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Abstract: Evidence has previously shown that outer tunics (turnout coats) worn by firefighters
at structural fires are contaminated with harmful chemicals which subsequently off-gas from the
material. However, there is limited research on whether this phenomenon extends to wildland
firefighter uniforms. This pilot study aimed to explore if the tunics of volunteer bushfire and forestry
firefighters in Western Australia off-gas any contaminants after exposure to prescribed burns or
bushfires, and whether there is a need to explore this further. Nine tunics were collected from
firefighters following nine bushfire and prescribed burn events, with a set of unused tunics serving
as a control. Chemical analysis was performed on these tunics to assess levels of acrolein, benzene,
formaldehyde, and sulphur dioxide contamination. The assessment involved measuring chemical
off-gassing over a 12 h period using infrared spectrometry. Tunics worn by firefighters appear
to adsorb acrolein, benzene, formaldehyde, and sulphur dioxide from bushfire smoke and these
contaminants are emitted from firefighting tunics following contamination at elevated concentrations.
Further investigation of this research with a larger study sample will be beneficial to understand this
phenomenon better and to determine the full extent and range of chemical contaminants absorbed by
all firefighter clothing.

Keywords: wildfire; bushfire; volunteer firefighter; forestry firefighter; smoke exposure; Western
Australia; off-gassing; secondary exposure; tunic; personal protective equipment (PPE)

1. Introduction

Bushfires (wildfires) are an increasing threat across Australia. Fires burn more
frequently and with increased intensity [1]. In Australia, this was evident during the
2019/20 bushfire season, commonly referred to as “Black Summer”. Bushfires ravaged over
ten million hectares of land, claiming the lives of nine firefighters and displacing thousands
of people [2,3].

In Western Australia (WA), there are several firefighting services that primarily re-
spond to wildland fire threats. The largest service is the volunteer Bushfire Service, with
over 26,000 members, and more than 500 Brigades funded by local government authorities
and managed by the Department of Fire and Emergency Services [4]. The Department
of Biodiversity, Conservation and Attractions (DBCA) also operates and manages a paid
firefighting force (hereafter referred to as forestry firefighters), responsible for managing
the vast national parks of the State. Forestry firefighters respond to bushfires during the
summer months and conduct prescribed burning campaigns in the cooler months. Both
groups of firefighters wear similar protective uniforms consisting of fire-retardant turnout
gear, tunic (outer coat) and bottoms, boots, helmets, eye, and respiratory protection [5]. The
turnout gear is typically made from 100% Proban cotton, covering the firefighter from chin
to waist, including the arms, designed to overlap with other personal protective equipment
(PPE) such as gloves and pants, thus ensuring adequate full protection for the firefighter.
All turnout gear worn by firefighters is certified to the Australian and New Zealand stan-
dard [6]. Prescribed burning is routinely undertaken where areas of the bushland are set
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alight under the guidance of wildland firefighters. This management strategy is used to
reduce dangerous fuel loads and mitigate bushfire risk. Prescribed burning is a delicate
process, requiring a fine balance between environmental and meteorological conditions
to meet a desired outcome. The term “prescribed burn” is often used to describe these
fires as they follow a “prescription” in which the specific conditions must be met before
ignition [7]. The DBCA Parks and Wildlife (DPAW) division outlines four primary purposes
for prescribed burning, namely, to maintain biodiversity, to rehabilitate vegetation after acts
such as timber harvesting and mining, to undertake research, and to assist in protecting
lives and property from bushfire by reducing the build-up of hazardous fuel loads [7].

While attending bushfires or prescribed burn events, firefighters are frequently ex-
posed to potentially harmful chemicals emanating from the burning vegetation [8,9]. Of the
many chemicals present in bushfire smoke, previous research has highlighted the preva-
lence and negative health impacts associated with acrolein, benzene, sulphur dioxide, and
formaldehyde exposure, either for their irritant properties or, crucially, their carcinogenic
nature [10]. This pilot study focused on these four chemicals given that they are largely
responsible for wildland firefighting being recently classified as a carcinogenic-exposed
occupation [11,12].

Personal protective equipment (PPE) is a vital control used to protect firefighters from
harmful exposures to airborne contaminants generated by fire. Respiratory protection
equipment is particularly essential to prevent inhalation of these contaminants, while the
firefighting tunic is primarily used to prevent against the heat generated by fire, but also to
prevent dermal absorption of hazardous chemicals. However, this PPE could also present
an additional exposure risk if the tunic becomes contaminated during firefighting events.
Fent, et al. [13] and Banks, et al. [14] found that PPE worn by firefighters has the potential to
adsorb contaminants from structural fires and, after the fire event, goes through a period of
off-gassing when contaminants are released from the PPE into the surrounding atmosphere,
indicating that a firefighters tunic could be a potential secondary source of exposure.

Previous research on wildland-related secondary exposure sources is limited as the
focus has been on firefighter exposure to contaminants associated with burning human-
made materials such as buildings or cars, often conducted under controlled experimental
conditions [13]. Previous research was not conducted during live bushfire events, and as far
as can be determined, there has been no further exploration of whether this contamination–
off-gassing phenomenon is associated with chemicals from bushfires in Australia.

This pilot study aimed to explore if the tunics of volunteer bushfire and forestry
firefighters in Western Australia off-gas any contaminants after exposure to prescribed
burns or bushfires, and determine the need to further explore this phenomenon.

2. Materials and Methods
2.1. Particpants and Recuitment

Between November 2022 and April 2023, the research team was invited by the DBCA
to attend prescribed burns and bushfires for research purposes. Firefighters who attended
these prescribed burns or bushfires were recruited for this study. Participants were recruited
from two distinct groups:

• Volunteer Bushfire Firefighters: These firefighters were volunteers from a brigade
located in metropolitan Perth (WA), and they attended bushfire events.

• Forestry Firefighters: These participants were forestry firefighters from the Depart-
ment of Biodiversity, Conservation and Attractions (DBCA), and they attended the
prescribed burns.

Potential participants were informed about the study by the principal investigator to
gauge their initial interest, prior to commencing their shifts at the respective fire events.
Firefighters who agreed to participate were provided with a participant information letter
and given time to read this and ask any questions before providing written consent to
participate in the research.
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2.2. Assessment of Potential Tunic Contamination

Participants were included if they confirmed that their tunic (turnout coat) was clean,
not worn prior to use on that shift and subsequently that they wore their tunics for a
minimum of four hours while performing their usual duties at the fire events. Only
firefighters fulfilling the “firefighter” role were included; drivers, crew leaders and non-
frontline roles were excluded. The firefighter role includes responsibility for taking lines of
hose to the fire front to combat the fire. One tunic from each fire event was collected from
the firefighters and immediately placed in a plastic airtight 50 L sealed container. Due to
the unpredictable and hazardous nature of wildland fires, it was not feasible to control the
exact amount of smoke exposure each firefighter faced. We confirmed with firefighters at
prescribed burns that they were not using drip-torches and observed only matches being
used to ignite the burns, to limit the influence of the disease/petrol contamination on the
tunics. Exposure at both bushfire events and prescribed burns lasted between 4 and 6 h
and was confirmed by the participating firefighters to be typical of a regular shift and time
spent in smoke.

2.3. Tunic Analysis

All tunics were analysed individually for potential off-gassing. The time taken to
transport the tunic from the fire site to the temperature-controlled laboratory where testing
took place ranged from one to four hours, contingent on the fire’s location. The tunics
were moved from the transport vessel into a sealed sterile 100 L plastic container for
assessment, the same approximate size of the lockers that PPE is generally stored in at fire
stations. The sterile containers were designed with an aperture in the lid to accommodate
the probe of the Gasmet Technologies DX4040 Fourier transform infrared spectrometer
(FTIR), Vantaa, Finland, which was sealed in place using a tight-fitting rubber stopper.
The FTIR was previously calibrated and configured to measure the mean concentration
of four chemicals—acrolein, benzene, formaldehyde, and sulphur dioxide—commonly
found in bushfire smoke. These chemicals were selected due to their known irritant or
carcinogenic properties, making them appropriate markers for determining health risk in
wildfire environments. Additionally, these toxicants are frequently studied in wildland
fire research, providing a basis for comparison and relevance to existing literature. The
mean concentration of the four chemicals were measured at intervals of 5 min, over a
period of 12 h. Following the 12 h sampling period, the individual tunics were cleaned
using a standard domestic washing machine cycle and returned to the firefighters. This
is consistent with the routine procedures for DBCA and DFES for cleaning turnout gear,
which involves removing debris with a soft brush before machine-washing and air-drying
after each use.

To establish a control sample for the experiment and to allow for comparison, three sets
each of brand new and washed tunics were subjected to the same off-gassing analysis as
the tunics worn and exposed at fire events.

3. Results
3.1. Fire Events

This study covered a total of nine fire events, comprising five prescribed burns and
four bushfire events. The prescribed burns were conducted by the DBCA during spring
2022, in accordance with their 2022/23 fire mitigation prescription. The locations for these
burns ranged from the Badgingarra Kwongan Heath (sandy heathland) in the north, known
for its exceptional biodiversity, to the Wandoo woodlands of Julimar in the east, extending
to the dense jarrah forests of Nannup in the south. The size of these prescribed burns varied
from smaller 150-hectare burns in the southern forest regions to expansive burns covering
over 1000 hectares in the eastern woodlands.

The bushfire events took place during the summer of 2022/23. Each of these events
was a critical, uncontrolled emergency that required immediate intervention by volunteer
firefighters. The bushfires varied in their intensity and duration, ranging from smaller
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scrub fires that were extinguished within hours to large-scale multi-agency operations that
lasted days. All bushfires occurred in the Perth metropolitan area.

This research explored both prescribed burns and bushfires due to their potential differ-
ences in fire intensity and firefighter tactics and strategies used to control these fires. These
may impact the firefighter’s exposure to smoke and affect their overall exposure profile.

3.2. Off-Gassing Analysis

The findings suggest that tunics worn by firefighters during bushfires or controlled
burn events potentially adsorb and appear to off-gas chemicals typically found in bush-
fire smoke. The following section will discuss the findings of the off-gassing analysis.
Figures 1–4 display the mean concentration of chemicals measured in the container over
the 12 h sampling period, as well as the highest mean concentration of chemicals measured
for any 15 min sampling period. The results indicate that all three clean tunics off-gassed
similar concentrations of chemicals; thus, the mean results of all three tunics are presented
as a single item in the tables for comparison and simplicity. The contaminated tunics
off-gassed the highest concentration of chemicals during the first 15 min of measurement
reported as 15 min maximum concentrations (Figures 1–4).
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3.2.1. Acrolein

Tunics from both controlled burns and bushfires off-gassed acrolein at similar levels.
For controlled burns, the average concentrations varied from 0.01 ppm (Burn 1) to 0.09 ppm
(Burn 5). A notable deviation was recorded during Burn 3, where the mean acrolein
concentration in the tunic was higher by comparison, at 1.78 ppm (Figure 1). The clean
tunics did not appear to off-gas any acrolein.

3.2.2. Benzene

The benzene concentrations released from tunics post bushfire events were consistent,
ranging between 0.45 ppm and 0.55 ppm; a “clean” tunic—that had not been exposed to
fire—also off-gassed benzene at levels comparable to those from bushfire-affected tunics.
Conversely, tunics from controlled burns exhibited higher benzene off-gassing, with the
third burn peaking at 4.82 ppm and an average release of 4.56 ppm (Figure 2).

3.2.3. Formaldehyde

Tunics subjected to controlled burns displayed higher formaldehyde off-gassing con-
centrations than those from bushfires. Tunics exposed at prescribed burns showed a range
from 0.097 ppm (Burn 4) to 0.431 ppm (Burn 5), while the highest mean concentration
observed for bushfire tunics was 0.01 ppm (Figure 3). The clean tunics did not off-gas any
detectable concentrations of formaldehyde.

3.2.4. Sulphur Dioxide

Sulphur dioxide gas was primarily detected in tunics used during controlled burns,
with mean off-gassing concentrations over a 12 h period ranging between 0.246 ppm and
0.630 ppm. In comparison, one tunic from Burn 3 emitted sulphur dioxide, reaching a
15 min maximum of 0.05 ppm (Figure 4). The clean tunics did not appear to off-gas any
concentration of sulphur dioxide.
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4. Discussion

The aim of this study was to explore if the tunics of volunteer bushfire and forestry
firefighters in Western Australia are contaminated with chemicals after a wildland fire event
and to what extent the tunic off-gasses these chemicals post fire. The results of this study
suggest that this process may also occur during wildland fire events in the same manner
as those reported from structural fire events [13,14]. It was observed that the tunics from
controlled burns emitted higher concentrations of formaldehyde, benzene, and sulphur
dioxide compared to those from bushfire incidents. The release of acrolein was comparable
in garments used at both types of fires. The controls (clean tunics) were found to off-gas
small concentrations of benzene similar to those concentrations observed at bushfire events,
but the other gases were below the detectable limits of the FTIR. This process of possible
off-gassing may present a secondary exposure source to firefighters and pose an additional
health risk to consider for firefighting agencies.

4.1. Chemical Measurements and Associated Risks

For the purposes of brevity, in this early investigation, we concentrated on four gases
that were found in relatively high concentrations in bushfire smoke and have been focussed
on in the literature previously [15]. These four gases were acrolein, benzene, formaldehyde,
and sulphur dioxide. Safe Work Australia has stipulated workplace exposure standards
(WESs) [16] for the chemicals tested. Although the WESs were designed for and applicable
to personal exposure in workers, they do provide context for the chemical concentration
levels found in this study. However, a direct comparison is not possible due to the strict
methodology required for workplace exposure monitoring. Nonetheless, these standards
may serve as an indication of when concern should be applied to the concentration lev-
els found.

4.1.1. Acrolein

For acrolein, the National Institute for Occupational Safety and Health (NIOSH) rec-
ommends a time-weighted average (TWA): the concentration not to be exceeded averaged
over an 8 h shift of 0.1 ppm and a STEL (short-term exposure limit; the concentration
not to be exceeded for a period of 15 min, more than four times over the duration of the
shift) of 0.3 ppm [17]. Safe Work Australia also adopts a 0.1 ppm TWA and 0.3 STEL [16].
Figure 1 shows that across three of the four bushfires and all the prescribed burns, the tunic
off-gassed acrolein for 15 min in concentrations above the STEL. The TWA was exceeded
in three of the nine tunics measured. Acrolein is an unsaturated aldehyde commonly
found in tobacco smoke and the combustion of wood, plastics, and petroleum [18]. It is
a high relative electrophile which has been demonstrated to be active for several days
in vivo [19]. Inhalation of acrolein has been shown to induce vascular [20], neurogener-
ative [21], and respiratory diseases [22]. Acrolein has also been linked to cancers, with
evidence of malignant tumours in mouse models [23]. In 2020, the International Agency
for Research on Cancer (IARC) classified acrolein as a class 2A (probable) carcinogen on
the basis that sufficient evidence from animal experimental studies exists coupled with
a strong mechanistic pathway [24]. Acrolein displays many properties of a carcinogen,
namely, being genotoxic, inducing oxidative stress and chronic inflammation, and being
immunosuppressive [24]. Other studies have confirmed the presence of acrolein in bushfire
smoke and have identified it as a hazard to firefighters [10]; our findings suggest that the
tunic may absorb acrolein and off-gas it in concentrations that may further impact the
health of those exposed.

4.1.2. Benzene

Benzene is an aromatic hydrocarbon which has historically been used in manufacturing
and the petroleum industry, and is a by-product of combustion. NIOSH recommends a
TWA of 0.1 ppm and a STEL of 1.0 ppm [25]. According to Safe Work Australia, benzene has
a TWA of 1.0 ppm and no STEL [26]. Figure 2 shows that the NIOSH STEL was exceeded
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with each tunic that was exposed at a prescribed burn. At prescribed Burn 3, this was
exceeded by 355%. Levels of benzene were considerably lower in tunics exposed at bushfire
events (all below 1.0 ppm). The NIOSH TWA was exceeded at every fire event. Benzene
exhibits many characteristics of a carcinogen, being metabolically activated, genotoxic,
inducing oxidative stress, causing haematotoxicity, and being immunosuppressive [27,28].
Since 1979, benzene has been classified as carcinogenic (IARC group 1) to humans based
on significant evidence that demonstrates a causal pathway of leukaemia [29]. Since
that time, several large cohort studies have demonstrated further associations between
benzene and other cancers, such as mesothelioma, multiple myeloma, and non-Hodgkin
lymphoma [30–32]. In 2017, the IARC finalised its evaluation of benzene as a carcinogen,
classifying it as a group 1 carcinogen [27]. Benzene is a toxin known to exist in bushfire
smoke [10,33]; this research study suggests that benzene exposure to firefighters may
extend long after the completion of firefighting activities if the tunics of firefighters are not
safely isolated.

4.1.3. Formaldehyde

Formaldehyde or methanal is an important chemical with widespread industrial
applications and it is also a by-product of natural and anthropogenic events such as
bushfires, smoking tobacco, and burning petroleum-based fuels [34]. NIOSH recommends
a maximum 15 min exposure of 0.1 ppm [35]. Safe Work Australia recently lowered the
TWA workplace exposure level to 0.1 ppm and its STEL to 0.3 ppm [16]. Figure 3 shows
that each tunic from the prescribed burn exceeded this exposure level, except for Burn 4,
which recorded a 12 h average of 97% of the TWA and below the STEL. Acute exposure
to formaldehyde in low concentrations, 0.1 to 5 ppm, has been shown to cause burning
of the eyes, lacrimation, and general upper respiratory irritation [36]. It has also been
shown to exacerbate allergic asthma and dermal allergies [37]. In 2006, the IARC classified
formaldehyde as a carcinogen to humans, initially from evidence of increases in rare
nasopharynx cancers prevalent among those exposed to the chemical [38]. There is growing
evidence of formaldehyde being a risk factor for leukemia [34] and cancers of the nasal
passage [39]. Research has demonstrated that bushfire smoke contains formaldehyde [10];
this research study presents new evidence that the exposure to this toxin may extend
beyond the fire front and may also impact the health of those exposed.

4.1.4. Sulphur Dioxide

Sulphur dioxide is a toxic gas and common air pollutant. Sulphur dioxide may be
emitted through the burning of fossil fuels, industrial processes such as refining metal
from ore, and from natural sources such as volcano eruptions [40]. The National Institute
for Occupational Safety and Health [41] recommends a TWA of 2.0 ppm and a STEL of
5.0 ppm, which are also adopted by Safe Work Australia [16]. Figure 4 shows that at all fire
events observed, the tunic did not off-gas sulphur dioxide in higher concentrations than the
TWA or STEL. However, the cumulative effects of sulphur dioxide compared to the other
chemicals observed could be a potential issue, especially considering the concentration of
acrolein, benzene, and formaldehyde previously discussed. Short-term exposure to sulphur
dioxide can affect the upper respiratory system, impeding the breathing of those exposed
and causing irritation to the eyes. High concentrations of the gas may also form other
sulphur oxides, reacting to other compounds in the air and forming small particles (PM),
which can penetrate deep into the lower respiratory system and increase the risk of other
health issues.

4.2. A Potential Secondary Exposure Risk

Overall, there appears to be a consistent off-gassing of the chemical acrolein, benzene,
formaldehyde, and sulphur dioxide from firefighting tunics after exposure at fire events.
When worn after fire events, firefighters may be exposed to these chemicals due to the off-
gassing process. These findings may be particularly important given that prior research has
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revealed forestry firefighters often wear their contaminated PPE in their personal vehicles.
Additionally, they tend not to launder their PPE regularly, and when this does occur, it is
typically takes place at their home residences [5].

4.3. Cumulative Effects

It may be important to account for the cumulative toxic effects of the chemicals
released from tunics post fire, as well as the effects of each chemical individually. Additive
effects between carcinogens are feasible [42], and the co-carcinogenic effects of chemicals
within bushfire smoke may exacerbate the carcinogenic effect. This research suggests
that, following a fire event, firefighters may face exposure to a variety of chemicals off-
gassing from their PPE, each with its own health implications. The collective release of
substances such as acrolein, formaldehyde, benzene, and sulphur dioxide—in addition to
other chemicals not analysed in this study—could heighten the potential for health hazards.
Moreover, continued exposure to these emissions, coupled with the physical and mental
demands of firefighting, may lead to further health issues [43]. The interaction of these
effects could potentially be more complex than additive; they might be multiplicative or
synergistic, indicating that the overall risk from combined emissions could surpass the
risks associated with each chemical individually [44]. Therefore, it is important to evaluate
the potential collective impact of these exposures in future studies.

4.4. Strengths and Limitations

This study provides early novel insights into the contamination of firefighters’ tunics
from bushfire incidents in Western Australia, creating a foundational dataset for subsequent
investigations. Nonetheless, several limitations must be acknowledged: First, the sample
size is limited, and no repeat measures were conducted at each fire. Future studies should
aim to sample multiple tunics from a range of different fire scenarios. The assessment
focused solely on four chemicals off-gassing from the tunics, whereas other chemicals may
also be potentially harmful and also should be analysed. The contaminant (smoke) dosage
received by each tunic was not quantified through personal exposure measurements. A
more robust quantitative measure of exposure should be used in follow-up studies to
ascertain exposure amount. Additionally, inadvertent contamination of the tunics from
sources such as foam or vegetation-coated flame retardant may have influenced the results.
The Gasmet DX4040 has theoretical lower detection limits of 0.25 ppm for acrolein, 0.13 ppm
for benzene, 0.09 ppm for formaldehyde, and 0.03 ppm for sulphur dioxide, based on a
one-minute sample duration. To improve the reliability of results at lower concentrations,
we extended the sampling duration to five minutes. However, it is important to exercise
caution when interpreting results that fall below these established detection limits, as they
may be less accurate.

4.5. Recommendations and Future Research

Our recommendation from this early research is to treat clothing worn during bushfire
events as contaminated and potentially hazardous as demonstrated by research on struc-
tural fire events. Upon finishing their duties, firefighters should have the means to change
out of and safely isolate at least their tunics within their vehicles for transport back to the
station for cleaning.

Further research regarding this phenomenon of off-gassing after wildland fires may
prove valuable and should perform the following:

• Conduct repeat analysis of multiple tunics from the same fire event.
• Investigate a larger array of chemicals.
• Investigate if other wildland chemical agents such as foam additives influence the

off-gassing of tunics.
• Investigate the impact of laundering on the off-gassing phenomenon.
• Assess the potential breakthrough of chemical contamination to undergarments and

the skin.
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• Conduct biological monitoring pre and post event to determine if contaminants have
been absorbed by individuals.

5. Conclusions

This pilot study found that, similar to structural fires, chemicals emitted from wildland
fires appear to contaminate firefighting tunics. Post fire, these tunics off-gas harmful
chemicals such as acrolein, formaldehyde, benzene, and sulphur dioxide. This off-gassing
may unnecessarily expose firefighters to these toxic substances, extending health risks
beyond the fireground. Given the potential implications for firefighter health and safety,
further investigation into the extent and mechanisms of this off-gassing phenomenon
is crucial.

Author Contributions: Conceptualization, K.P. and J.O.; methodology, K.P. and J.O.; formal analysis,
K.P.; investigation, K.P.; writing—original draft preparation, K.P.; writing—review and editing, K.P.,
A.L., R.W. and J.O.; supervision, A.L., R.W. and J.O. All authors have read and agreed to the published
version of the manuscript.

Funding: We acknowledge and appreciate the support of Natural Hazards Research Australia who
have provided a scholarship and support to the primary author for this important research. This
research was supported by an Australian Government Research Training Program (RTP) scholarship.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of EDITH COWAN UNIVERSITY (2022-03698-
PADAMSEY) for studies involving humans on the 12 of September 2022.

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
this study.

Data Availability Statement: The data that support this study cannot be publicly shared due to
ethical or privacy reasons and may be shared upon reasonable request to the corresponding author
if appropriate.

Acknowledgments: We graciously acknowledge the contributions of the firefighters participating in
this study and the Department of Fire and Emergency Services and the Department of Biodiversity,
Conservation and Attractions for their support and collaboration.

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

References
1. Colin, C. Causes of Big Bushfires in Australia: Higher Temperatures and Rainfall or More Fuel? J. Geosci. Environ. Prot. 2020, 8, 79.
2. Erin, S.; Holmes, L.; Larkin, B.; Mills, B.; Dobson, M. Supporting Volunteer Firefighter Well-Being: Lessons from the Australian

“Black Summer” Bushfires. Prehospital Disaster Med. 2022, 37, 273–276.
3. Filkov, A.I.; Ngo, T.; Matthews, S.; Telfer, S.; Penman, T.D. Impact of Australia’s Catastrophic 2019/20 Bushfire Season on

Communities and Environment. Retrospective Analysis and Current Trends. J. Saf. Sci. Resil. 2020, 1, 44–56. [CrossRef]
4. Department of Fire and Emergency Services. 2020/21 Annual Report. Available online: https://publications.dfes.wa.gov.au/

publications/annual-report-2020-2021 (accessed on 30 March 2022).
5. Kiam, P.; Wallace, R.; Liebenberg, A.; Cross, M.; Oosthuizen, J. Fighting Fire and Fumes: Risk Awareness and Protective Practices

among Western Australian Firefighters. Int. J. Wildland Fire 2024, 33, WF23147.
6. As/Nzs 4824:2021; Protective Clothing for Firefighters—Laboratory Test Methods and Performance Requirements for Wildland

Firefighting Clothing. Standards Australia: Sydney, Australia, 2021.
7. Department of Biodiversity Conservation and Attractions. Prescribed Burning. Available online: https://www.dpaw.wa.gov.au/

management/fire/prescribed-burning (accessed on 19 December 2022).
8. Fabienne, R.; Hansen, D.; Meyer, C.P.M. Exposure to Bushfire Smoke during Prescribed Burns and Wildfires: Firefighters’

Exposure Risks and Options. Environ. Int. 2011, 37, 314–321.
9. Katrina, M.; Paton-Walsh, C.; Roulston, C.; Guérette, E.-A.; Edwards, G.; Reisen, F.; Desservettaz, M.; Cameron, M.; Young, E.;

Kubistin, D. Cumulative Firefighter Exposure to Multiple Toxins Emitted during Prescribed Burns in Australia. Expo. Health 2020,
12, 721–733.

10. Booze, T.F.; Reinhardt, T.E.; Quiring, S.J.; Ottmar, R.D. A Screening-Level Assessment of the Health Risks of Chronic Smoke
Exposure for Wildland Firefighters. J. Occup. Environ. Hyg. 2004, 1, 296–305. [CrossRef]

https://doi.org/10.1016/j.jnlssr.2020.06.009
https://publications.dfes.wa.gov.au/publications/annual-report-2020-2021
https://publications.dfes.wa.gov.au/publications/annual-report-2020-2021
https://www.dpaw.wa.gov.au/management/fire/prescribed-burning
https://www.dpaw.wa.gov.au/management/fire/prescribed-burning
https://doi.org/10.1080/15459620490442500


Fire 2024, 7, 321 11 of 12

11. Demers, P.A.; DeMarini, D.M.; Fent, K.W.; Glass, D.C.; Hansen, J.; Adetona, O.; Andersen, M.H.G.; Freeman, L.E.B.; Caban-
Martinez, A.J.; Daniels, R.D.; et al. Carcinogenicity of Occupational Exposure as a Firefighter. Lancet Oncol. 2022, 23, 985–986.
[CrossRef]

12. International Agency for Research on Cancer. Occupational Exposure as a Firefighter. IIARC Monogr. Identif. Carcinog. Hazards
Hum. 2023, 132, 1–730.

13. Fent, K.W.; Evans, D.E.; Booher, D.; Pleil, J.D.; Stiegel, M.A.; Horn, G.P.; Dalton, J. Volatile Organic Compounds Off-Gassing from
Firefighters’ Personal Protective Equipment Ensembles after Use. J. Occup. Environ. Hyg. 2015, 12, 404–414. [CrossRef]

14. Banks, A.P.W.; Wang, X.; He, C.; Gallen, M.; Thomas, K.V.; Mueller, J.F. Off-Gassing of Semi-Volatile Organic Compounds from
Fire-Fighters’ Uniforms in Private Vehicles—A Pilot Study. Int. J. Environ. Res. Public Health 2021, 18, 3030. [CrossRef] [PubMed]

15. Groot, E.; Caturay, A.; Khan, Y.; Copes, R. A Systematic Review of the Health Impacts of Occupational Exposure to Wildland
Fires. Int. J. Occup. Med. Environ. Health 2019, 32, 121–140. [CrossRef] [PubMed]

16. Safe Work Australia. Workplace Exposure Standards for Airborne Contaminants. Available online: https://www.
safeworkaustralia.gov.au/doc/workplace-exposure-standards-airborne-contaminants-2022 (accessed on 10 February 2022).

17. The National Institute for Occupational Safety and Health. Acrolein. Available online: https://www.cdc.gov/niosh/npg/npgd0
011.html (accessed on 20 January 2023).

18. Liu, Q.; Lou, H.; Zhang, X.; Yang, Q. Association between Acrolein Exposure and Respiratory Hazards: A Systematic Review and
Meta-Analysis. Atmos. Pollut. Res. 2023, 14, 101633. [CrossRef]

19. Pradipta, A.R.; Tanaka, K. Application of Acrolein Imines to Organic Synthesis, Biofunctional Studies, and Clinical Practice. Chem.
Rec. 2021, 21, 646–662. [CrossRef]

20. Liu, J.-H.; Wang, T.-W.; Lin, Y.-Y.; Ho, W.-C.; Tsai, H.-C.; Chen, S.-P.; Lin, A.M.-Y.; Liu, T.-Y.; Wang, H.-T. Acrolein Is Involved
in Ischemic Stroke-Induced Neurotoxicity through Spermidine/Spermine-N1-Acetyltransferase Activation. Exp. Neurol. 2020,
323, 113066. [CrossRef]

21. Chen, C.; Lu, J.; Peng, W.; Mak, M.S.; Yang, Y.; Zhu, Z.; Wang, S.; Hou, J.; Zhou, X.; Xin, W. Acrolein, an Endogenous Aldehyde
Induces Alzheimer’s Disease-Like Pathologies in Mice: A New Sporadic Ad Animal Model. Pharmacol. Res. 2022, 175, 106003.
[CrossRef]

22. Tulen, C.B.M.; Snow, S.J.; Leermakers, P.A.; Kodavanti, U.P.; van Schooten, F.J.; Opperhuizen, A.; Remels, A.H. Acrolein Inhalation
Acutely Affects the Regulation of Mitochondrial Metabolism in Rat Lung. Toxicology 2022, 469, 153129. [CrossRef]

23. Michiharu, M.; Yamano, S.; Senoh, H.; Umeda, Y.; Hirai, S.; Saito, A.; Kasai, T.; Aiso, S. Carcinogenicity and Chronic Toxicity of
Acrolein in Rats and Mice by Two-Year Inhalation Study. Regul. Toxicol. Pharmacol. 2021, 121, 104863.

24. Marques, M.M.; Beland, F.A.; Lachenmeier, D.W.; Phillips, D.H.; Chung, F.-L.; Dorman, D.C.; Elmore, S.E.; Hammond, S.K.;
Krstev, S.; Linhart, I.; et al. Carcinogenicity of Acrolein, Crotonaldehyde, and Arecoline. Lancet Oncol. 2021, 22, 19–20. [CrossRef]

25. The National Institute for Occupational Safety and Health. Benzene. Available online: https://www.cdc.gov/niosh/npg/npgd0
049.html (accessed on 20 January 2023).

26. Safe Work Australia. Exposure Standard Details: Benzene. Available online: https://hcis.safeworkaustralia.gov.au/
ExposureStandards/Details?exposureStandardID=1065 (accessed on 8 April 2024).

27. Loomis, D.; Guyton, K.Z.; Grosse, Y.; El Ghissassi, F.; Bouvard, V.; Benbrahim-Tallaa, L.; Guha, N.; Vilahur, N.; Mattock, H.; Straif,
K. Carcinogenicity of Benzene. Lancet Oncol. 2017, 18, 1574–1575. [CrossRef]

28. Smith, M.T.; Guyton, K.Z.; Gibbons, C.F.; Fritz, J.M.; Portier, C.J.; Rusyn, I.; DeMarini, D.M.; Caldwell, J.C.; Kavlock, R.J.; Lambert,
P.F.; et al. Key Characteristics of Carcinogens as a Basis for Organizing Data on Mechanisms of Carcinogenesis. Environ. Health
Perspect. 2016, 124, 713–721. [CrossRef] [PubMed]

29. Vainio, H.; Hemminki, K.; Wilbourn, J. Data on the Carcinogenicity of Chemicals in the Iarc Monographs Programme. Carcinogen-
esis 1985, 6, 1653–1665. [CrossRef] [PubMed]

30. Linet, M.S.; Yin, S.-N.; Gilbert, E.S.; Dores, G.M.; Hayes, R.B.; Vermeulen, R.; Tian, H.-Y.; Lan, Q.; Portengen, L.; Ji, B.-T. A
Retrospective Cohort Study of Cause-Specific Mortality and Incidence of Hematopoietic Malignancies in C Hinese Benzene-
Exposed Workers. Int. J. Cancer 2015, 137, 2184–2197. [CrossRef]

31. Schnatter, A.R.; Glass, D.C.; Tang, G.; Irons, R.D.; Rushton, L. Myelodysplastic Syndrome and Benzene Exposure among Petroleum
Workers: An International Pooled Analysis. J. Natl. Cancer Inst. 2012, 104, 1724–1737. [CrossRef]

32. Stenehjem, J.S.; Kjærheim, K.; Bråtveit, M.; Samuelsen, S.O.; Barone-Adesi, F.; Rothman, N.; Lan, Q.; Grimsrud, T.K. Benzene
Exposure and Risk of Lymphohaematopoietic Cancers in 25 000 Offshore Oil Industry Workers. Br. J. Cancer 2015, 112, 1603–1612.
[CrossRef]

33. Reinhardt, T.E.; Ottmar, R.D. Baseline Measurements of Smoke Exposure among Wildland Firefighters. J. Occup. Environ. Hyg.
2004, 1, 593–606. [CrossRef]

34. Collins, J.J.; Lineker, G.A. A Review and Meta-Analysis of Formaldehyde Exposure and Leukemia. Regul. Toxicol. Pharmacol. 2004,
40, 81–91. [CrossRef]

35. The National Institute for Occupational Safety and Health. Formalin (as Formaldehyde). Available online: https://www.cdc.
gov/niosh/npg/npgd0294.html (accessed on 20 January 2023).

36. Kulle, T.J. Acute Odor and Irritation Response in Healthy Nonsmokers with Formaldehyde Exposure. Inhal. Toxicol. 1993, 5,
323–332. [CrossRef]

https://doi.org/10.1016/S1470-2045(22)00390-4
https://doi.org/10.1080/15459624.2015.1025135
https://doi.org/10.3390/ijerph18063030
https://www.ncbi.nlm.nih.gov/pubmed/33809422
https://doi.org/10.13075/ijomeh.1896.01326
https://www.ncbi.nlm.nih.gov/pubmed/30919829
https://www.safeworkaustralia.gov.au/doc/workplace-exposure-standards-airborne-contaminants-2022
https://www.safeworkaustralia.gov.au/doc/workplace-exposure-standards-airborne-contaminants-2022
https://www.cdc.gov/niosh/npg/npgd0011.html
https://www.cdc.gov/niosh/npg/npgd0011.html
https://doi.org/10.1016/j.apr.2022.101633
https://doi.org/10.1002/tcr.202000146
https://doi.org/10.1016/j.expneurol.2019.113066
https://doi.org/10.1016/j.phrs.2021.106003
https://doi.org/10.1016/j.tox.2022.153129
https://doi.org/10.1016/S1470-2045(20)30727-0
https://www.cdc.gov/niosh/npg/npgd0049.html
https://www.cdc.gov/niosh/npg/npgd0049.html
https://hcis.safeworkaustralia.gov.au/ExposureStandards/Details?exposureStandardID=1065
https://hcis.safeworkaustralia.gov.au/ExposureStandards/Details?exposureStandardID=1065
https://doi.org/10.1016/S1470-2045(17)30832-X
https://doi.org/10.1289/ehp.1509912
https://www.ncbi.nlm.nih.gov/pubmed/26600562
https://doi.org/10.1093/carcin/6.11.1653
https://www.ncbi.nlm.nih.gov/pubmed/3902269
https://doi.org/10.1002/ijc.29591
https://doi.org/10.1093/jnci/djs411
https://doi.org/10.1038/bjc.2015.108
https://doi.org/10.1080/15459620490490101
https://doi.org/10.1016/j.yrtph.2004.04.006
https://www.cdc.gov/niosh/npg/npgd0294.html
https://www.cdc.gov/niosh/npg/npgd0294.html
https://doi.org/10.3109/08958379308998389


Fire 2024, 7, 321 12 of 12

37. Kim, K.-H.; Jahan, S.A.; Lee, J.-T. Exposure to Formaldehyde and Its Potential Human Health Hazards. J. Environ. Sci. Health Part
C 2011, 29, 277–299. [CrossRef]

38. International Agency for Research on Cancer. Formaldehyde, 2-Butoxyethanol and 1-Tert-Butoxypropan-2-Ol. In Formaldehyde,
2-Butoxyethanol and 1-Tert-Butoxypropan-2-Ol; International Agency for Research on Cancer: Lyon, France, 2006; p. 478.

39. Bachand, A.M.; Mundt, K.A.; Mundt, D.J.; Montgomery, R.R. Epidemiological Studies of Formaldehyde Exposure and Risk of
Leukemia and Nasopharyngeal Cancer: A Meta-Analysis. Crit. Rev. Toxicol. 2010, 40, 85–100. [CrossRef]

40. United States Environmental Protection Agency. Sulfur Dioxide Basics. Available online: https://www.epa.gov/so2-pollution/
sulfur-dioxide-basics (accessed on 20 January 2023).

41. The National Institute for Occupational Safety and Health. Sulfur Dioxide. Available online: https://www.cdc.gov/niosh/npg/
npgd0575.html (accessed on 20 January 2023).

42. Abdo, W.; Hirata, A.; Sakai, H.; El-Sawak, A.; Nikami, H.; Yanai, T. Combined Effects of Organochlorine Pesticides Heptachlor
and Hexachlorobenzene on the Promotion Stage of Hepatocarcinogenesis in Rats. Food Chem. Toxicol. 2013, 55, 578–585. [CrossRef]
[PubMed]

43. Huang, H.; Wang, A.; Morello-Frosch, R.; Lam, J.; Sirota, M.; Padula, A.; Woodruff, T.J. Cumulative Risk and Impact Modeling on
Environmental Chemical and Social Stressors. Curr. Environ. Health Rep. 2018, 5, 88–99. [CrossRef]

44. Goodson, W.H., III; Lowe, L.; Carpenter, D.O.; Gilbertson, M.; Ali, A.M.; de Cerain Salsamendi, A.L.; Lasfar, A.; Carnero, A.;
Azqueta, A.; Amedei, A. Assessing the Carcinogenic Potential of Low-Dose Exposures to Chemical Mixtures in the Environment:
The Challenge Ahead. Carcinogenesis 2015, 36 (Suppl. S1), S254–S296. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/10590501.2011.629972
https://doi.org/10.3109/10408440903341696
https://www.epa.gov/so2-pollution/sulfur-dioxide-basics
https://www.epa.gov/so2-pollution/sulfur-dioxide-basics
https://www.cdc.gov/niosh/npg/npgd0575.html
https://www.cdc.gov/niosh/npg/npgd0575.html
https://doi.org/10.1016/j.fct.2013.01.035
https://www.ncbi.nlm.nih.gov/pubmed/23402856
https://doi.org/10.1007/s40572-018-0180-5
https://doi.org/10.1093/carcin/bgv039
https://www.ncbi.nlm.nih.gov/pubmed/26106142

	Introduction 
	Materials and Methods 
	Particpants and Recuitment 
	Assessment of Potential Tunic Contamination 
	Tunic Analysis 

	Results 
	Fire Events 
	Off-Gassing Analysis 
	Acrolein 
	Benzene 
	Formaldehyde 
	Sulphur Dioxide 


	Discussion 
	Chemical Measurements and Associated Risks 
	Acrolein 
	Benzene 
	Formaldehyde 
	Sulphur Dioxide 

	A Potential Secondary Exposure Risk 
	Cumulative Effects 
	Strengths and Limitations 
	Recommendations and Future Research 

	Conclusions 
	References

