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Abstract

Firefighters are exposed to complex combustion products and to contaminants carried on personal
protective equipment (PPE). Occupational exposure as a firefighter is classified as carcinogenic. This
review summarizes current evidence on exposure environments, routes of uptake, contamination
and secondary exposure from PPE, and the effectiveness and limits of decontamination approaches.
Across incident types, smoke composition varies with fuels and combustion conditions, but fine and
ultrafine particles and semi-volatile organic chemicals are common. Biomonitoring confirms uptake
after incidents. Self-contained breathing apparatus reduces inhalation exposure during active
suppression, yet exposures persist through dermal absorption at ensemble interfaces and post-
incident tasks. Protective ensembles can retain soot-bound polycyclic aromatic hydrocarbons,
additive chemicals, and metals; volatiles and particles resuspension in vehicles and stations can
extend exposure. Studies show that on-scene preliminary exposure reduction and laundering can
lower contaminant burdens on PPE; however, removal remains incomplete and is sensitive to delay
before cleaning and gear age. Emerging evidence raises additional concern for per- and
polyfluoroalkyl substances from foams and coating materials, with limited data on exposure metrics
and removability. The field lacks standardized, realistic contamination platforms and a dose-based
definition of clean PPE. Integrated intervention studies linking exposure, secondary exposure
pathways, biomarkers, and decontamination methods are needed to set performance-based targets
and evaluate emerging hazards.

Keywords: firefighters; fire smoke; occupational exposure; personal protective equipment;
contamination; decontamination

1. Introduction

Firefighting is an extremely risky occupation in which personnel repeatedly encounter high
temperatures, intense physical demands, and smoke from combustion [1-4]. In the United States,
approximately 1,115,000 firefighters, including 370,000 career and 745,000 volunteer firefighters,
respond to an estimated 1.2 to 1.4 million fires annually, with structure fires accounting for 475,000
to 500,000 of these incidents [5,6]. In 2020, approximately 64,875 injuries were reported among US
firefighters [7,8]. While acute hazards such as burns and heat stress are obvious, a central
occupational health concern is the cumulative burden of smoke and chemical exposure across a
career, including exposures that occur during fire ground tasks such as fire attack and overhaul, and
routine tasks such as equipment restoration, training, and station work [4].

Fire smoke is a dynamic, multi-phase mixture of gases and particles whose composition varies
by fuel, combustion conditions, suppression tactics, and incident phase [9-13]. Across fire types,
firefighters may encounter irritant and asphyxiants gases [14-16], particulate matter spanning
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ultrafine to coarse sizes [17-22], volatile organic compounds (VOCs, e.g., benzene, toluene,
ethylbenzene, and xylenes [BTEXs]) [21,23-25], semi-volatile organic compounds (SVOCs, e.g.,
polycyclic aromatic hydrocarbons [PAHs]) [17,26-29], metals [11,12,17,30,31], and additive-related
chemicals released from modern materials [32-35]. These mixtures evolve across minutes to hours,
and the dominant hazards can shift across fire growth, knockdown, and overhaul [27,36,37].
Additionally, hazards partition between gas and particle phases and then redistribute onto skin,
textiles, and surfaces, contributes a secondary exposure [24,38—40].

Exposure pathways are correspondingly multi-route and extend beyond the fireground.
Inhalation can dominate during suppression when respiratory protection is not used or is removed
early [41,42], but dermal deposition and uptake can be substantial at interface regions and during
high-contact tasks, and exposure can continue during personal protective equipment (PPE) doffing
and post-incident handling when contaminated gear releases vapors or resuspends particles in
enclosed microenvironments (apparatus cabs, gear rooms) [24,38,43—46]. There is still no consensus
across the literature on the dominant routes of uptake for key compound classes across tasks and
phases, and many studies cannot fully disentangle fireground exposure from secondary pathways
tied to contaminated PPE and station environments.

These exposure realities have clear implications for long-term health [47-49]. The International
Agency for Research on Cancer (IARC) classifies firefighters’ occupational exposure as carcinogenic
to humans (Group 1), citing sufficient evidence for mesothelioma and bladder cancer and limited
evidence for several additional cancers [4]. Cancer has become a defining health issue for the fire
service [3,29,48,50-55]. The International Association of Fire Fighters (IAFF) report highlights that in
2025, 79.4% of IAFF members honored at the IAFF Fallen Fire Fighter Memorial died of cancer (247
of 311) [56]. Although epidemiologic signals are increasingly strong, a persistent gap remains in the
mechanistic linkage: connecting external exposure mixtures (which vary significantly by incident and
task) to internal dose metrics and biomarkers in ways that support prevention, standards, and
evaluation of interventions.

PPE is critical to risk reduction, yet the evidence base increasingly shows that turnout ensembles
can also function as contaminant reservoirs [39,40,43,57-61]. Particle-bound chemicals and semi-
volatile compounds can deposit on PPE outer shells [59,62,63], penetrate into seams and layers [64—
66], and persist after incidents [67,68], creating opportunities for dermal contact [36,69-72], off-
gassing and resuspension [24,38,43], and cross-contamination to vehicles and stations if
decontamination is delayed or incomplete [44-46]. Current standards, such as NFPA 1851, provide
operational guidance on cleaning frequency and processes, but the field still lacks a clinically
grounded definition of “how clean is clean,” including health-based thresholds for acceptable post-
cleaning residue across relevant chemical classes [43,73-76]. Progress is constrained by the absence
of a widely adopted, systematic platform that can reproducibly generate representative smoke
mixtures, contaminate full ensembles under realistic heat/moisture/compression situations, and
evaluate both residue and secondary emission potential; as a result, decontamination research often
remains limited, challenged by a narrow spectrum of target analytes and simplified contamination
protocols.

Emerging contaminant classes further expand the scope of occupational health. Per- and
polyfluoroalkyl substances (PFAS), which have been historically used in aqueous film-forming foams
and are present in some protective gear materials, differing from classic smoke toxicants due to their
environmental persistence, long biological half-lives, and complex toxicokinetic [77-79]. Evidence
suggests multiple possible exposure sources (foam use, treated PPE materials, station dust, and
contaminated gear) [32,80], but the literature still lacks robust source apportionment and longitudinal
data on how aging processes (laundering, UV exposure, thermal cycling) change PFAS release and
transport from PPE materials [81,82].

Figure 1 summarizes the exposure continuum discussed in this review: incident sources
generate an airborne mixture; firefighters experience on-scene exposure through inhalation (self-
contained breathing apparatus [SCBA] on/off), dermal deposition and uptake (especially at
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neck/hood, wrist, and other interfaces), and incidental ingestion; contaminants can then accumulate
in PPE as a reservoir through deposition, sorption, and penetration; and secondary pathways
(off-gassing, resuspension during handling, and cross-contamination to apparatus, stations, and
homes) can prolong exposure after the fireground.
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Figure 1. Firefighter smoke exposure continuum.

The objective of this review is to synthesize current evidence on firefighter exposure
environments across incident types and phases, exposure routes and internal dose assessment using
biomarkers, PPE contamination mechanisms and secondary exposure pathways, and PPE
decontamination methods, effectiveness metrics, and trade-offs with protective performance. We
emphasize where knowledge is robust versus where it remains limited, with particular attention to
methodological gaps, especially the need for standardized contamination simulation and evaluation
tools, as well as for integrated study designs that connect air/skin/PPE measurements to biomarkers
and health-relevant endpoints.

2. Firefighters’ Exposure Environments

Firefighters operate in exposure environments that are chemically complex, physically dynamic,
and strongly shaped by firefighting tactics. Fire smoke is a multiphase mixture of gases and particles
that evolve across minutes to hours as fuels change, ventilation shifts, and suppression actions alter
temperature and oxygen supply [9-13]. In the same incident, the dominant hazards can range from
acute asphyxiants and irritant gases (e.g., CO, aldehydes, acid gases) to particle-bound toxicants and
semi-volatile organics that persist during overhaul and post-incident handling [14-20,83]. Crucially,
exposure does not end when visible smoke clears. Contaminants partition onto soot, skin, and
textiles, creating secondary pathways through off-gassing, particle resuspension, and
cross-contamination to vehicles and stations [39,40,43-46,57-61,84]. The sections below synthesize
what is known across incident types, summarize how exposure has been measured, and highlight
where current methods limit inference and control design.

2.1. Firefighters’ Exposure Across Fire Incident Types

Structural fires typically involve a combination of natural and synthetic fuels from modern
buildings and furnishings. Ventilation-limited burning can generate soot-rich smoke and elevated
products of incomplete combustion, including VOCs and particle-bound PAHs [85-94]. However,
dominant chemical classes and their concentrations can change rapidly across fire growth,
knockdown, and overhaul, and spatial gradients can be dramatic in real structures [27,95]. A major
operational consequence is that time-weighted averages or area samples can fail to represent the
peaks and microenvironments that drive personal exposure and dermal loading.

Wildland and prescribed fire smoke is dominated by biomass combustion, with a broad mix of
organic gases and particles that varies with fuel moisture, fire intensity, and the balance of flaming
versus smoldering [17,42,96-100]. Compared with structural fires, exposures may be lower at any
single moment but can be substantial in cumulative terms because wildland work involves long
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shifts, repeated days, and limited use of respiratory protection under high heat and workload
[17,42,101,102]. A recurring finding is that respiratory protection is often constrained by heat burden
and exertion, shifting emphasis toward exposure reduction through tactics, time activity
management, and post-shift hygiene [103-106].

Vehicle fires introduce fuels that differ from those found in buildings, including gasoline/diesel,
lubricants, plastics, foams, and wiring insulation. As a result, smoke can include VOCs such as
benzene, polymer decomposition products (including nitriles in some cases), and metal-containing
particles, alongside soot and PAHs [19,107-109]. Modern electric vehicles (EVs) further introduce
high-energy-density lithium-ion battery systems, which fundamentally alter fire dynamics and
emission characteristics. Besides toxic gases, hydrocarbons, and particle emissions, the combustion
of battery components, polymeric separators, electrolytes, and cathode materials contributes to more
metal-containing aerosol emissions [12,110-112]. These scenarios may produce intense short-
duration peaks that matter for acute dose but are easy to miss with coarse sampling windows. In
addition, the growing presence of high-voltage battery systems may alter the chemical and metal
profile of emissions during battery involvement; however, firefighter-focused exposure data in these
scenarios remains limited [59,113].

Wildland-urban interface (WUI) fires combine biomass with residential and commercial
materials, producing smoke that can change rapidly as the dominant fuel changes [114-118]. In
practice, WUI smoke may include both biomass-derived products and combustion products from
plastics, foams, treated wood, and household contents, increasing chemical diversity. Despite the
importance of WUI fires, the inclusion of WUI by first responders and their exposure characterization
remains relatively sparse, and many studies rely on broad indicators, such as bulk PM, that do not
capture key aspects of mixture composition, phase partitioning, or persistence on PPE [115,116].

Live-fire training is a crucial and often underappreciated contributor to cumulative exposure
and PPE loading, as it frequently involves repeated evolutions, variable ventilation, and the use of
enclosed or semi-enclosed spaces [13,41,58,119-122]. Some studies use commercial wood boards to
improve repeatability, but these packages may not accurately reflect the chemical makeup of
contemporary home contents [13,121-123], while others create intense and sustained smoke
conditions with complex furniture [36,124,125]. Training is also a setting where PPE may be used
repeatedly before cleaning, which can increase cumulative PPE loading and post-training exposure
[13,41,57,95,126]. A major barrier to data synthesis is that studies and training reports often lack
detailed descriptions of fuels, ventilation, and tactics, limiting comparison across sites.

Figure 2 summarizes reported total PAH concentrations across fire scenarios to illustrate the
broad range of field measurements. It should be interpreted as a qualitative context rather than a
definitive comparison, because studies differ in sampling location (area vs personal), phase
definition, analytical panels, and averaging time. The figure also highlights a consistent gap that
wildland and WUI fires are less well represented in PAH databases than in structural contexts.
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Figure 2. Total PAH concentration in the field (unit: pg/ma3).

2.2. Firefighters’ Exposure to PFAS

PFAS are especially critical because they differ from many classic smoke toxicants in persistence,
exposure pathways, and toxicokinetic. For firefighters, PEAS exposure is not only a consequence of
burning but also linked to PFAS-treated materials and contaminated indoor environments. One
important source is firefighting foams, especially the historical use of aqueous film-forming foam
(AFFF) at training sites and in specific incident types [32,77,78,127]. Another is the material and
treatment of turnout gear. PFAS have been used as fluorinated polymers in membranes (e.g., ePTFE)
and as durable water repellent textile treatments, and PFAS classes have been documented in turnout
gear and related storage environments [128].

Empirical evidence indicates that PFAS are present in the firefighter exposure system beyond
the fireground. Fire station dust studies measuring suites of PFAS show that station environments
can act as reservoirs, consistent with the idea that gear, surfaces, and indoor microenvironments
contribute to ongoing exposure [129]. Biomonitoring studies in multiple firefighter populations also
report measurable serum PFAS and, in some cohorts, elevations related to reference populations,
although patterns differ by department and context [130,131]. A recent review of the literature
emphasizes multiple pathways (foam, gear, dust, and station practices) and highlights that PFAS
exposure is likely occupationally relevant for firefighters, even as legacy PFAS are phased out [132].

PFAS also underscores an important methodological limitation. A substantial proportion of
PFAS found in textiles occurs as polymeric materials or precursor compounds; therefore, analytical
approaches that target only a limited set of commonly regulated PFAS are likely to underestimate
the total fluorinated content [133]. Weathering and aging of treated textiles may further change the
extractability of PFAS and interaction with skin, but systematic longitudinal studies of the effect of
turnout gear aging on PFAS release are still limited [128,129].

2.3. Routes of Exposure of Firefighters

Inhalation remains central when respiratory protection is not used during wildland firefighting,
is removed during overhaul, or is compromised by leakage at face-seal interfaces. Overhaul studies
demonstrate that hazardous compounds can persist after visible flames are controlled, and
post-incident conditions can still produce meaningful inhalation exposure if protection is
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discontinued prematurely [83,103,134]. Inhalation exposure also extends to post-fire handling when
contaminated PPE off-gasses VOCs or resuspends particles in enclosed spaces, such as apparatus
cabs and gear storage areas [24,38,43,84,88].

A key shift in the recent literature is the growing evidence that dermal absorption contributes to
internal dose even when SCBA is used [4,36,69-72,135]. Dermal loading is shaped by contaminant
exposure (fire type, level, and firefighting) [36,59,69,135,136], PPE design (layers and interfaces)
[18,84,137-139], elevated skin sweating and temperature [57,140], and contact transfer during PPE
doffing and equipment handling [61,84]. Additionally, hands may become contaminated during
activities such as crawling or removing gloves, with studies noting higher contamination levels on
fingers compared to other body parts [57,141]. However, route attribution remains difficult because
biomarkers integrate multi-route uptake and are sensitive to timing, metabolism, and background
exposures [23,120]. The field needs more paired designs that measure air, skin, and PPE residue
alongside biomarkers to support route-specific inference.

Ingestion is less studied but is relevant through hand-to-mouth transfer and contaminated
station dust, especially when contaminated surfaces are present in living quarters or vehicles
[4,32,142]. This pathway is often overlooked, yet it may be crucial for chemical classes that persist in
indoor dust, including PFAS, and for scenarios where hand hygiene and doffing practices are
inconsistent.

Fire smoke exposure should be understood as a continuum that extends beyond active
suppression to include transportation and storage phases, during which vehicles and station
environments may become contaminated by residual fire smoke and soiled protective gear. There is
still no consensus on the quantitative apportionment of inhalation, dermal, and ingestion
contributions for major chemical classes across realistic scenarios. Without route apportionment,
intervention design is partly empirical (e.g., clean the gear) rather than optimized (e.g., control
dermal uptake at interfaces and PPE doffing).

2.4. Methods for Characterizing Exposure Environments

Exposure studies commonly combine real-time monitoring (e.g., CO and aerosol metrics)
[14,36,108,125], integrated air sampling (filters and sorbents for VOCs/SVOCs and metals)
[36,125,143,144], passive sampler [119,145-148], surface or skin wipes [149,150], and biomonitoring
[151-153]. Each method answers different questions, and methodological choices strongly constrain
what can be inferred about route and source. For example, real-time sensors capture peaks and task
timing but provide limited chemical resolution [36,125]; targeted analytical panels provide
compound specificity but cover only a fraction of the mixture [154-158]; wipe sampling is useful for
assessing contact hazards but is sensitive to sampling technique and may not distinguish surface
contamination from embedded residues [159,160]; biomonitoring (urinary metabolites, blood/serum
measurements) directly addresses internal dose but biomarker kinetics vary across compounds,
baseline exposures vary across individuals and departments, and sampling timing strongly
influences inference about route and source [161-163].

The dominant limitation is not the absence of measurement tools, but the lack of integrated study
designs that link external exposure metrics to PPE contamination and internal dose under realistic
operational variability. Many datasets still average across phases or rely on single surrogates, which
can obscure the drivers of exposure and weaken translation into controls [164]. A priority is to
harmonize protocols that pair task/phase logging with synchronized air, skin, and PPE
measurements, and that report sufficient contextual detail (fuel, ventilation, suppression tactics) to
support cross-study synthesis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2488.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 December 2025 d0i:10.20944/preprints202512.2488.v1

7 of 36

2.5. Research Platforms and Methods for Quantifying Firefighters” Exposure Environments

2.5.1. Field Deployment Studies in Real Incidents and Training Fires

Field studies provide the strongest external validity because they capture real fuels, dynamic
ventilation, and authentic work practices. They have established that exposure varies sharply by
phase and task and that hazardous compounds can persist during overhaul [17,102,165-167]. Their
limitations are equally important: sampling logistics often restrict personal monitoring, spatial
gradients make area measurements hard to interpret, and the mixture differs across incidents in ways
that are difficult to control. As a result, field data are essential but insufficient on their own for
intervention testing and mechanistic inference.

Personal exposure monitoring can be one of the few approaches that can resolve the strong task-
and phase-dependence of fireground exposure. Field studies typically integrate active air or passive
samplers to quantify PM, aldehydes, VOCs, PAHs, and selected acid gases or metals. Active air
samplers provide detailed inhalation exposure approximation using battery-powered pumps that
draw air through filters to capture particulate matter, followed by chemical sorbents to collect specific
compounds. However, these devices can be bulky, interfere with movement, and are prone to failure
under extreme fire conditions, including high heat, moisture, and dense smoke [12,36,85,168]. Silicone
passive samplers have recently attracted great attention for dermal exposure due to their unique
advantages, including thermal stability, moisture resistance, mechanical durability, broad-spectrum
chemical absorption, and ease of use in the field [35,72,169,170]. However, across fire types, personal
monitoring still tends to be limited to a manageable panel of targets (CO, PM mass, selected
VOCs/PAHs), while the broader mixture and transformation products remain under-characterized.
Progress in this area will likely require study designs that explicitly link personal air data to exposure
environments and biomarkers so that exposure metrics become actionable for control decisions.

2.5.2. Large Scale Exposure Simulators for Repeatability and Intervention Testing

Large-scale combustion simulators include burn rooms [36,125,171], containerized structures
[25,41,124], instrumented training houses [122,146], mannequin trials [124], create controlled
conditions that improve repeatability and enable synchronized sampling of air, PPE, and biological
endpoints. These platforms are valuable for comparing tactics or controls, such as SCBA usage, PPE
contamination, or preliminary decontamination reduction. Their main limitations include relatively
high variability, substantial cost and maintenance requirements, and potential environmental impact.
In addition, many simulations cannot fully reproduce the coupled effects of complex fuel, humidity,
and dynamically changing ventilation conditions characteristic of real fire incidents.

2.5.3. Lab-Based Small Scale Combustion and Smoke Simulator

Bench-scale combustion systems include the cone calorimeter [172-176], tube-furnace systems
[99,177,178], and other customized heating setups [30,179-181] are used to estimate fire behavior of
fuel materials under tightly controlled conditions. When coupled with gas and particle sampling
systems, the generated gaseous species, particulate matter, and selected toxicants can also be
measured, thus enhancing understanding of the contribution of specific combustion conditions to
emissions [182]. These methods are powerful for mechanistic studies and for screening changing
material inventories, but they do not automatically reproduce the thermodynamic and fluid-dynamic
complexity of fire scenes. In particular, oxygen limitation, water application, and turbulent mixing
have a strong influence on smoke chemistry and particle properties, yet they are difficult to emulate
in simple setups.

The cone calorimeter provides advantages in controlling combustion conditions and
characterizing emissions in fire research. Its primary strength lies in the precise control of external
heat flux, sample orientation, airflow, and the extensive function of oxygen supply, enabling
reproducible ignition, burning rates, and heat release measurements under well-defined boundary
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conditions [172-174,183-185]. This level of control enables a systematic investigation of material-
specific combustion behavior, allowing for direct comparisons across fuels, treatments, or aging
states. In addition, the standardized configuration (e.g., ISO 5660 and ASTM E1354) supports inter-
laboratory comparability and integration with established fire performance metrics [186,187], while
the relatively small sample size reduces material requirements and experimental cost compared with
large-scale fire tests. Recent research increasingly employs cone calorimeters as part of integrated
experimental frameworks, coupling controlled combustion with high resolution chemical analysis
and modeling to better link laboratory results to real-world exposure scenarios [87,90,184,188,189].

Tube furnaces, such as the Purser furnace (ISO/TS 19700) can produce reproducible yields of
toxic products under an even smaller scale [190,191], and some laboratory systems extend to smoke
aging or transformation studies [99,177,178,192-194]. Tube furnace provides precise control of
temperature, heating rate, residence time, and atmospheric composition (e.g., inert, oxidative, or fuel-
rich environments). This level of control allows systematic isolation of specific thermal processes such
as pyrolysis, smoldering, and well ventilated, which is difficult to achieve in open-flame or radiant
heating systems [99,193]. In addition, the uniform temperature field and laminar flow conditions
support reproducible emission factor measurements and facilitate integration with downstream gas
and particle sampling systems. The controlled gas flow and defined residence times allow researchers
to probe the influence of oxygen concentration, humidity, and additives on emission composition
with minimal confounding from fluctuating heat flux or turbulence.

Despite their advantages, these systems have several limitations, particularly in terms of
emission representativeness, for smoke simulation. The imposed radiant heat flux and simplified
ventilation do not fully replicate the complex, transient combustion environments encountered in
real fires, where fuel geometry, mixed materials, oxygen availability, humidity, and dynamic
ventilation strongly influence combustion efficiency and emission profiles. Scale effects are
particularly relevant: small samples may not capture phenomena such as flame spread, melt
dripping, secondary ignition, or interactions among multiple fuel components. As a result, emission
factors and chemical speciation derived from bench scale experiments may exhibit substantial
variability and limited representativeness when extrapolated to full-scale fire scenarios
[36,87,90,125,188]. Without this bridge, it remains difficult to use controlled systems to predict field
exposure or to set contamination targets for PPE decontamination and standards. Additionally,
external sampling trains are needed coupled with these instruments that can introduce uncertainty
and increase maintenance demands.

Contemporary studies increasingly integrate bench-scale experiments with open-flame tests,
and full-scale burns to bridge scales and improve relevance. These efforts seek to address a shared
methodological limitation: the limited capacity of existing approaches to reproduce repeated
exposure cycles and long-term aging processes that likely drive contaminant persistence on PPE and
subsequent secondary exposure. Experimental frameworks that explicitly incorporate deposition,
storage, sunlight and oxidative aging, repeated cleaning, and material degradation would more
accurately reflect the cumulative exposure system experienced by firefighters.

2.6. Synthesis of Research Gaps and Priorities

Overall, the literature supports a clear conclusion that firefighter exposures arise from a dynamic
mixture that changes by incident type, phase, and task, and that continues through secondary
pathways after the fire [17,18,23,24,38,42,43,57,120]. At the same time, key gaps directly limit
prevention and standards development. These include incomplete characterization of complex
mixtures beyond routine target lists, limited data for WUI and emerging vehicle scenarios, weak
route attribution without paired air-skin-PPE-biomarker designs, and a lack of standardized methods
that allow cross-study comparison.

The most pressing methodological priorities are integrated field protocols with phase/task
resolution; improved analytical strategies that combine non-targeted screening and mixture-oriented
interpretation (e.g., chemical class level metrics or toxicity weighted metrics); and the establishment
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of exposure platforms that explicitly link controlled smoke generation to firefighter exposure, PPE
contamination, post-incident release, and internal dose in firefighters. These needs motivate the next
sections on biomonitoring and PPE contamination, where the same measurement limitations
reappear as barriers to mechanistic understanding and effective control.

3. Firefighter PPE Contamination

Firefighting PPE is designed primarily against thermal and physical hazards, but field and
laboratory studies increasingly show that it also accumulates fireground contaminants and can
transport them beyond the incident [57,195-201]. In practice, the ensemble does not only block
hazards; it collects smoke particles and semi-volatile chemicals on the surface and within the textile
system [36,39,57-61,63,95,202], extending exposure beyond active suppression through dermal
contact, inhalation of resuspensions, and cross contamination to vehicles, stations, and other indoor
environments [20,37,43,142,203-205]. Particle deposition, sorption of semi-volatile organics, and
penetration into seams and interfaces can each dominate under different conditions, and each has
different consequences for exposure and decontamination.

3.1. Contaminant Deposition, Sorption, and Penetration

Mechanistically, deposition and retention depend on the smoke environment and textile
properties. Particle transport to fibers occurs through diffusion, interception, impaction, gravitational
settling, and electrostatic attraction, producing strong size-dependence and sensitivity to air flow and
surface structure [84,206-209]. Hazardous substances remaining on firefighter PPE following fire
response are often in the form of particulate matter [28,36,57,59,61,125]. Particulate matter adhering
to the surface is held in place by molecular-level forces. These adhesion forces include van der Waals
forces, electrostatic forces (especially in non-conductive materials), chemical bonds, and the capillary
action of moisture on the surface [84,210]. The strength of these forces is dependent on the particle
size, the properties of the particle and the surface, the relative humidity of the air, and the length of
time that the particle has resided on the surface [210-214]. Longer residence time on a surface may
allow moisture to condense in small gaps between the particle and the surface, increasing the
adhesion force. Even if this moisture is subsequently dried, crystallized impurities may remain,
helping to “cement” the particle to the surface [210]. This indicates that the contaminant should be
removed from the surface quickly before contamination dries on protective gear, and adhesion force
increases [57,210]. For fabric contamination, fiber crevice or an interstitial void between fibers and
yarns intend to provide geometric bond with particles [84,215]. Penetration is often modeled using
single fiber or static fabric with Reynolds-number-dependent transport assumptions [65,206,213,216].
The effect of particle size, fiber diameter, and ambient wind velocities has been investigated.

The outer shell is the first and most visibly contaminated surface among firefighter PPE
components, where soot and condensed organic compounds deposit rapidly. Empirical studies
consistently detect PAHs, heavy metals, and plasticizers on PPE after exposure and subsequent
laundering processes, indicating strong retention and incomplete removal [43,57,63,76,217]. Some
contaminants can even pass through the outer shell and into deeper parts of the garment system
[63,138,141,202,218]. This matters because where the contaminant resides (surface vs. embedded vs.
within interfaces) strongly affects whether it can be removed by routine laundering or requires more
specialized approaches.

Deposition and retention are not only affected by concentration in smoke. Material properties
such as fiber type, weave, and finishes [84,215,219] and environmental conditions like temperature,
humidity, and ventilation, impact the sorption and absorption [207,208,220,221]. However, these
factors are rarely controlled or systematically varied in PPE studies. Much of the research still relies
on retired or previously used gear with limited described exposure and laundering histories
[141,222,223]. This makes it difficult to distinguish intrinsic contamination behavior from the
accumulated history of the gear.
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There is also strong spatial heterogeneity across the ensemble. Studies find higher PAHs and
VOCs concentration on the exterior than inside. In addition, accessories and interfaces can behave
differently. Gloves, hoods, and SCBA interface regions are repeatedly identified as high-risk
reservoirs, likely because they experience frequent contact and are harder to clean effectively due to
the complex structure [63,125,141,224]. Di-(2-Ethylhexyl) phthalate (DEHP) and lead are also
prominent on SCBA facepieces, hoods, and gloves [225,226]. In addition, previous findings indicated
that PAHs were strongly size-dependent, which would influence the deposition of PAHs in different
regions of the textile structure [227,228]. Therefore, different chemical classes may partition to
different components depending on contact patterns, material chemistry, and geometry.

Task and job roles further increase variability. Fire attack and search roles generally show higher
PAH contamination on jackets than overhaul or exterior operators [57,83,95,229]. Analysis of a glove
designated for search operations revealed a diverse presence of flame retardants, with measured
PAH levels on firefighters' hands differing significantly based on their roles—higher in fire attack and
search tasks compared to other duties [224].

3.2. Contaminant Off-Gassing and Resuspension

Not only that contaminants exist on or in the gear, but also that they can be released again during
doffing, transport, storage, and routine handling, often when respiratory protection is no longer worn
[230-233]. Volatile chemicals of contaminated firefighter’s PPE will disperse soon when it comes to a
normal environment to get equilibrium [24,38,57,234]. Other absorbed contaminants like particles
and plasticizers within the PPE also re-emerge [43,88,235]. Post-storage activities involving
significant manipulation of clothing, such as donning or folding, have been linked to noticeable
spikes in PM10 concentrations within the breathing zone, underscoring potential exposure risks even
from stored gear [84,219,236]. Despite the serious issue, off-gassing is often treated as low priority
because many studies assume laundering removes most contaminants. However, real-world
observations often depict PPE as perpetually unclean and inadequately decontaminated,
contradicting outcomes derived from controlled contamination scenarios [76,223,237].

Contaminants that are not volatilized can still re-enter the breathing zone as particles when gear
is handled. Particle resuspension is affected by deposited particles properties and environmental
conditions [230,232,233,238], it is a mechanically driven process controlled by competing forces:
adhesion mechanisms that bind particles to fibers (van der Waals, electrostatic, capillary forces)
versus aerodynamic and contact forces during motion that detach them. In the PPE context,
resuspension is more complicated because textiles are porous and layered; particles can be trapped,
re-deposited internally, or released intermittently depending on how the fabric flexes and compresses
during donning, doffing, and transport. Studies have found that physical activity releases around
30% of the contaminants that resuspend to the air [230,231]. In addition, firefighting PPE is made of
fabrics that contain high performance synthetic fibers and fire retardant treated cotton, may have
different contaminant partitioning behavior and moisture-holding capacities, which can alter the
capacity to be reservoirs and releaser of chemical contaminants [84]. However, most resuspension
knowledge comes from general aerosol and clothing-transport studies rather than firefighter-specific
turnout systems, and the emission factors for typical station activities (carrying gear, loading
apparatus, locker storage, brushing, routine movement) is still not validated.

Contamination also moves across hands, tools, cab interiors, lockers, fire stations, and even
firefighters” homes through repeated contact and repeated resuspension [44,45,223,239,240].
Firefighters often store their PPE in closets, where unclean gear can equilibrate with the contaminants
prevalent in the storage area. The use of household washing machines by some volunteer firefighters
can be another cross-contamination mechanism that can move residues into domestic environments.

Aging is the missing piece that links these pathways over time, and it deserves explicit attention.
Particle-textile adhesion strengthens with residence time and drying, which is one reason immediate
on-scene cleaning (i.e., NFPA defined preliminary exposure reduction) is recommended [73]. From a
mechanism standpoint, aging is not only time since fire. It includes repeated heat/humidity cycles,
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mechanical abrasion, and repeated laundering that can change textile surface chemistry and finishes,
alter pore structure, and shift where contaminants reside (surface-accessible vs embedded) [241-243].
These changes can plausibly modify both off-gassing (by changing sorption capacity and diffusion
pathways) and resuspension (by changing particle binding and fabric roughness). Yet the literature
rarely follows the same gear longitudinally across repeated exposure—cleaning cycles, and few
studies explicitly test aged contamination (e.g., residues after days/weeks of storage) versus fresh
contamination [141,196,225]. This is a critical gap because contamination and decontamination are
often evaluated on freshly contaminated samples, whereas the operational problem frequently
involves delayed cleaning and accumulated contamination history.

Method limitations are a core reason why off-gassing, resuspension, and cross-contamination
remain poorly quantified. The field lacks a systematic, standardized tool to (i) generate realistic,
repeatable contamination states that reproduce particle-bound SVOC behavior, (ii) quantify time-
resolved emissions from gear under storage and handling conditions, and (iii) connect external
residue to exposure-relevant metrics (breathing-zone concentrations during doffing/handling and
transfer to surfaces/dust). Without the specific tool, decontamination development is forced into a
trial-and-error mode: techniques can look effective against selected target analytes under simplified
conditions, yet still fail to control the real exposure pathways that occur through storage, handling,
and transfer.

3.3. Contamination Simulation and Studies

3.3.1. Methods to Simulate and Characterize PPE Contamination

Because real incident exposure is variable and hard to reproduce, contamination simulation has
become central to PPE research, especially when the goal is to compare decontamination methods or
materials. Existing simulation methods can be grouped along a spectrum from high realism/low
control to high control/low realism.

From the realistic simulation perspective, some studies expose ensembles during live-fire
training or controlled residential structure burns (with firefighters or instrumented mannequins
dressed samples) [36,57,95,124,125]. Initial efforts by Intertek using a tube furnace with a set burning
fuel to push smoke across a sample to simulate fabric contamination in the field. However, getting
uniform and detectable forms of relevant contamination proved difficult using this approach [244].
Similarly, large-scale and small-scale contamination simulators were designed and engineered to
mimic field fire contamination; however, efforts were unable to maintain sample integrity or attain
consistent and repeatable contamination [245]. These designs preserve realistic smoke dynamics and
tactical effects but often suffer from limited repeatability. For example, even when the room setup is
similar, variation in burning behavior and ventilation produces large fluctuations in key
contaminants such as PAHs and benzene. Though it has been shown that the completely same
production of contaminants from combustions may be impossible, controlled combustion that
generates similar contaminants to a certain level is achievable [99,193,246-248]. Recently, research
has explored different set ups to control combustion, yet achieve a level of consistent fabric
contamination [28,249].

Different combustion and exposure conditions of these studies prevent cross-comparison of
results. This is troubling, as studies on fire and material degradation have shown fuel composition,
as well as combustion conditions, have a significant effect on smoke product composition [115,250-
253]. To simulate fireground smoke in reality, several representative combustible materials need to
be burned simultaneously to generate desired types and amounts of contaminants. The amount, size,
and composition of contaminants such as PM, PAHs, and VOCs are known to be affected by
combustion conditions (e.g. heat load, gas feeding rate, combustion product gas recirculation,
combustion time, etc.) and fuel properties (material composition, shape, size, amount, etc.) with
different characterizing periods [87,90,246,247,254-256]. More specifically, in simulated wood fires,
the variation of the flame temperature from 500 °C to 800 °C has been shown to result in a reduction

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2488.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 December 2025 d0i:10.20944/preprints202512.2488.v1

12 of 36

in average PM size from 600 nm to 100 nm and an increase in PAH ring structure complexity
[99,193,255]. In the pyrolysis and gasification fields of study, it is well understood that reduction of
oxygen availability results in the production of more complex VOCs [254,257]. Building fire
conditions are often oxygen-starved due to limited ventilation and abundant exhaust gas
recirculation, which has not been considered in the combustion simulator experiments to date. Taken
together, this information suggests that PAHs, VOCs, and PM loads produced by combustion
simulators may not be representative of actual fire conditions, and as a result, PPE material
contamination levels or cleaning procedures evaluated through such methods may not be effective.

From the simulation control perspective, the conventional approach in NFPA standards-driven
decontamination efficacy testing is physical/chemical doping of fabric swatches by misting or
dripping known quantities of selected compounds to create a consistent initial contamination load
[73,258,259]. This approach enables repeatable comparisons across detergents, washing cycles, and
washing technologies. However, pure chemical dosage is fundamentally different from real fire
smoke contamination: it does not reproduce particle-mediated sorption, heat- and moisture-driven
diffusion into multilayer systems, or the dynamic deposition process under steep thermal gradients
[13,36,84,125,223]. Furthermore, PPE contamination will accumulate with long-term, repeated use,
and smoke exposure, even with regular cleaning [141,222,223,260,261]. The current standard also
focuses only on outer-shell contamination, while penetration through three layers and transfer
through ensemble interfaces are often neglected [202,224,262]. Additionally, different types of
contaminants like heavy metals and SVOCs can only be evaluated separately on independent
samples due to their different sample preparation procedures. This kind of test may neglect the
interaction between different types of contaminants as in real-world usage. For example, in most
cases, SVOCs may transfer to small particles or remain within larger particles, which can result in
heavier adhesion, mitigation, or cross-contamination of contaminants [95,166,263].

Between these perspectives are combustion furnaces and smoke-exposure simulators that
generate smoke and transport it across fabric samples or ensembles. Early furnace-based approaches
(e.g., tube-furnace smoke pushed across samples) struggled to achieve complex fire geometry and
analytically detectable contamination for fabric or even products [99,193]. Larger contamination
simulators designed to mimic field exposure have also faced reproducibility challenges, and in some
cases the emitted particle size distribution and chemical composition were not fully characterized,
limiting confidence that the simulated smoke represents firefighter-relevant conditions [28,124]. Even
more advanced mannequin-based simulations improve realism but still show substantial variability
in major contaminants [124,249].

3.3.2. Methods to Characterize Contaminant Deposition and Penetration

The most common methods to characterize contaminant deposition and penetration include
surface wipe sampling (fast and field-friendly but partial and operator-dependent), destructive fabric
sampling/extraction (more complete but sacrifices the sample and is difficult to scale to many gear
components), and comparisons across layers (outer shell vs moisture barrier vs thermal liner) to infer
penetration [36,57,63,160,223,249,264]. Quantitative methods for measuring deposited particle mass
within fibrous structures remain limited, and many studies rely on indirect indicators such as
deposition loss coefficients derived from particle counts near a surface [208]. These approaches are
valuable for isolating transport physics, but they do not directly reproduce the coupled conditions of
fireground exposure (high heat flux, moisture, soot chemistry, compression at interfaces, and
repeated contamination cycles).

Across these approaches, the central methodological gap is the absence of a standardized,
mechanism-oriented contamination platform that links (i) realistic smoke generation, (ii) controlled
exposure of textiles or full ensembles (including interfaces), (iii) quantified penetration into layers,
and (iv) downstream processes relevant to secondary exposure. Without such a tool, contamination
mechanisms remain only partially understood, and decontamination development becomes largely
empirical rather than mechanistically targeted.
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4. Firefighter PPE Decontamination

Exposure can persist after firefighters leave the fireground, as many smoke constituents readily
partition onto soot and textiles. Contaminated gear can lead to continued exposure during doffing,
transport, storage, and reuse through dermal contact, inhalation of off-gassed vapors, particle
resuspension, and transfer to vehicles and stations. Decontamination therefore serves two coupled
objectives: reducing the wearer’s exposure (inhalation and dermal) and limiting contamination of
shared environments. These goals must be balanced against PPE durability and protective
performance, because cleaning approach can potentially damage moisture barriers, seam tapes, and
water/oil repellency treatment, while insufficient cleaning allows contaminant accumulation that
may also degrade performance over time [28,57,76,89,241,249,259].

A central reason PPE decontamination remains difficult is that contamination is complex,
multidimensional, and changes with time. As shown in Figure 3, combustion products accumulate
in at least three distinct compartments: (i) surface-accessible residue (loosely adhered soot and
condensed organics), (ii) near-surface and pore-scale contamination (particles and SVOCs retained in
yarn interstices and fabric roughness), and (iii) embedded contamination within multilayer
assemblies and interfaces (SVOCs diffused into polymeric barriers, seam regions, closures, and
compressed contact points). These compartments differ in how strongly contaminants are retained
and how easily they can be mobilized by water, detergents, solvents, or mechanical agitation. As a
result, cleaning effectiveness depends not only on the cleaning method but also on the initial
contamination state, the time between exposure and cleaning, and whether assessment targets
surface wipes, layer-resolved extraction, or secondary emission potential.

Off-gassing
Deposition Resuspension

Moisture barrier
e s &
Embedded -
% | .particles
P

’

Thermal liner

Figure 3. Particles interact with PPE fabric system.

This compartment perspective also clarifies why decontamination may appear successful by one
metric but not another. A method that reduces wipeable surface PAHs may still leave an embedded
fraction that later contributes to off-gassing or resuspension [38,43,60,249]. Conversely, methods that
mobilize chemicals from deeper layers to the surface can produce apparent post-wash increases in
some compounds even when total contaminant mass has decreased, especially when sampling relies
on surface wipes [57,63,76].

4.1. Decontamination Processes, Methods, and Issues

Decontamination is a staged exposure control system rather than a single wash. Preliminary
exposure reduction (gross on-scene decontamination) aims to remove loosely adhered soot before it
dries and becomes more strongly bound, thereby reducing subsequent transfer during doffing and
transport [57,73,249]. Controlled transport and storage aim to prevent transfer to vehicle cabs and
stations through bagging, dedicated compartments, and separation of clean and dirty zones [265].
Machine laundering targets removal of both particulate matter and a portion of sorbed SVOCs and
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metals [63,73,76,259,266]. Specialized processes (e.g., alternative solvents, oxidative treatments, or
disinfection protocols) may be used when standard laundering is insufficient, when contamination
involves unusual agents, or when specific gear components (e.g., moisture barriers) exhibit persistent
contaminant retention [73,267].

Across field and controlled studies, preliminary exposure reduction using water and surfactant
generally reduces surface contamination relative to water-only or no cleaning [57,249,268,269].
However, this evidence is stronger for surface residues than for embedded contaminants, and many
studies focus on a limited set of target analytes (often PAHSs) [76]. Accordingly, existing evidence
supports gross decontamination as a practical measure for reducing exposure; however, it remains
unclear to what extent such practices mitigate subsequent inhalation and dermal exposure across
realistic duty cycles, or whether they meaningfully alter long-term contaminant accumulation within
multilayer PPE systems.

For washer-extractor-based laundering, the literature broadly supports partial removal of many
combustion-related contaminants, but also shows substantial variability by compound class, gear
component, and experimental design [28,57,63,270,271]. Hydrophobic and higher-molecular-weight
SVOCs are often less responsive to standard aqueous laundering, with decontamination efficiency
less than 30%, consistent with diffusion- and partition-limited removal from internal domains
[259,272]. Metals present additional complexity because their chemical form (e.g., insoluble oxides
versus particle-associated metals) may respond differently to detergents and water chemistry
[225,266]. Therefore, cleaning efficiency should be studied as an outcome of the contaminant-textile
system under specific thermal and mechanical conditions.

Evidence for specialized technologies (e.g., liquid CO, and oxidative approaches) is emerging
but not yet conclusive. Some studies report improved removal of selected SVOCs or better outcomes
for specific layers, while others show comparable or lower performance than conventional
laundering depending on the contamination challenge, analyte set, and system parameters
[267,271,273]. At present, the conclusion is not that any advanced method is universally superior, but
that method performance appears to be compound- and layer-specific, and robust head-to-head
comparisons remain limited.

Table 1 gives a summary of current PPE cleaning efficiency evaluation studies under diverse
conditions applying conventional laundering and liquid CO2 cleaning. Existing studies evaluating
PPE cleaning efficiency demonstrate that conventional laundering can substantially reduce smoke-
derived contaminants, including some PAHs and flame retardants, but with highly variable
performance across compounds, materials, and washing conditions. Reported reductions for total
PAHs commonly range from approximately 50% to higher than 90%, with consistently higher
removal efficiencies for low-molecular-weight compounds that for high-molecular-weight, more
hydrophobic compounds, which often contain fine particles, persist in structures of outer shell,
moisture barriers, and thermal liners. Several studies also report unintended outcomes, including
limited removal or even increased concentrations of certain additives (e.g., OPFRs or TDCPP), likely
reflecting redistribution, transformation, or analytical artifacts. Washing temperature, detergent
formulation, agitation, and repeated cycles all influence efficacy, while aging and weathering of
fabrics tend to reduce contaminant removability.

By contrast, CO2 based cleaning approaches show markedly higher and more consistent
removal efficiencies for a broad suite of NFPA 1851 target compounds, often achieving greater than
95% reduction. However, the available evidence remains limited in scope, with relatively few studies
examining used, repeatedly contaminated gear and long-term material performance. Overall, the
literature indicates that while conventional laundering is an effective and accessible mitigation
strategy, it does not uniformly eliminate persistent contaminants, and advanced cleaning
technologies may offer improved performance but require further evaluation under more realistic
duty cycles and aging conditions.
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Table 1. Summary of firefighter PPE decontamination approach and efficacy studies.
Sample Decontamination PPE Decontamination efficacy and Ref
preparation method item performance change
L o sh 0
. On scene wet soap  Knit and aundern.lg > ow?d apositive
Fireground smoke L . association with PAH
) decontamination  particulate .
exposure simulator, . . breakthrough and a negative [168]
o followed by machine blocking e .
mannequin trial . . association with benzene
laundering hood, jacket
breakthrough
Front load washing Total PAHs reduced by 75.5%.
Firefighter exposed = machine without Benzo[a]pyrene 81.6%,
to live controlled fire  agitator, 55 min Hood phenanthrene 34.8%. Total [63]
in a single family wash, ARM and PBDEs decreased by 98.9%,
residential structure = HAMMER Plus NPBEFRs increased by 240%,
OxiClean detergent OPERs reduced by 41.9%
Simulated wood BDE 47, BDE 99, and BDE 100
frame residential Gross on scene reduced by 82 to 97%. Limited or
structure fire with decontamination Jacket no removal observed for BDE [217]
ceiling lining and 153 and TBBPA. TDCPP
furnishings increased by 421%
NFPA 1851
cqmphant washing Fabric Total PAH removal ranged from
Bench top using 60 L water, 40 swatch on .
. . 65% to 97% depending on [28]
combustion chamber g detergent, 45 RPM protective . ) L
; ) . weathering and aging condition
rotation, 20 min clothing
wash
Laborétory Washmg Fabric PAH reduction of 79 + 14% for
— . machine using 65 L swatch o
Live fire training . outer shell, 63 + 25% for
. water at 60 C with  attached to [60]
enclosure simulator . membrane, and 58 + 14% for
non phosphate protective .
. thermal barrier
detergent clothing
Industrial detergent
containing D Total PAH removal ranged from
Physical doping limonene, washer Fabric 20 to 50% at standard [258]
using 16 EPA PAHs extractor swatch temperature and 50 to 80% at
programmed per elevated temperature
NFPA 1851
Bench scale washing
using water shaker Greater than 90% removal for
bath and full-scale phenol, approximately 80% for
Physical doping  washer extractor at Fabric phenanthrene, 45 to 55% for [259]
using 16 EPA PAHs 40 and 65 C for 15 swatch pyrene, 15 to 25% for
and 60 min using benzo[a]pyrene, and 10 to 20%
two commercial for DEHP
detergents
Outer shell fabric ASTM E2274 Ten second disinfection reduced
swatches inoculated washing followed by Outer shell bacterial viability by 73 to 100%.
. . . . : [274]
with Staphylococcus commercial washer fabric swatch Commercial washer achieved
aureus for jacket 99.7% effectiveness
Physical dopin, Blf;;h ifriﬁrﬁiflff Fabric Low molecular weight PAHs
using 16 EPAPAHs  with eight swatch ~ reduced by 60to90%. High  — [272]
& & molecular weight PAHs reduced
commercial
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detergents including by 10 to 90% depending on
charcoal based detergent level
products at 0 to 50
mL
Physical doping . .
. Fabric Approximately 100% removal
using 10 NFPA 1851 CO2 plus system swatch  for all tested NFPA compounds [275]
compounds
1
Used an(?l repeatedly Liquid CO: cleaning . Total PAHSs reduced to below
contaminated PPE Contaminate .
. under 53 bar detection limits in outer shell, [267]
donated from fire d PPE .
. pressure membrane, and lining layers
stations
Liquid CO:z cleaning
Phvsical dobin with 50 min cycle at Conventional laundering
usin Y 10 NFPi 155 1 600 to 850 psi Fabric = removed 30.29 to 95.59%. Liquid [271]
& compared with swatch ~ COzremoved 89.67 to 98.52% of
compounds .
conventional target compounds
laundering

4.2. Secondary Emissions and Cross-Contamination as Part of the Decontamination Problem

Decontamination research has often treated cleaning as an endpoint, but from an exposure
perspective, post-incident emissions and transfer can be equally important. VOCs can off-gas from
contaminated ensembles after firefighting, creating a potential inhalation pathway during doffing,
transport, and storage [24,38,43,88]. Particles and particle-bound SVOCs can also be resuspended
during handling and donning, producing short exposure peaks that are not captured by
time-weighted averages [230,231,233]. These processes imply that decontamination effectiveness
should be evaluated not only by residual mass on textiles but also by emission potential under
realistic storage and handling scenarios.

Cross-contamination is another under-characterized mechanism. Washing contaminated PPE
together with other textiles can transfer chemicals within a load, and residues can persist in washers
and drying environments [63,259]. Some studies report post-wash increases in selected compounds
on certain items, which may reflect redistribution within the load or mobilization from deeper layers
to the sampled surface [63]. However, the field lacks a quantitative view that tracks where
contaminants go during laundering (removed to wastewater, retained in the gear, transferred to other
items, or retained in machine components). Without this accounting, it is difficult to identify when
laundering is net removal versus net redistribution for specific chemical classes.

4.3. Aging, Repeated Contamination Cycles, and the Missing Longitudinal Evidence

Most decontamination studies evaluate a single exposure followed by one cleaning event,
whereas real PPE experiences repeated smoke exposures, heat and moisture cycles, mechanical
abrasion, and periodic laundering over months to years. Aging can change both contamination and
cleaning behavior through loss of repellency finishes, changes in fabric roughness, microcracking or
chemical changes in membranes, and accumulation of residues in hard to clean interfaces
[141,222,223,260,261]. These changes may alter sorption capacity, diffusion rates, and adhesion forces,
which in turn could change both off-gassing dynamics and resuspension potential. Yet longitudinal
evidence tracking the same gear across service life with repeated exposures and cleaning remains
scarce. This is a major gap because it limits the ability to predict cumulative contamination, to set
realistic cleaning frequencies, and to design methods that remain effective over the lifetime of the
ensemble.

4.4. Effect of Decontamination on PPE Performance
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Cleaning has measurable costs. The concern about firefighter PPE reduced performance only
requires it to be advanced cleaned twice a year [73,197]. Repeated laundering can reduce water/oil
repellency and may affect moisture barrier integrity, while harsh chemistries or high temperatures
can accelerate material degradation [223,241,276,277]. At the same time, contamination itself may
impair performance and increase thermal burden and odor. Literature therefore supports a
performance-aware approach in which decontamination strategies are evaluated on joint outcomes:
contaminant reduction, secondary emissions and transfer, and changes in protective performance.

A deeper limitation is that most standards and studies focus on percent removal of selected
analytes, but health risk depends on dose. Without dose-linked targets, it remains unclear whether a
given residue level is safe and acceptable, which compounds should drive decision-making, or how
to compare alternative decontamination technologies. Progress requires bridging three layers of
evidence: residue on PPE, secondary emissions and transfer (off-gassing, resuspension, and cross-
contamination), and internal dose biomarkers.

4.5. Cleaning Efficacy Definition: How Clean Is Clean?

Most studies quantify cleaning efficacy as percent reduction of selected target contaminants on
PPE (often PAHs, and sometimes flame retardants, plasticizers, and/or metals), measured before and
after a contamination step [268,271,278]. This approach is useful for comparing cleaning protocols,
but it does not fully answer “how clean is clean” because it is sensitive to the starting contamination
state, the sampling method (wipe vs extraction, sampling location, layer sampled), and the
compound set chosen for evaluation. In practice, a high percent removal can still leave a meaningful
residual burden if the initial loading is high, and it may not capture whether the remaining residue
is likely to transfer to skin or re-enter air during later handling.

Empirical studies nonetheless provide several consistent signals about the current cleaning
efficacy. In a controlled residential fire study, field decontamination using dish soap, water, and
scrubbing can reduce PAH contamination on turnout jackets by a median of 85% [57]. In the same
study, VOC off-gassing increased immediately post-fire and then declined within tens of minutes
regardless of field decontamination, which underscores that volatile vapors and
particle-associated/semi-volatile contaminants respond to different processes and may require
different evaluation endpoints [57]. By contrast, a pilot study of water-only decontamination after
live residential structure fires reported no apparent benefit and an overall 42% increase in measured
PAHs; importantly, the authors note that this may reflect disparate pre/post sampling sites,
illustrating how measurement limitations can overwhelm true cleaning effects if sampling is not
standardized [268]. Laundering studies generally show substantial but incomplete reduction of
contaminants. For example, a hood cleaning study reported large decreases in PAHs (e.g., total PAHs
reduced ~75.5%), but also found that some flame-retardant classes did not decrease as expected (and
some increased), raising the possibility of incomplete removal and/or redistribution during washing
[63].

Technology-comparison studies further show that decontamination efficacy is not a single value
for an ensemble; it depends strongly on where the contaminant resides. A 2021 study comparing
multiple decontamination approaches on turnout materials reported that, for outer layers, aqueous
laundering produced ~60-63% PAH removal (depending on temperature), while adding ozone
increased removal (e.g., ~84% with aqueous laundering + ozone) [278,279]. However, for middle
layers, most aqueous/oxidation approaches had low removal rate (< ~24%), whereas liquid CO2
achieved ~84% removal in middle layers [278]. A controlled comparison of liquid CO2
decontamination with conventional aqueous washing (uniform contamination; targeted compounds)
reported higher average efficacy for liquid CO2 (~95.36%) than conventional wash (~68.77%), while
also emphasizing a key limitation: the test used liquid contamination and did not represent soot-
bound contamination typical of fire smoke [271]. The selection of pure chemicals significantly impacts
the interaction between the contaminants and fabric. Additionally, the volatility and concentration
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of the chemicals applied need more justification to better represent the real fire smoke contamination
scenario.

Across studies, several determinants repeatedly explain why cleaning efficacy varies and why
defining satisfactory cleaning is difficult. Removal tends to decline as compounds become more
hydrophobic (often proxied by Kow) and as molecular weight increases (e.g., higher-ring PAHs,
many phthalates) [271,272]. Particle-bound contaminants demand mechanical action
(brushing/agitation) and may be protected by soot matrices [271]. Bench-scale experiments with
surfactant-based and charcoal-based detergent products also suggests that detergent dose can be a
limiting factor for heavily contaminated gear; higher detergent concentrations can increase removal
substantially in controlled protocols, while low concentrations remove far less of the
high-molecular-weight fraction [272]. At the same time, evaluation frameworks based on a small
target panel can miss compounds that are operationally persistent or toxicologically relevant; for
example, critiques have been noted that the NFPA 1851 cleaning verification kit included
contaminants may not represent the full spectrum of persistent high-molecular-weight PAHs that
drive concern in fire smoke contamination [73,259,271].

The new NFPA 1851 gives the baseline of 50% average removal of SVOCs and 70% average
removal of each heavy metal for determining the efficacy of decontamination methods. Besides US
standards, European standards also provide guidance of limited doses of PAHs requirement on skin
and clothing. While the standard of European chemical agency (ECHA) for individual PAHs is a
maximum of 1 mg/kg, and the GS Mark regulated by German law for product safety uses 0.5 mg/kg
for individual PAHs and a maximum of 10 mg/kg for all PAHs together on clothing [280](ref). In lots
of study, some contaminants such as benzo(a)pyrene (IARC group 1 carcinogen) have exceeded the
GS standard even after washing [76,259,270,278].

A persistent challenge is the lack of health-based residue thresholds that define satisfactory
cleaning for turnout gear. In practice, standards and departmental procedures often rely on
procedural compliance (when and how to clean) and on removal percentages for selected chemical
panels. This approach is understandable given the mixture complexity of smoke, but it can lead to
two problems. First, percent removal depends strongly on the starting contamination state and
measurement method, limiting comparability. Second, meeting a removal target does not necessarily
indicate that residual contamination is low enough to minimize dermal transfer, off-gassing, or
resuspension during routine station activities.

A rigorous evidence base for decontamination should therefore integrate contaminant removal,
post-cleaning emission/transfer potential, and PPE protective performance. At present, these
endpoints are rarely evaluated together in the same study under realistic repeated-use conditions,
which makes it difficult to propose optimized protocols that are both exposure-relevant and
materials-compatible.

4.6. Methodological Gaps and Research Priorities for PPE Decontamination

The most important research limitation is methodological: the field lacks a standardized,
mechanism-oriented contamination and cleaning evaluation platform that reproduces realistic smoke
deposition, quantifies penetration into multilayer systems and interfaces, and evaluates secondary
processes (off-gassing, resuspension, transfer) after cleaning. Without such a tool, contamination
mechanisms remain only partly understood and decontamination development remains largely
empirical. This gap constrains cross-study synthesis, slows technology comparison, and makes it
difficult to translate laboratory removal results into operational guidance.

Priority directions include developing standardized contamination challenges that include soot
matrices and realistic thermal/moisture conditions; adopting layer-resolved and interface-focused
measurements; using mass-balance approaches during laundering to quantify removal versus
redistribution; and conducting longitudinal studies that track contamination, cleaning efficacy, and
performance changes over repeated cycles. Finally, connecting residual contamination metrics to
exposure-relevant endpoints, such as dermal transfer potential and biomarker-based dose measures,
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would provide a more defensible basis for defining “effective decontamination” than percent
removal of a small analyte panel.

5. Health Outcome and Biological Evidence Associated with Firefighting Smoke
Exposure

Firefighting smoke exposure occurs as part of a broader occupational mixture that includes
combustion products, heat stress, intense physical exertion, and additional non-smoke hazards (e.g.,
diesel exhaust and, for many departments, PEAS from foams and treated materials) [4,17,42,170,281].
The strongest evidence comes from cancer epidemiology and authoritative hazard evaluations, while
evidence for non-cancer outcomes is supported mainly by acute physiological studies and shorter-
term biomonitoring that capture internal dose and early biological effects but do not yet provide
robust exposure-response functions for long-latency disease [4,282].

5.1. Cancer and Long-Latency Outcomes

The most policy-relevant conclusion in the field is the IARC’s evaluation that occupational
exposure as a firefighter is carcinogenic to humans (Group 1). In its evaluation, IARC judged evidence
in humans as sufficient for some cancers (notably mesothelioma and bladder cancer) and limited for
several others (including colon, prostate, testis, melanoma, and non-Hodgkin lymphoma), reflecting
both real heterogeneity in risk and limitations of exposure characterization across cohorts [4].

Large cohort and meta-analytic work generally support a pattern of modest excess overall cancer
risk with site-specific elevations that vary by study design, calendar period, and reference group [48].
A long follow-up Nordic cohort (about 16,000 firefighters) reported a small excess for all cancers
combined (SIR around 1.06) and site-specific elevations (e.g., prostate; mesothelioma in older groups)
[283]. Recent meta-analysis work also synthesizes many cohorts/case-controls and highlights
heterogeneity and exposure-assessment limitations across studies [282]. The interpretation of these
studies is constrained by exposure misclassification (job title and duration as proxies for smoke dose),
changes in building materials and PPE/SCBA practices over time, and correlated exposures that track
with firefighting work but are not measured directly (diesel exhaust, asbestos, shift work). These
limitations mean that the cancer literature is strong for hazard identification, but still weak for
identifying which parts of the exposure system are most responsible and therefore which
interventions (including PPE decontamination) should be prioritized.

5.2. Cardiovascular and Cardiometabolic Outcomes

Cardiovascular disease is a leading cause of on-duty mortality in firefighters, and the literature
clearly shows that emergency duties can trigger acute physiological stress [284]. Controlled and semi-
controlled studies of firefighting activities have documented acute increases in core temperature,
heart rate, inflammatory markers, blood cell counts, and indicators of coagulation potential
[3,285,286]. These responses interact with underlying cardiovascular risk profiles and may help
explain why acute cardiac events cluster around strenuous duty periods.

However, a key gap is separating the contribution of inhaled/dermally absorbed combustion
products from the contribution of heat stress and exertion, because these exposures co-occur.
Wildland firefighter studies that pair smoke exposure surrogates with oxidative stress and vascular
function measures provide suggestive evidence that smoke may contribute to vascular and oxidative
pathways [4,287]. However, current cardiovascular evidence is strongest for risk timing and acute
responses and weaker for quantitative long-term dose response attribution to smoke components.

5.3. Respiratory, Immune, and Other Non-Cancer Outcomes

Respiratory effects are biologically plausible given high particulate and irritant exposures, and
many studies report acute symptoms or short-term lung function changes following smoke exposure
[288]. Systematic reviews and meta-analyses indicate that firefighters can experience measurable
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respiratory impacts, but results vary by fire type (structural vs. wildland), task, protection practices,
and the timing of measurement [289]. A persistent limitation is that many datasets lack detailed
exposure characterization and rely on cross-sectional designs, making it difficult to distinguish
reversible short-term effects from accelerated long-term decline.

More broadly, smoke profiles are changing with materials, WUI events, and modern
furnishings, raising the possibility that legacy exposure profiles do not fully represent contemporary
hazards. This is a major scientific gap: without updated exposure characterization linked to health-
relevant endpoints, the field risks building intervention targets around incomplete chemical libraries.

5.4. Biomarkers and Mechanistic Evidence

Biomonitoring studies are essential because they demonstrate that fire responses lead to
measurable internal dose, even when PPE and SCBA are used [153]. The best-developed exposure
biomarkers include urinary hydroxylated PAH metabolites (OH-PAHs) and metabolites of selected
VOCs [151,162,290,291]. A meta-analysis of urinary OH-PAHs in firefighters reported consistent
post-activity increases (on the order of up to ~1.7-fold), supporting the use of OH-PAHs as short-
window indicators of recent exposure [292]. Broader systematic reviews show that firefighters have
been monitored for VOCs, SVOCs, persistent organic pollutants (including some flame retardants),
and metals, with urine and blood as the dominant matrices [161].

At the same time, biomarker evidence is often over-interpreted. Many exposure biomarkers have
short biological half-lives, so timing (pre/post sampling windows) largely determines signal strength,
and values are difficult to translate into cumulative dose without repeated sampling and kinetic
modeling [27,121,151]. Biomarkers can also be non-specific (e.g., PAH metabolites influenced by diet
or ambient air), and many studies do not fully standardize task logging, PPE condition,
decontamination timing, or background exposures. These weaknesses limit the ability to link a given
decontamination practice to a measurable reduction in internal dose.

Mechanistic evidence helps interpret plausibility. IARC’s mechanistic evaluation summarizes
evidence for pathways such as genotoxicity and oxidative stress in firefighter exposure studies,
particularly when study designs include pre/post sampling around fire events [4,287]. However,
mechanistic endpoints are still rarely integrated with exposure measurement and long-term follow-
up, which is the key step needed to move from biomarker changes to health risk reduction.

5.5. Key Research Gaps and Future Directions

The central limitation across health impact research is the weak quantitative link from external
exposure (including contaminated PPE) to internal dose, and from internal dose to long-term
outcomes. Future work should prioritize integrated designs that (i) measure exposure mixtures with
task resolution, (ii) quantify internal dose using standardized sampling protocols, and (iii) evaluate
interventions (SCBA practices, on-scene gross decontamination, laundering frequency and method)
against biological metrics that are plausibly upstream of disease.

6. Conclusions

While respiratory protection against acute fireground hazards has become largely normalized
within the fire service, the battleground has increasingly shifted toward chronic exposure -
particularly dermal and secondary inhalation exposure to complex chemical mixtures. The special
PPE designed to prevent acute thermal injury is now implicated in long-term systemic disease
through both contaminant absorption and subsequent off-gassing, resuspension, and transfer. Fire
smoke exposure therefore remains a central occupational hazard, not only because the mixture is
chemically complex and rapidly evolving across incident types and fire phases, but also because it
persists well after visible smoke clears through deposition on skin, textile, apparatus, and station
environments. This growing body of evidence aligns with the IARC classification of occupational
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exposure in firefighting as carcinogenic to humans and reinforces the need for controls that address
cumulative dose in addition to short-term peaks.

A fundamental limitation in current occupational health assessments is the inability to
comprehensively quantify individual firefighter dose. Reliance on assignments, incident counts, or
task averages as proxies for exposure obscures substantial inter-individual variability driven by role,
tactics, PPE, and work practices. Exposures occurring outside active suppression - including off-
gassing within apparatus cabs, contamination in station living quarters, routine training evolutions,
and cross-contamination during PPE donning and doffing - are rarely quantified at the personal level,
yet likely contribute meaningfully to cumulative internal dose. The near-complete absence of
practical, continuous personal exposure monitoring systems capable of capturing inhalation, dermal,
and ingestion pathways across the fuel duty cycle remains a critical gap. Without personal-level
exposure data linked to biomarkers and health outcomes, it is not possible to establish health-based
thresholds for acceptable PPE residue or to rigorously evaluate intervention effectiveness at the
individual level.

While on-scene gross decontamination represents a meaningful cultural shift, the effectiveness
of advanced cleaning remains largely empirical. There are less standardized, firefighter-relevant
metrics to verify that laundering or extraction has reduced carcinogenic residues to acceptable levels;
success is often inferred from sensory cues rather than chemical evidence. Progress is further limited
by the lab of standardized platforms that can reproducibly generate realistic multi-phase smoke, load
full PPE ensembles under representative conditions, and quantify residue, off-gassing, and transfer
in comparable ways. In parallel, tension remains between aggressive decontamination and long-term
PPE material and design integrity.

Future work must therefore prioritize field-deployable verification tools for gear cleanliness,
standardized exposure and PPE contamination platforms, and personal monitoring systems that
span a full duty cycle. Advancing from descriptive measurements to validated, mechanistic
frameworks is essential to demonstrate true reductions in internal dose and long-term health risk
among firefighters.
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Abbreviations

The following abbreviations are used in this manuscript:

VOCs Volatile organic compounds

BTEXs Benzene, toluene, ethylbenzene, and xylenes
PAHs Polycyclic aromatic hydrocarbons

PM Particulate matter

PFAS Per- and polyfluoroalkyl substances
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DEHP Di-(2-Ethylhexyl) phthalate

AFFF Aqueous film-forming foam

WUI Wildland-urban interface

PPE Personal protective equipment

SCBA Self-contained breathing apparatus

IARC International Agency for Research on Cancer
IAFF International Association of Fire Fighters
NFPA National Fire Protection Association

EVs Electric vehicles

ECHA European chemical agency
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