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Abstract

In 2022, the occupation of firefighting was categorized as a “Group 1” carcinogen, meaning

it is known to be carcinogenic to humans. The personal protective equipment that structural
firefighters wear is designed to safeguard them from thermal, physical, and chemical hazards
while maintaining thermo-physiological comfort. Typically, the outer layer of structural turnout
gear is finished with a durable water and oil-repellent (DWR) based on per- and polyfluoroalkyl
substances (PFAS) that helps limit exposure to water and hazardous liquids. The PFAS-based
aqueous emulsion typically used in DWR finishes is highly persistent and can cause various health
problems if absorbed into the body through ingestion, inhalation, and/or dermal absorption. In
response, the U.S. Fire Service has begun using non-PFAS water repellants in firefighter turnout
gear. This study aims to evaluate the performance of both traditional PFAS-based and alternative
non-PFAS outer shell materials. The study involved exposing both PFAS-based and non-PFAS
DWR outer shell materials in turnout composites to simulated job exposures (i.e., weathering,
thermal exposure, and laundering) that artificially aged the materials. After exposures, samples
were evaluated for repellency, durability, thermal protection, and surface chemistry analysis to
determine any potential performance trade-offs that may exist. Non-PFAS outer shell fabrics
were found not to be diesel/oil-repellent, posing a potential flammability hazard if exposed to
diesel and subsequent flame on an emergency response. Both PFAS-based and non-PFAS sets of
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fabrics performed similarly in terms of thermal protective performance, tearing strength, and water
repellency. The surface analysis suggests that both PFAS and non-PFAS chemistries can degrade
and shed from fabrics during the aging process. The study indicates that firefighters should be
educated and trained regarding the potential performance trade-offs, such as oil absorption and
flammability concerns when transitioning to non-PFAS outer shell materials.
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Introduction

Firefighting is one of the most dangerous occupations due to the involved duties,
responsibilities, and hazards.1~3 Heavy-duty personal protective equipment (PPE) is required
by the firefighters to safely and efficiently handle the responsibilities that come with this
profession.* The PPE worn by the firefighters includes turnout jackets and pants, gloves,
boots, helmets, hoods, and self-contained breathing apparatus. This PPE is designed to
protect firefighters against different hazards (i.e., thermal, physiological, physical, chemical,
and biological) that they may be exposed to while performing their duties.* Firefighters
can be exposed to combustion products from fires (e.g., polycyclic aromatic hydrocarbons
and particulates), building materials (e.g., ashestos), firefighting foams (e.g., per- and
polyfluoroalkyl substances (PFAS)), flame retardants, diesel exhaust, and other hazards.6-11
The structural turnout ensemble worn by firefighters principally consists of three layers;
outer shell, moisture barrier, and thermal liner, all of which are standardized by the National
Fire Protection Association (NFPA) 1971: Standard on Protective Ensembles for Structural
Fire Fighting and Proximity Fire Fighting.12 The outer shell protects the wearer from
thermal and physical hazards and is typically made of inherently flame-resistant fibers i.e.,
polybenzimidazole (PBI), meta-aramid, para-aramid, or poly-benzoxazole (PBO), with a
ripstop, plain-weave, or twill fabric structures.213.14 The outer shell is usually finished

with a PFAS-based durable water and oil-repellent (DWR) or alternative non-PFAS water
repellent finish to protect the wearers against hazardous liquids (Figure 1).1516 These
finishes also prevent the turnout gear from becoming to getting soaked with water and

oils which can add substantial weight and increase physiological burden.1’ Repellent
properties are crucial for protecting against hazardous liquids, especially in extreme
environmental conditions encountered while firefighting.18 Aqueous emulsions based on
PFAS have typically been used as the finishing chemicals that impart both water and

oil repellency. Alternative non-PFAS DWR finishes are also available, which include, but
are not limited to, hydrocarbon-wax and silicone-based polymers.16 Moisture barrier is an
essential component of turnout gear due to its dual role in preventing water from penetrating
through while allowing moisture vapor to pass through, providing thermo-physiological
comfort.19 Expanded polytetra-fluoroethylene (e-PTFE) barriers are typically used, which
are usually laminated on a meta-aramid fabric.20-22 The fabric side of the barrier is also
typically coated with a DWR to ensure the highest repellency. The thermal liner provides
most of the thermal protection. Approximately 75% of the total thermal protection is
provided by moisture barrier and thermal liner. Typically a non-woven batting quilted on
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a thin woven fabric is used as thermal liner. High performance fibers such as para-aramid,
meta-aramid, PBI and PBO are used in both layers.22:23

The usage of PFAS has grown immensely across multiple industries since their invention

in the 1950s due to their exceptional stain- and water-repellent properties in addition to
their thermal stability and overall chemical resistance. PFAS are widely used in many
applications including food packaging, cookware, electronics, medical products, carpeting,
cosmetics, building materials, and apparel among countless others.24 In the textile industry,
fabrics, including turnout gear outer shells, have been historically finished with side chain
fluoropolymers, one sub-category of PFAS, due to their high level of repellency to water
and oils and durability.1” PFAS use in turnout gear outer shell fabrics imparts very high
levels of hydrophobicity and oleophobicity due to the lower surface tension provided by the
fluoromethyl (-CF3) end groups of the side chains.2® The wetting behavior of the fabrics
depends on the adhesive interaction between the solid and liquid surfaces, as well as the air
interface.18 The fabrics coated with a side chain fluorinated polymer with a -CF3 end group
have a surface tension of approximately 6 dyne/cm at 20°C, which will repel any liquids
with higher surface tension (e.g., water has a surface tension of 73 dyne/cm at 20°C, octane
has a surface tension of 22 dyne/cm at 20°C).15.18.26 The -CH3 terminal group (hydrocarbon
and silicone-based polymer) has a surface tension of approximately 22 dyne/cm.16 The
surface tensions of most oils (i.e., diesel fuel, gasoline, hydraulic fluid, etc.) are below 15
dyne/cm. Therefore, to effectively repel lower surface tension liquids, PFAS-based finishes
are required for fabrics. These oils may be present in the fire scene, especially during car
accidents, auto body shop fires, etc. Therefore, having no resistance to oils may increase
thermal or flashfire hazards if the gear is exposed to oils at the fire scene.

PFAS are a significant concern for the environment and human health due to their

toxicity, persistence, and bioaccumulation.?16:27-29 The general population is exposed to
PFAS through contaminated food, drinking water, cookware, indoor dust, and ambient
air.30-33 Added exposures to PFAS are relevant to firefighters since these chemicals are
used in turnout gear as DWRs and in aqueous film-forming foams (AFFF) that are used

to extinguish fires based on fuel and oils.16:34-36 Studies have reported links between
perfluorooctanoic acid (PFOA) with certain types of cancer such as prostate, testicular,
mesothelioma, and non-Hodgkin’s lymphoma, which are four of the top eight cancers that
firefighters have increased risks for.37-40 Several studies reported an elevated risk of cancer
in firefighters compared to the general population.®40-42 The International Agency for
Research on Cancer (IARC) also re-classified the firefighting occupation as a “Group 1”
carcinogen in 2022, defining firefighting as a known carcinogen to humans.® Therefore,
firefighters’ exposure to PFAS and associated health risks are relevant when discussing
occupational cancer. Furthermore, studies have reported PFAS emission from outdoor
apparel as well as from the outer shell fabrics of turnout gear treated with PFAS-based DWR
finish in both new and aged conditions.17:34:35:43-46 Since turnout gear could be a potential
exposure source of PFAS, manufacturers of firefighter PPE have introduced non-PFAS
(defined as finishes with no PFAS chemistry intentionally added including hydrocarbon or
silicone-based finishes) outer shell materials for their turnout gear, which are expected to
only be repellent to water but not to oils and fuels.
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As the U.S. firefighting community continues moving towards non-PFAS turnout gear, the
potential trade-offs that may exist between the PFAS and non-PFAS turnout gear materials
must be explored to ensure no unintended consequences are experienced. Understanding
the potential limitations of non-PFAS turnout gear will prepare firefighters for unforeseen
situations and possible injuries that may be due to the presence of any potential performance
trade-offs to which they have not historically been accustomed to. In addition, it is also
worthwhile to know the performance trade-offs of the legacy and newer turnout gear
materials in both new and aged conditions. A significant number of studies reported

the performance such as tensile/tearing strength,#7-°0 thermal protective performance,1451
shrinkage,® chemical permeation,>3 etc., of turnout gear materials in new and simulated
aged conditions. However, only a few recent studies investigated the performance trade-offs
between the PFAS and non-PFAS DWR finished fabrics used in outdoor apparel.18:43:44.54
As of the completion of this work, no study has been found investigating the performance
comparison between the PFAS and non-PFAS fabrics used in firefighter turnout gear.

In this research, turnout composites of different repellent finishes were subjected to cycles
of ultraviolet light and weathering, thermal exposures, and laundering to simulate on-the-
job exposures of the materials. Following the simulated exposures, the materials were
evaluated for trade-offs that may exist between PFAS and non-PFAS repellent finishes. The
evaluations included the ability to resist liquid contamination (i.e., water and diesel fuel via
contact angle, and liquid splash testing), tearing strength, thermal protective performance
(TPP), and analysis of fabric surfaces, which includes digital microscopy imaging and

2D mapping by Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) and X-ray
Photoelectron Spectroscopy (XPS) spectra of chemical analysis.

The three layers of fabrics (i.e., outer shell, moisture barrier, and thermal liner) used in
structural firefighter turnout gear were included in this study. This study used one type of
outer shell fabric of 80% meta/para-aramid spun yarns and 20% 400 denier para-aramid
filament. The overall blend of the fabric was 35% meta-aramid and 65% para-aramid. The
fabric weave was a 2 x 1 Z twill with filament twill technology with 60 x 60 ends per inch
x picks per inch. An unfinished fabric (Fabric A) which was only manufacturer pre-scoured
was used as a control. Two different types of PFAS-based (Fabrics B and C) and two
different types of non-PFAS finished fabrics (Fabric D (silicone) and E (hydrocarbon-wax))
were used. Fabrics A, B, D, and E were readily available from a manufacturer, while Fabric
C was finished in our facilities by treating the unfinished fabric (Fabric A) with a cationic
six-carbon PFAS-based DWR (UNIDYNE™ TG-5610). Since the focus of this study was
on the outer shell finishes, only one type of commercially available bicomponent moisture
barrier with ePTFE and a polyurethane coating was used in the fabric composite. The
ePTFE coating was laminated on an aramid fabric which had a PFAS-based DWR finish
applied. Similarly, only one type of thermal liner was used. The thermal liner was quilted
to two layers of fabric with fabric weights of 2.3 0z./yd? and 1.5 oz./yd2. The fiber content
of the face cloth was 60% meta-aramid filament yarns and 40% meta-aramid/Lenzing FR
(flame retardant) spun yarns. The multi-exposure aging process was done on the three layers
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together to simulate the actual usage scenario. The properties of these fabrics are listed in
Table 1.

Methods

Finishing of the materials

Fabric A (unfinished) was chemically finished with a cationic six-carbon based PFAS
(cationic C6) finishing at a textile dyeing and finishing laboratory and coded as Fabric C.
Three replicates were prepared for the cationic C6 finish. The padding solution was prepared
with a concentration of 80 g/L UNIDYNE™ TG-5610 and 10 g/L of acetic acid. The
UNIDYNE™ TG-5610 is built on C6 technology and possesses a cationic ionic character.
To achieve maximum water and oil repellency, it is recommended to maintain the bath’s
pH between 4 and 5. Acetic acid was used to keep the bath’s pH below 5. The fabric was
passed through the padding mangle and ensured 80% wet pick up. The fabric was then
cured in an oven for 2 minutes at 180°C temperature. The six-carbon-based conventional
PFAS (C6) finish, silicone, and hydrocarbon-based repellent finished fabrics were directly
procured from the manufacturer.

Sample preparation

Fabric composites replicating the three-layered clothing system (outer shell, moisture
barrier, and thermal liner) typically used in structural firefighter turnout gear were used
in this study. The thermal liner and moisture barrier were stitched together. Snap buttons
were used to attach the outer shell material to the inner layers (Figure 2). This facilitated
the attachment and detachment of the outer shell with/from the inner layers. The samples
were exposed in the Atlas Ci-5000 weather-ometer and in a thermal oven as composites.
The outer shell fabrics were washed separately from the inner layers, following the
manufacturer’s recommendations, since their washing processes are different from each
other according to the NFPA 1851: Standard on Selection, Care, and Maintenance of
Protective Ensembles for Structural Fire Fighting and Proximity Fire Fighting (2020
edition).

Aging process

Three different aging processes were used in a specific sequence to age the composites.

The aging process was done sequentially using three aging types: (1) UV weathering,

(2) thermal exposure, and (3) laundering. Aging process approaches and parameters were
selected to mimic the types of environmental conditions to which firefighting protective
garments can be exposed over the first few years of typical service life. It is recognized that
these conditions can vary significantly for different fire departments and firefighters and that
multiple other conditions (such as abrasion, flexing, chemical, and particulate exposure) can

apply.

Weathering.—AATCC test method 169-2017: Weather Resistance of Textiles: Xenon
Lamp Exposure was utilized to expose fabrics to UV radiation, heat, and water to simulate
the weathering effects in end-use environments. Fabrics (46 cm x 46 cm) were exposed in
a Weather-Ometer (Atlas Ci5000) which applied heat, moisture, and UV light at different
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intensities and temperatures (Figure 3). The total time of UV exposure was 60 hours in

two cycles (30 hours each). Exposures followed a modified version of option two of UV
exposure parameters as per the AATCC 169-2020 subsection 7.2. The parameters applied
for the UV exposure were as follows: 120 min cycle, 60 min light only, 70 + 5% RH,
alternating with 60 min dark, black panel temperature 77 £ 3°C (170 £ 5°F) during the light
cycle, and 50 £ 3°C (122 £ 5°F) during the dark cycle, with no water spray.

Thermal exposure.—Thermal aging is often performed as a precondition for evaluating
fabric properties in NFPA 1971 where fabric samples are suspended in an oven at the
selected temperature. For this study, a one-sided heat aging approach was used that involved
conducting the thermal exposure in the Brown Manufacturing FireFly™ Curing Oven at a
temperature of 180°C (356°F) temperature (Figure 4) on the fabrics (46 cm x 46 cm). The
fabric composites were laid on the oven’s conveyor belt with the outer shell facing up toward
the heating elements. The exposure time for each specimen was 10 minutes in each round.
The total number of exposure rounds was a six-in-one cycle, so fabrics were exposed for

60 minutes in one cycle and 120 minutes in the two cycles. This oven applies heat on the
fabric surface through eight heating coils. Temperatures at nine different partitions were
continuously monitored as specimens were transported through the oven by its conveyor
belt.

Laundering.—In total, 24 washes were conducted in two cycles. Twelve washes were done
after each UVand thermal exposure cycle. Fabrics were air-dried for 24 hours after every
four washes. Washing was done according to the NFPA 1851 (2020 edition) standard in a
hardmount front-loading washer extractor. This wash formulation entails set prewash, fill,
flush, agitate, rinse, drain, and extraction operations where the length of time, temperature,
and water level are established for the individual steps. There were slight differences

in the formulations applied to shell materials versus liner materials. The manufacturer’s
recommendation was followed, wherein the maximum water temperature was set to 40°C
(105°F) for 18 minutes, followed by several rinse cycles using cold water, resulting in a total
wash duration of 60 minutes. CITROSQUEEZE® PPE & turnout gear cleaner surfactant
was used during each wash cycle. CITROSQUEEZE® contains the following ingredients:
water (60%-90%), food grade D-limonene (5%—-20%), Non-ionic surfactant (1%-10%),
Mackamide C (1%-10%), Glycol Ether EB (1%-10%). The recommended amount was 180
mL (6 oz.) for a 45-Ibs load. The total load used was 30 Ibs. including the fabric samples
along with additional ballast material. Therefore, 120 mL of detergent was used during each
wash cycle.

Evaluation methods

Contact angle measurement.—The contact angle of water and diesel fuel against
samples in both new and aged conditions was measured using the Goniometer FDS
Corporation Data Physics OCA system. The shape and size of the testing samples were
circular and 1 cm in diameter. Each sample had three replicates (n7= 3). The average contact
angle was calculated from three data points for each sample. The contact angle of liquids on
the fabric surface can be used to classify the wetting behavior of fabrics semi-quantitatively.
A contact angle above 90° to the fabric surface is typically considered hydrophobic, whereas
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below 90° is typically considered hydrophilic. The contact angle can be a good measure to
study the durability of the finishes after aging.

Splash test with water and diesel.—The ISO 6530:2005: Protective clothing —
Protection against liquid chemicals Test method for resistance of materials to penetration by
liquids was used to measure the fabrics’ repellency. The materials were exposed to water and
diesel fuel to assess water and oil repellency. Three test specimens (/7= 3) from each outer
shell material were sprayed with 10 mL of either water or diesel for 1 minute. Following the
exposure, all materials were weighed to determine the amount of the applied liquid absorbed
by the material, the amount that penetrated through the material, and the amount that the
material repelled. The sample size mentioned in the standard is 36 cm x 23.5 cm. However,
the sample size was reduced to 30 cm x 7.5 cm to match the sampling requirements for
performing subsequent tests on the vertical flame tester. Samples were tested for repellency
as composites. That means the outer shell, followed by the moisture barrier and thermal
liner, was set on the gutter of the splash test instrument with the outer shell facing the

spray. Blotter paper was placed beneath the thermal liner to absorb any liquid that penetrated
the composite sample. The amount of liquid absorbed onto the moisture barrier (penetrated
through the outer shell) was defined as penetration 1 (P1). The amount of fluid absorbed
onto the paper film (penetrated through the moisture barrier and thermal liner) was defined
as penetration 2 (P2). Even though splashed water or diesel was able to absorb onto the
moisture barrier by penetrating the outer shell, no liquid passed through the moisture barrier
and thermal liner onto the paper film. Therefore, only the values of P1 are presented in this
article and denoted as the penetration index.

Vertical flame test.—Diesel fuel-splashed samples were dried for 24 hours inside a
chemical hood before being tested for their flame resistance. ASTM D6413M-15: Standard
Test Method for Flame Resistance of Textiles (Vertical Test), commonly referred to as the
vertical flame test, exposes a 30 cm x 7.5 cm sample of the material to a 3.8 cm tall flame
from a Bunsen burner. Samples were exposed to flame for 3 seconds. Once the flame was
removed from under the pieces, the after-flame time was measured. In NFPA 1971 (2018),
an acceptable after-flame time is 2.0 seconds or less. NFPA requires twelve seconds of flame
exposure for the unexposed samples and 3 seconds for the exposed samples. However, for
our testing, we kept the flame exposure time at 3 seconds for both cases.

Thermal protective performance.—Thermal protective performance was measured
following NFPA 1971 (2018 edition) standard procedures (based on a modified form of

ISO 17492: 2003). This standard was designed to measure the heat transfer performance of
materials after exposure to combined convective and radiant thermal hazards reminiscent of
flashovers. The TPP test was done on the three layers composite in contact configuration
using a heat flux of 84 kW/m? + 2 kW/m?2. Two gas burners with a diameter of 38 mm top
and 1.2 mm orifice size were used as one of two thermal energy sources. The second thermal
exposure source was nine 500 W T3 translucent quartz infrared lamps arranged in a linear
array with 13 £ 0.5 mm spacing between the centers of each lamp and 125 + 10 mm from
the specimen surface. Three samples of 150 x 150 + 5 mm specimens were prepared for
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testing for each testing scenario. The fabric with a higher TPP value implies a higher flame
resistance and should provide more thermal protection to the wearer.

Trapezoid tearing strength test.—The trapezoid tearing strength test was measured as
per ASTM D5587-15: Standard Test Method for Tearing Strength of Fabrics by Trapezoid
Procedure using the Qtest five material testing system. The samples were conditioned for
24 hours before testing according to ASTM D1776-20: Standard Practice for Conditioning
and Testing Textiles. Three specimens (/7= 3) were prepared from each composite with
dimensions of 15 cm x 7.5 cm. The longer sides of the samples were in the warp direction
since the interest was to measure the strength of the warp yarn.

Surface analysis.—Digital microscopy images were obtained using a Keyence VHX7000
digital microscope at 100x magnification. ToF-SIMS and XPS were used for the analysis of
the surface chemistry of the fabrics in both new and aged conditions. ToF-SIMS analysis
was performed for surface imaging to provide spatially-resolved information about the
surface of the samples. ToF-SIMS analysis was performed using a TOF.SIMS 5 (IONTOF,
Munster, Germany) instrument. A 25 keV, 0.4 pA Bi3 + analytical beam was used for
imaging and quantitative analysis. A 45° angle of incidence was used for the beam. The
negative secondary ion mass spectra obtained were calibrated using C~, O~, OH™, and C,,",
respectively. The positive secondary ion mass spectra were calibrated using H*, C*, CoH3*,
C3Hs™, and C4H;*. However, ToF-SIMS analysis is generally considered a semi-quantitative
technique, rather than a fully quantitative method. Therefore, to determine the elemental

and chemical compositions, XPS analysis was also performed, a widely used and highly
quantitative surface analysis technique. The surface compositions of “nitrogen (N), oxygen
(0), Fluorine (F) and carbon ©” were characterized using XPS with an XPS/UVS-SPECS
system featuring a PHOIBOS 150 analyzer under a pressure of approximately 3 x 10710
mbar. The instrument utilized Mg Ka X-ray (hv = 1253.6 eV) and Al Ka X-ray (hv =
1486.7 eV) sources. The data were acquired using the Mg Ka X-ray source, which operated
at 10 kV and 30 mA (300 W) and analyzed with the CasaXPS software. XPS spectra of the
survey scan were recorded with a pass energy of 24 eV in a 0.5 eV step, and high-resolution
scans were recorded with a pass energy of 20 eV in a 0.1 eV step. The C1s peak was used as
an internal reference with a binding energy of 285 eV.

Results and discussion

Contact angle measurement

The water and diesel fuel contact angle data of all the fabrics in new and aged conditions
are shown in Figure 5. The water contact angle of all the DWR finished fabrics was above
135° in new condition, which can be considered as a hydrophobic material. Although the
contact angle of all DWR-finished fabrics decreased after the aging process, they were still
above 110°. Fabric A (unfinished) showed some repellency in the new condition which
was completely lost after the aging process. This could be due to the presence of sizing
chemicals on the fabric surface, which are used during the weaving process to reduce

the yarn breakage, which was eventually removed during the aging process. It might also
involve the opening of fabric structure as a result of the aging process. The differences in
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the water contact angle between the PFAS and non-PFAS-treated fabrics did not appear
significant in new conditions, as both the PFAS and non-PFAS finishes are good water
repellents. However, the contact angle of Fabric C (PFAS-based DWR finished in the lab.),
and Fabric E (hydrocarbon wax-based DWR) reduced notably compared to the other DWR-
treated fabrics. The fabrics showed high repellency against water (above 90°), even after
aging. In terms of water repellency, both the PFAS and non-PFAS-treated fabrics exhibited
similar behaviors in both new and aged conditions.

Fabric A (unfinished), and Fabrics D and E (non-PFAS finished fabrics) showed no

contact angle when diesel fuel was used. Because diesel fuel has a low surface tension

of approximately 18 dyne/cm, non-PFAS DWR chemistries were not able to repel it. Fabrics
B and C (PFAS-based finishes) showed high diesel contact angles above 110° in the new
condition, indicating diesel repellency. However, the contact angle of these fabrics decreased
to zero degrees after the aging process. That suggests that PFAS finishes were degrading

or disorienting during the aging process, therefore, both fabrics absorbed the applied diesel
fuel instantly after applying it on the fabric surface. Although the new PFAS and non-PFAS
finished fabrics behaved differently, all fabrics showed no diesel contact angle after the
aging process. The impact on diesel fuel repellency was notably more significant compared
to water repellency. This difference can be attributed to the inherent difficulty in repelling
diesel fuel due to its low surface tension, and as a result, after the aging process, the fabrics
failed to repel diesel fuel. All the experimental contact angle values are given in Table S1.

In this research, the 1ISO 6530:2005 standard was used to measure the repellency,
absorbency, and penetration index of various outer shell materials with different repellent
finishes (unfinished, PFAS-based, and non-PFAS). The materials were exposed to water (72
dyne/cm) and diesel fuel (18 dyne/cm) to assess both water and oil repellency. Three test
specimens (n7= 3) from each outer shell material were splashed with 10 mL of either water
or diesel fuel in 1 minute. The repellency, absorbency, and penetration index of the fabrics
are given in Figure 6. The water repellency index of all four finished fabrics was more than
90% in the new condition. The absorbency of Fabrics B, C, and E was less than 1% in the
new condition. Only Fabric D absorbed approximately 2% of splashed water. After the aging
process, all four fabrics were still able to repel most of the water. The water repellency of all
fabrics was still more than 95% even after aging except Fabric E. Fabric E repelled around
92% of water after the aging process which was around 99% in the new condition. All four
finished fabrics repelled more than 90% water in both new and aged conditions, which also
matched the contact angle data. Even though Fabric A was unfinished the repellency of

the fabric was more than 90% in new condition with an absorbency index of around 8%.
The repellency of the control fabric decreased to 63% after the aging process with a 27%
absorption. This also correlated with the contact angle data which was 72° in new condition
and reduced to 0° after the aging process. As mentioned before, this could be due to the
presence of residual chemicals on the fabric surface from the manufacturing process, which
were eventually removed during the aging process. It could also be the opening up of fabric
construction due to the aging process. In terms of water repellency, all four DWR-finished
fabrics showed excellent repellency to water in new and as well as in aged conditions.
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Therefore, it can be concluded that both the PFAS and non-PFAS DWR chemistries offer
very good repellency to water. While some parts of the repellent finishes were washed off
during the aging process, the fabrics were still able to repel water and retain excellent water
repellency.

Diesel fuel, a liquid with lower surface tension than water is challenging to repel especially
for repellants using non-PFAS chemistry. Both Fabrics B and C showed excellent resistance
to diesel fuel, which was above 95% in the new condition. The diesel fuel repellency of
Fabric B was above 95% even after the aging process. However, the repellency of Fabric C
reduced to 86% after the aging process. Though both Fabrics B and C were based on the
PFAS chemistries, Fabric C was finished in the textile lab., which may not be as optimized
as Fabric B, which was commercially manufactured. Therefore, during the aging process
more of the finish could have come off from Fabric C than Fabric B. Consequently, Fabric B
was able to repel more diesel fuel after aging compared to Fabric C. Both the fabrics showed
excellent resistance to absorbency and penetration as well. Though the diesel contact angle
decreased to 0° for both fabrics after the aging process (Figure 5), the splash test results
suggest that both fabrics were still able to repel most of the fuel. This could be due to the
resistance to wicking of the fabric. Even though diesel drops were absorbed in Fabrics B
and C after aging during the contact angle test, if there is not enough wicking, during the
splash test a very small amount of diesel fuel will be absorbed by the fabrics. Moreover, the
contact angle test involves applying a very small amount of liquid (5 to 8 L) to the fabric,
which may not be directly comparable to the larger liquid volume (10 mL) used in the splash
test. Additionally, UV and thermal exposures were applied to one side of the fabric during
the artificial aging process, potentially leading to the removal of the DWR finish from the
exposed surface (see the surface analysis sub-section later in this section). It’s important to
note that the loss of the DWR finish from the exposed surface does not necessarily imply
uniform removal of finishes from the outer shell fabric throughout its entire thickness. In
the splash test, where a larger liquid volume is employed, the overall presence of the DWR
finish in the fabric throughout its thickness is crucial. Conversely, in the contact angle test,
which utilizes a very small liquid volume, the result is predominantly influenced by the
presence of the DWR finish on the surface. The splash test also holds the sample at a 45°
angle which allows for liquids to run-off compared to the contact angle test which holds the
sample horizontalally. This difference in orientation could provide further explanation as to
the differences in the results of the two methods.

Non-PFAS DWR did not repel lowered surface tension liquids efficiently. The repellency
to diesel fuel of Fabrics D and E was around 80% in new condition, which eventually
decreased to around 40% after the aging process. With a decrease in repellency, the
absorbency and penetration were significantly increased for Fabric D and E. The absorbency
increased from 15% to 20% and 18% to 24% for Fabrics D and E, respectively, after the
aging process. The penetration index of both fabrics increased considerably after aging.
The penetration index of both fabrics was around 5% before aging, which increased to
about 35% after the aging process. Penetration index indicates the amount of exposed
diesel fuel that was absorbed onto the fabric side of the moisture barrier penetrating the
outer shell. Fabric A, with no finishing, behaved almost similarly to Fabrics D and E.
Therefore, it could be said that having a DWR finished based on non-PFAS chemistry
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will not impart any repellency to diesel fuel and similarly lower surface tension liquids.
Significant differences were observed in terms of diesel repellency between the PFAS and
non-PFAS-treated fabrics. If oil repellency is required in the job requirement there is still
no other option other than PFAS-based DWR. The splash test suggests that both PFAS

and non-PFAS fabrics showed excellent water repellency in both new and aged conditions.
However, diesel fuel, with its lower surface tension, proved to be more difficult to resist
for non-PFAS fabrics. Experimental values of water and diesel fuel splash tests are given in
Table S2 and Table S3, respectively.

Vertical flame test

A vertical flame test was done on the fabrics after being exposed to diesel fuel. ASTM
D6413M-15 test method was followed for the vertical test method. Fabrics were splashed
with diesel fuel following the ISO 6530:2005 method. Based on the splashed test data, it was
evident that Fabrics B and C (PFAS-based DWR finish) were good repellents to diesel fuel
and did not absorb much diesel fuel. However, Fabrics D and E (non-PFAS DWR finish)
were poor repellents of diesel fuel and absorbed a significant amount of fuel during the
splash test. Table 2 shows if the fabrics were flammable in the vertical flame test after being
splashed with diesel fuel and dried for 24 hours. Afterflame time, which is the time fabrics
continue to flame after the flame source is removed, was also reported when the fabrics were
flammable. Fabrics B and C with PFAS-based finishes did not burn in the vertical flame test,
likely due to the fabrics’ inherent flame-resistant properties and their excellent repellency

to diesel fuel. On the other hand, since the outer shell fabrics with non-PFAS finishes are

not repellent to diesel fuel, they absorbed a substantial amount of the diesel when splashed
and burned in the vertical flame test. Even after 24 hours of drying, there was enough

diesel fuel present in these fabrics that caused the fabric to ignite and continue burning for
an extended time. The non-PFAS DWR-based fabrics demonstrated no repellency to lower
surface tension fluids, making the fabric behave like unfinished fabrics. However, when

the diesel-splashed samples were washed following NFPA 1851 (2020 edition) standard
prior to the vertical flame test, they did not burn and passed the test. These findings imply
that the selected washing procedure was able to remove the diesel fuel from the fabrics,
indicating that proper inspection, care, and laundering of gear should be able to negate
potential flammability concerns with non-PFAS outer shells during subsequent emergency
responses after the initial exposure. However, these results highlight the potential hazard that
exists if a firefighter is splashed with diesel fuel or other flammable liquids while wearing a
non-PFAS outer shell material and continues to operate in the vicinity of a direct flame. This
potential issue may be mitigated by administrative policies requiring firefighters to remove
themselves from the scene if exposed to significant levels of flammable liquids. Further
research should be conducted to determine if other, more viscous liquids like hydraulic fluid
are able to also be removed during laundering.

Thermal protective performance

The thermal protective performance of all the fabrics in both new and aged conditions is
shown in Figure 7. The mean TPP value of all the composites in new conditions was 37.81,
which eventually increased to 43.78 after the aging process. Different repellent finishes
did not have a significant effect on the TPP performance of the fabrics; the unfinished
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fabrics behaved similarly to the PFAS and non-PFAS finishes. Fabrics A and C showed
slightly higher TPP performance compared to the other fabrics. Fabric A was unfinished and
therefore did not go through any finishing process. On the other hand, Fabric C was finished
in a textile lab., therefore, the finishing process might not be as rigorous as commercially
finished fabrics. Fabric B showed slightly lower TPP performance compared to the other
commercially finished fabrics (i.e., Fabrics D and E). The PFAS finishing process could be
different than the non-PFAS finishing, which might cause a lower TPP value. NFPA 1971
requires conducting five preliminary washes before conducting the TPP test. However, in
our case, we tested the fabrics directly from the fabric roll without any prior washing. This
variation in approach might be the reason for the slight differences observed in the TPP
values among the new fabrics. However, regardless of finishing, aging appeared to increase
the TPP value of the fabrics. Previous studies also showed that TPP value increases after the
aging process, which is attributed to the fabric shrinkage and increased thickness leading to
more air space in the fabric structure and hence increased insulation.515556 Details of the
TPP experimental values and statistical analysis are given in Table S4 and Figure S1.

Trapezoid tearing strength test

The warp tearing strength of the outer shell fabrics in new conditions with different finishes
was approximately 200 N (Figure 8). Fabrics with different DWR finishes had slightly
higher tearing strength compared to the unfinished fabrics. Therefore, different finishes had
a minimal positive impact on the tearing strength of the fabrics. After the aging process,

the tearing strength of the fabrics decreased substantially. The average warp-wise tearing
strength of all the aged samples was 60.37 N, which was approximately 72% less than
215.14 N, which was the average tearing strength of new fabrics. For passing the tearing
strength test, the NFPA 1971 (2020) subsection 7.1.11 has stated that tearing strength will
have to be more than 100 N. This indicates that aging severely degrades the tearing strength
of all the outer shell fabrics. Statistical differences were seen between the new and aged
fabrics. Other research has demonstrated that aramid polymers exhibit sensitivity to UV
light, resulting in a significant reduction in their tensile strength.22:5/-59 |n addition, the
DWR treatment did not affect the tensile strength of the fabrics, which also confirms the
results of the study done by Wakatsuki et al., (2022).60 Details of the trapezoid tearing
strength experimental data and statistical analysis are given in Table S5 and Figure S2.

Surface analysis

Digital microscopy images of the samples were taken in both new and aged conditions to
understand the effect of aging on the fabric surface using the Keyence VHX7000 digital
microscope. The images are given in Figure 9. All the aged samples showed some level

of yarn breakage on the surface, which suggests that fiber along with DWR finishes are
coming off during the aging process.>* The decrease in water and oil repellency, as well as
the reduction in contact angle value, can be supported by this phenomenon.

In addition to the digital surface imaging, ToF-SIMS and XPS analysis were done to
understand the surface chemistry of these fabrics in new as well as aged conditions (Figure
10). ToF-SIMS high lateral resolution mass spectral images acquired in this study, a Burst
Alignment setting of 25 keV Bi3 + ion beam was used to raster a 500 um by 500 um area.
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The 2D mapping of the most abundant positive ions is shown in Figure 10. All other positive
and negative ions that are potentially coming from the applied finishes and the fiber are
given in Figure S3. The fluoromethyl (CF3*) ion was most abundant in Fabrics B and C
(PFAS-based DWR finish) (Figure 10- B1, B3, C1, C3), this could be the outermost carbon
with three fluorine of the side chain fluorinated polymer (Figure 1). For Fabrics B and C, the
aged samples showed a significantly lower number of CF3* ion detection compared to the
new fabrics (Figure 10- B3, C3). The commonly detected positive ions for Fabrics D and E
(silicone and hydrocarbon-treated) were SiCgH1505" and CoH,CH3™ (Figure 10- D1, E1). A
similar trend of lowered number of detections was seen for both fabrics in aged condition
(Figure 10- D3, E3). Therefore, it is evident that the aging process is removing a significant
amount of finish chemistry from the fabric surface. The most detected positive ion for the
unfinished fabric was Na* (Figure 10- Al). No ions that could potentially come from the
finishes applied (i.e., CF3*, SiCgH150,* and C,H4CH3™) were detected from the unfinished
fabric. Na* is likely the residual used to neutralize the acid used in para-aramid fiber
production.81 Since all the samples were made out of the same meta-aramid and para-aramid
fiber blend, negative ions CN™ and CNO™ were detected in all the samples, indicating that
these ions are potentially coming from the amide group (-CONH-) of the aramid polymer.13
ToF-SIMS mostly gives information on the top few nanometers, finishing on the fibers
results in blocking the fibers from producing secondary ions. Due to the presence of DWR
finishes on the surfaces, the ion beam of ToF-SIMS was not reaching the fiber to give a
significant amount of CN™ and CNO™ ions. However, the detection of these two negative
ions increased after the aging process, which again supports the fact that the aging process
removed finishes from the surface of the fabrics significantly, therefore, the ion beam was
able to ablate more of the fiber in aged fabrics compared to the new fabrics.

In addition to the semi-quantitative ToF-SIMS analysis, a fully quantitative XPS analysis
was also done. Carbon (C), nitrogen (N), oxygen (O), fluorine (F), and silicon (Si), atoms
were quantified by the XPS analysis (Figure 10). The trace amount of fluorine in Fabric

A (Figure 10- A2) suggests that the fabric is contaminated with fluorine either during the
manufacturing process or could come from storage in the laboratory. However, no fluorine
was detected after the aging of Fabric A (Figure 10- A4). Fluorine detection from Fabrics

B and C in new conditions were 44 and 50 atomic percentages (At%), respectively (Figure
10- B2, C2), which eventually reduced to 16 and 14.7 At%, respectively, after aging (Figure
10- B4, C4). This result again suggests that a significant amount of the finishes are removed
during the aging process. For Fabric D (silicone-based DWR finish) the At% of Si was 20 in
the new condition, which eventually decreased to eight At% after the aging process (Figure
10- D2, D4). The results indicate a significant amount of loss during the aging process.
Fabric E was based on a hydrocarbon (wax) finish. Since XPS cannot detect H, there was no
specific information that could be interpreted from the XPS data about the finish of Fabric

E (Figure 10- E2 and E4). However, based on the ToF-SIMS data and imaging, it can be
concluded that a significant amount of repellent finish was also removed from Fabric E
during the aging process. Therefore, it is evident from all the surface analysis techniques that
both the PFAS and non-PFAS-based chemistries are subject to break and washed off during
the aging process.
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Conclusion

This study compared the performance of fabrics with PEAS-based DWR chemistry to fabrics
with non-PFAS DWR chemistry, as well as an unfinished fabric control, to investigate

any potential trade-offs between applied finish for selected firefighting protective garment
materials. The aim was to assess the fabrics’ performance in both new and aged conditions
and to inform firefighters who are transitioning to non-PFAS gear about some of the
potential performance differences.

1 The contact angle and repellency results showed that while all DWR-finished
fabrics were good at repelling water in both new and aged conditions, fabrics
with non-PFAS chemistries were not able to repel diesel fuel efficiently and were
relatively flammable after exposure to diesel fuel. However, washing the fabrics
removed the absorbed diesel and made them non-flammable. Firefighters using
non-PFAS gear should be cautious if they are exposed to flammable liquids at
certain fire scenes (i.e., car accidents, auto body shop fires) where the liquids
may absorb onto the outer shell and avoid going back to the fire scene without
washing or changing their gear.

2. The thermal protective performance and trapezoid tearing strength showed no
notable differences between the PFAS and non-PFAS fabrics. However, both
sets of fabrics exhibited a notable reduction in trapezoidal tearing strength after
undergoing the aging process. For the firefighting turnout gear materials selected
in this study, the addition of PFAS and non-PFAS finishes did not appear to
affect the TPP performance and trapezoidal tearing strength.

3. Digital microscopy images showed that fibers from both sets of fabrics broke
and came off during washing and other processes. ToF-SIMS and XPS analysis
indicated that ions and atomic percentages from both PFAS and non-PFAS
chemistries were severely reduced after the aging process. The data suggest that
significant amounts of the DWR finishes were removed during the aging process.

This study focused on a single type of outer shell fabric material with different DWR
finishes. Future studies are needed to include other commercially available outer shell
fabrics to assess the full extent of the impact of DWR finish on the performance of the outer
shell materials in turnout gear. Further investigations are required to determine the impact

of contaminated gear from fire burns on the repellency and other performance aspects of the
outer shell materials. Additionally, it is essential to conduct further research to determine

the level of oil repellency that firefighters actually need in the field to ensure that the
performance requirements for the gear do not require the use of PFAS chemistries when they
are not actually necessary.
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Refer to Web version on PubMed Central for supplementary material.
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Examples of a structural turnout gear; (a) three layers of structural turnout gear (i.e., outer
shell, moisture barrier, and thermal liner); commonly applied DWR chemistries on outer
shell fabrics; (b) polyfluoroalkyl, (c) hydrocarbon, (d) silicone-based DWR chemistries.
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(b)

Figure 2.
Three-layered composites for the aging process: (a) outer shell fabric is attached with inner

layers with snap buttons, (b) outer shell can be detached from the inner layers for washing
separately.
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Figure 3.
Exposing fabrics in the Atlas weather-ometer Ci-5000.
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Figure 4.
Fabrics composites being exposed in the curing oven at 180°C temperature.
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() Contact Angle (Water)
Fabric A Fabric B Fabric C Fabric D Fabric E
New 72.05 145.45 138.63 141.23 139.52

Aged 0 114.73 __126.55 136.13 116.53
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(b) Contact Angle (Diesel)
Fabric A Fabric B Fabric C Fabric D Fabric E
0 116.85 116.6

Aged 0 0 0 0 0

Figureb.
Contact angle test (a) water and (b) diesel against fabric surface: Water repellency

performance of DWR-treated fabrics remained excellent under both new and aged
conditions. Non-PFAS-based DWR-treated fabrics exhibited no repellency to diesel fuel,
whereas PFAS-based DWR-treated fabrics initially displayed diesel repellency but readily
absorbed the fuel after aging.
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Figure 6.

Splash test results for water and diesel; Figure (a) represents the splash test results for
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ISO 6530:2005 RESULTS (DIESEL)
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i 6.40% 6.50% 2.75%
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FABRIC C FABRIC D FABRIC E

water, and (b) represents the splash test results for diesel; the red color of the bar
represents the repellency index, the blue color represents the absorbency index and orange

color represents the penetration index. PFAS-based DWR-treated fabrics demonstrated
outstanding repellency to both water and diesel fuel, maintaining their performance in
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both new and aged conditions. In contrast, fabrics treated with non-PFAS DWR exhibited
excellent water repellency but were less effective at repelling diesel fuel.
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Thermal Protective Performance
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Figure 7.

Thermal Protective Performance of the fabrics in both new and aged conditions; blue

markers represent the mean T
represent the mean TPP value

PP values of all the fabrics in new condition, and red markers
s of all the fabrics in aged condition; the blue line represents

the mean TPP value of the new fabrics; the red line represents the mean TPP value of the
aged fabrics; the error bars represent one standard deviation from the mean. The figure
illustrates that all the aged fabrics exhibited some degree of improvement in TPP after

undergoing the aging process.
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Trapezoid Tearing Strength
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Figure8.
Tearing strength of the samples in new and aged conditions; blue markers represent the

mean tearing strength values of all the fabrics in new condition, and red markers represent
the mean tearing strength values of all the fabrics in aged condition; the blue line represents
the trapezoid tearing strength of the new fabrics; the red line represents the mean trapezoid
tearing strength of the aged fabrics; the error bars represent one standard deviation from the
mean. The tearing strength of all fabrics experienced a significant decrease following the
aging process.
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Fabric A

Fabric B

Fabric C

Fabric D

Fabric E

Figure.
Optical microscopy images of all fabrics in new and aged conditions. Fabrics al and a2

represent the surface images of unfinished fabrics in new and aged conditions respectively;
Fabrics b1, c1, and b2, c2 represent the surface images of PFAS-based DWR finished fabrics
in new and aged conditions; Fabric d1 and d2 represent the surface images of silicone-based
DWR finished fabrics in new and aged conditions; Fabric el and e2 represent the surface
images of hydrocarbon-based DWR finished fabrics in new and aged conditions. All the
aged samples showed some level of yarn breakage on the surface.
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Figure 10.
ToF-SIMS images and XPS survey spectra of all the fabrics. Figures al, a2 and a3, a4

represent the ToF-SIMS image and XPS survey spectra of the unfinished fabric in new and
aged conditions; Figures b1, b2, c1, c2 and b3, b4, c3, c4 represent the ToF-SIMS image and
XPS survey spectra of the PFAS-based DWR finished fabrics in new and aged conditions;
Figures d1, d2 and d3, d4 represent the ToF-SIMS image and XPS survey spectra of the
silicone-based DWR finished fabrics in new and aged conditions; Figures e1, e2 and e3,

e4 represent the ToF-SIMS image and XPS survey spectra of the hydrocarbon-based DWR
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finished fabrics in new and aged conditions. lons (ToF-SIMS) and atomic percentages (XPS)
from both PFAS and non-PFAS chemistries were severely reduced after the aging process.
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Table 2.

Vertical flame test after flame time results of the fabrics after being exposed to diesel fuel.

Page 31

Fabric code/
conditions Fabric A FabricB Fabric C FabricD FabricE
Diesel splashed New Burned (9.1 Sec) Did not burn  Did notburn ~ Burned (10.1 sec)  Burned (10.5 sec)
Aged Burned (8.33 Sec) Didnotburn  Did notburn  Burned (9.59 sec)  Burned (8.98 sec)
Diesel splashed and New Did not burn Did notburn  Did not burn  Did not burn Did not burn

washed
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