org/10.1039/C7EM00291B
http://www.ncbi.nlm.nih.gov/pubmed/28861557
http://doi.org/10.1080/15459624.2014.890286


Int. J. Environ. Res. Public Health 2022, 19, 3663 10 of 11

12. Fent, K.W.; Eisenberg, J.; Snawder, J.; Sammons, D.; Pleil, J.D.; Stiegel, M.A.; Mueller, C.; Horn, G.P.; Dalton, J. Systemic Exposure
to PAHs and Benzene in Firefighters Suppressing Controlled Structure Fires. Ann. Occup. Hyg. 2014, 58, 830–845. [CrossRef]

13. Abrard, S.; Bertrand, M.; de Valence, T.; Schaupp, T. French Firefighters Exposure to Benzo[a]Pyrene after Simulated Structure
Fires. Int. J. Hyg. Environ. Health 2019, 222, 84–88. [CrossRef]

14. Son, S.-Y.; Bakri, I.; Muraki, S.; Tochihara, Y. Comparison of Firefighters and Non—Firefighters and the Test Methods Used
Regarding the Effects of Personal Protective Equipment on Individual Mobility. Appl. Ergon. 2014, 45, 1019–1027. [CrossRef]
[PubMed]

15. El Aidani, R.; Dolez, P.I.; Vu-Khanh, T. Effect of Thermal Aging on the Mechanical and Barrier Properties of an E—
PTFE/Nomex®Moisture Membrane Used in Firefighters’ Protective Suits. J. Appl. Polym. Sci. 2011, 121, 3101–3110. [CrossRef]

16. Pleil, J.D.; Stiegel, M.A.; Fent, K.W. Exploratory Breath Analyses for Assessing Toxic Dermal Exposures of Firefighters during
Suppression of Structural Burns. J. Breath Res. 2014, 8, 037107. [CrossRef] [PubMed]

17. Fent, K.W.; Alexander, B.; Roberts, J.; Robertson, S.; Toennis, C.; Sammons, D.; Bertke, S.; Kerber, S.; Smith, D.; Horn, G.
Contamination of Firefighter Personal Protective Equipment and Skin and the Effectiveness of Decontamination Procedures. J.
Occup. Environ. Hyg. 2017, 14, 801–814. [CrossRef] [PubMed]

18. Corbally, M.A.; Williams, M.R.; Chappell, J.N.; Sigman, M.E. Detecting Chemical Vapor Diffusion through Firefighter Turnout
Gear. Int. J. Environ. Res. Public Health 2021, 18, 4833. [CrossRef] [PubMed]

19. Bailey, P.S. The Reactions of Ozone with Organic Compounds. Chem. Rev. 1958, 58, 925–1010. [CrossRef]
20. Polanczyk, A.; Piechota-Polanczyk, A.; Dmochowska, A.; Majder-Lopatka, M.; Salamonowicz, Z. Analysis of the Effectiveness of

Decontamination Fluids on the Level of Biological Contamination of Firefighter Suits. Int. J. Environ. Res. Public Health 2020, 17,
2815. [CrossRef]

21. Lucena, M.A.M.; Zapata, F.; Mauricio, F.G.M.; Ortega-Ojeda, F.E.; Quintanilla-López, M.G.; Weber, I.T.; Montalvo, G. Evaluation
of an Ozone Chamber as a Routine Method to Decontaminate Firefighters’ Ppe. Int. J. Environ. Res. Public Health 2021, 18, 10587.
[CrossRef]

22. Laitinen, J.; Mäkelä, M.; Mikkola, J.; Huttu, I. Fire Fighting Trainers’ Exposure to Carcinogenic Agents in Smoke Diving Simulators.
Toxicol. Lett. 2010, 192, 61–65. [CrossRef]

23. Keir, J.L.A.; Akhtar, U.S.; Matschke, D.M.J.; White, P.A.; Kirkham, T.L.; Chan, H.M.; Blais, J.M. Polycyclic Aromatic Hydrocarbon
(PAH) and Metal Contamination of Air and Surfaces Exposed to Combustion Emissions during Emergency Fire Suppression:
Implications for Firefighters’ Exposures. Sci. Total Environ. 2020, 698, 134211. [CrossRef]

24. Hwang, J.; Xu, C.; Agnew, R.J.; Clifton, S.; Malone, T.R. Health Risks of Structural Firefighters from Exposure to Polycyclic
Aromatic Hydrocarbons: A Systematic Review and Meta—Analysis. Int. J. Environ. Res. Public Health 2021, 18, 4209. [CrossRef]
[PubMed]

25. Eiceman, G.A.; Karpas, Z.; Hill, H. Ion Mobility Spectrometry, 3rd ed.; CRC Press: Cleveland, OH, USA, 2016; ISBN 9781138199484.
26. Gabelica, V.; Marklund, E. Fundamentals of Ion Mobility Spectrometry. Curr. Opin. Chem. Biol. 2018, 42, 51–59. [CrossRef]

[PubMed]
27. Borsdorf, H.; Eiceman, G.A. Ion Mobility Spectrometry: Principles and Applications. Appl. Spectrosc. Rev. 2006, 41, 323–375.

[CrossRef]
28. Vautz, W.; Franzke, J.; Zampolli, S.; Elmi, I.; Liedtke, S. On the Potential of Ion Mobility Spectrometry Coupled to GC Pre—

Separation—A Tutorial. Anal. Chim. Acta 2018, 1024, 52–64. [CrossRef] [PubMed]
29. Konieczka, P.P.; Aliaño-González, M.J.; Ferreiro-González, M.; Barbero, G.F.; Palma, M. Characterization of Arabica and Robusta

Coffees by Ion Mobility Sum Spectrum. Sensors 2020, 20, 3123. [CrossRef]
30. Aliaño-González, M.J.; Ferreiro-González, M.; Espada-Bellido, E.; Barbero, G.F.; Palma, M. Novel Method Based on Ion Mobility

Spectroscopy for the Quantification of Adulterants in Honeys. Food Control. 2020, 114, 107236. [CrossRef]
31. Aliaño-González, M.J.; Ferreiro-González, M.; Espada-Bellido, E.; Palma, M.; Barbero, G.F. A Screening Method Based on

Headspace—Ion Mobility Spectrometry to Identify Adulterated Honey. Sensors 2019, 19, 1621. [CrossRef]
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