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Impact of conventional and
advanced cleaning techniques on
the durability of firefighter
turnout ensembles

Arjunsing Girase*, Donald B. Thompson and R. Bryan Ormond*

Textile Protection and Comfort Center, Wilson College of Textiles, NC State University, Raleigh, NC,
United States

The concern for firefighters’ occupational exposure to harmful contaminants
is growing due to the increase in health issues in the firefighting community.
At such times, effective decontamination of personnel and equipment
is an essential component of a hazard mitigation strategy. The current
decontamination practices used for firefighter protective clothing have been
shown to not be very effective. Hence, the scientific community is looking
for several alternatives to conventional washing procedures. Liquid carbon
dioxide (CO2) has been used in laundering and has distinct advantages over
conventional dry-cleaning solvents such as perchloroethylene. The following
study is aimed to assess how different washing procedures affect the durability
of the turnout material. The study includes using three washing procedures on
different samples: 1) conventional washing procedure, 2) liquid CO2 washing
procedure, and 3) a high-temperature washing procedure. Samples for durability
testing were constructed from a common aramid fabric used in firefighter
turnout ensembles. These swatches were subjected to different washing
techniques. The durability assessment was performed for physical testing of the
samples, visual inspection, water repellency, and quantifying color changes using
spectrophotometric analysis. The conventional wash and high-temperature
washing affected the durability of the outer shell material in a significant manner.
The liquid CO2 process did not affect the samples’ water repellency or physical
strength. In contrast, conventional and high-temperature washing significantly
affected the durability of the outer shell material. However, all samples met the
criteria for tearing strength outlined in the NFPA 1971 standard subsection 7.1.11.
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1 Introduction

Firefighting is a challenging profession that includes working in a hazardous and
dynamic environment. Protective clothing is the firefighter’s last line of defense to reduce the
risk of injury in this environment. The coats and pants, which are referred to as turnout or
bunker gear, are typically constructed from three layers ofmaterials: an outer shell, amoisture
barrier, and a thermal liner.The design and performance requirements for thesematerials are
specified in the NFPA 1971 Standard on Protective Ensembles for Structural Firefighting and
Proximity Firefighting (NFPA, 1971; 2020).Theouter shell protects firefighters fromabrasion,
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cuts, and thermal threats.Themost common fabrics used in turnouts
include blends of polybenzimidazole (PBI), meta-aramid, and para-
aramid fibers. To provide protection from splashes/sprays of water
and flammable liquids, durable water and oil repellents finishes
are applied to the outer shell materials. The moisture barrier,
which offers protection from penetration of water, some chemicals,
and bodily fluids, is made of polytetrafluoroethylene (PTFE) and
polyurethane (PU) attached or laminated to a support fabric. The
thermal liner is the innermost layer that provides thermal protection
from heat (NFPA, 1971; 2020). The supplementary accessories
include reflective trims, product labels, zippers, buckles, and hook-
and-loop attachment points. The trim is an important element
of the turnout gear as it aids the wearer’s ability to be noticed
by fellow firefighters during fire suppression activities as well as
roadside visibility when responding to motor vehicle accidents. The
product label provides instructions to help firefighters take care of
the turnout suits. Thus, the elements enhance the functionality of
the turnout gear.

The NFPA 1851 Standard on Selection, Care, and Maintenance
of Protective Ensembles for Structural Fire Fighting and Proximity
Fire Fighting (referred to as the SCAM document) requires the
retirement of the ensembles and elements no more than 10 years
from the manufacturing date (NFPA, 2020; 2020). Thus, the turnout
gear’s durability and continued performance is a critical parameter.
The NFPA 1851 standard recommends washing guidelines from the
durability perspective. The guidelines included in the standard for
washing are: 1) temperature of the washing should not be greater
than 40°C (105°F), 2) the G-force should be less than 100 G and
the pH of the detergent should be between 6 and 10.5, and 3) the
surfactant should not contain chlorine or oxidizing agents since
oxidation can damage the aramid fibers of the outer shell. The
standard has added a requirement for the turnout to receive at
least two advanced cleaning per year (NFPA, 2020; 2020). All these
guidelines make washing procedures less damaging to the gear but
can also result in less effective cleaning processes.

The interim report of Research Foundation, NFPA in 2018 was
based on research project to understand the cleaning practices. The
report indicated shortcomings of the current turnout laundering
practices (Research Foundation, 2018). Since then, a limited number
of studies have been performed to assess the decontamination
efficacy of the current the practices (Fent et al., 2017; Mayer et al.,
2019; Mayer et al., 2020; Banks et al., 2021). Most of these studies
marked the presence of polycyclic aromatic hydrocarbons (PAH)s
and phthalates. These studies showed that decontamination of the
turnout suits using current laundering practices is inefficient. The
inefficiency is basically an incomplete removal of the foreground
contaminants.

The NFPA 1851 standard has added cleaning validation of the
laundering practices for independent service providers (ISP)s. The
cleaning efficiency is calculated by measuring the differences of the
pre-wash and post-wash concentration of the selected contaminants
(NFPA, 2020; 2020). The sole purpose of any laundering practice is
to maximize the removal of the contaminants. These findings led to
investigations into alternative cleaning solutions such as modifying
parameters including temperature and time, developing improved
surfactants, and assessments of specialized cleaning such as liquid
CO2 (Girase et al., 2022).

Along with chemical exposures, firefighters are also exposed
to biological contamination when responding to fires as well as
emergency medical situations. Along with chemical exposures,
firefighters are also exposed to biological contamination. Bacterial
contamination such as Staphylococcus aureus and Enterococcus
faecalis has been reported in the occupational environment
(Roberts, 2014; Farcas et al., 2019; McGuire-Wolfe, 2020). These
bacteria can pose a risk to the health of firefighters, and it is
essential to remove them from PPE during the cleaning process.
However, removing contaminants from the personal protective
ensemble (PPE) can be challenging, and several factors affect
the removal of contaminants: temperature, time, chemistry, and
mechanical action. Temperature is one of the important parameters
that significantly impact cleaning and has shown a significant
increase in the logarithmic reduction of microorganisms on fabric
surfaces (Wiksell et al., 1973). So higher temperatures might seem a
viable option to improve biological decontamination. But its impact
on the physical properties of the turnout suits needs to be considered
first.

Dry cleaning is a process of removing soil from textiles
using a non-aqueous solvent. Perchloroethylene (PER) has been
used conventionally in dry cleaning, but it is highly toxic to the
human body (Sutanto et al., 2013). The environmental and health
hazards due to PER led to producing “clean” technologies with
fewer environmental concerns like low toxicity and low energy
consumption. Carbon dioxide (CO2) gas is abundantly available
in nature and at high pressure and low temperature, it turns
into a supercritical liquid which offers several advantages, such
as low viscosity surface tension that facilitates its penetration
into the interstices of the fabric and improves cleaning efficiency
(Dutschk et al., 2013). Liquid CO2 has been shown to effectively
remove targeted foreground contamination from the outer
shell material compared to the conventional washing method
(Girase et al., 2022).

None of the above studies have assessed the impact of these
laundering practices on the life of the PPE. Several questions remain
unanswered, such as.

(1) What happens to the physical properties of the outer shell
material after repeated laundering?

(2) What happens to the turnout suit if washed at a higher
temperature?

(3) How durable are the water-repellent finishes applied on the
outer shell material?

(4) How do specialized cleaning practices such as liquid CO2 affect
the turnout suits?

Our previous research evaluated the comparative cleaning
efficacy of conventional laundering and a liquid CO2 process
(Girase et al., 2022). This follow on study aimed to assess the impact
of multiple washing cycles of various techniques on the durability
of the turnout suits. The comparative analysis of conventional
and liquid CO2 to assess the cleaning efficiency was done; hence
both these methods were kept consistent with the study described
in (Girase et al., 2022). The outer shell material is accessorized
with reflective trims and product labels to ensure the firefighters’
complete safety and instructions to maintain their turnout suits.
The turnout suits need to last more than 5 years since they are very
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expensive. Thus, before incorporating any changes in the cleaning
procedure, its impact on durability needs to be investigated.

1.1 Materials and methods

To study the impact of various washing methods on the
durability of the turnout suits and their accessories, outer shell
swatches (26-inch × 26-inch) were constructed from a common
PBI/aramid-based firefighter protective clothingmaterial (7 oz)with
a fluorinated durable water and oil repellent finish. These swatches
were used to simulate the turnout suits in a controlled manner. The
yellow-silver reflective trims were given by a major manufacturer
and stitched to the outer shell material. An example of a finished
swatch is shown in Figures 1A.The product labels were heat-pressed
on the trim’s opposite side (assumed as an inner side) at 400°F for
10 s, as shown in Figures 1B. Every set contained five swatches, all
accessorized with trims, and four of those were accessorized with
product labels due to the limited availability of the product labels.

The swatches in every set were subjected to 30 washes for the
respective method. It was decided that if there were any significant
damage for 30 washes, another set of fabrics would be subjected to

15 washes using the same method to compare the results. Ballast
material was used to make up the volume of 30 lbs. The ballast
material for conventional and modified washing included outer
shell material jackets. All ballast material was washed and air-dried
before using them in the process. For liquid CO2, information
about ballast material was not available. The objective was to assess
the impact of the washing on the garment, and the assumption
was that the turnout suits receive washing once every month. A
separate set of four swatches was prepared, kept unwashed, and
used as a controlled sample for future measurements. The sampling
distribution is provided in Table 1.

The washing methods were as follows.

1.1.1 Conventional
The conventional method was set up according to the NFPA

1851 guidelines (Table 2). A 45 lb capacity washer extractor
(UNIMAC) was set to 40°C with a 60-min wash duration. A d-
limonene-based commercial detergent (CD-1) was chosen due to
its popularity in the firefighting community. The volume of the
detergent used in each cycle was 120 mL based on the weight
of the material washed. The amount of detergent was decided
based on manufacturer’s recommendation. The cycle included

FIGURE 1
(A) Outershell swatch with reflective trims (B) Product Label heat sealed.

TABLE 1 Sampling distribution.

Set A Set B Set C Set D Set E

Washing method used None (Control) Conventional Modified High temperature Liquid CO2 Liquid CO2

Number of washes 0 30 30 30 15

Number of swatches 5 5 5 5 5
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TABLE 2 Details of the aqueousmethods.

Details Conventional washing Modified washing

Washing temperature 40°C 65°C

Washing duration 60 min 60 min

Rinsing 10 min 10 min

Detergent amount 120 mL 120 mL

TABLE 3 Liquid CO2 details.

Step Details

Duration of cycle 50 min

Wash bath: Single wash 8 min

Rinse: Two cycles 4 min each

Pressure range 600–850 psi

Total load 50 lbs

Detergent Proprietary

CO2 grade Beverage

60 min of washing followed by 10 min of rinsing. This meant that
the surfactant solution was in contact with the garment for a
total of 60 min. In practice, the surfactant solution contact time
experienced in cleaning by turnout cleaners or fire departments
can vary from 20 to 40 min, and then rinsing with fresh water is
followed. The period of contact was kept at 60 min to be consistent
with our previous cleaning efficacy study (Girase et al., 2022) and
to eliminate the variations in the volume of water during rinsing
cycles.

1.1.2 Modified washing
The modified conventional method was added to assess the

impact of higher washing temperatures on outer shell material.
Hence, the washer extractor cycle was set to 65°C for 60 min. This
was a significant increase in the temperature from the conventional
washing technique. All other parameters were kept consistent with
the conventional washing method (Table 2).

1.1.3 Liquid CO2
For liquid CO2 cleaning, two sets of swatches were shipped to

Tersus Solutions (Denver, CO). One set was subjected to 15 washes,
and other was subjected to 30 washes. Post-washing, all the samples
were sent back for analysis. All the samples were stored in brown
zip-lock bags and in the box to mitigate light exposure. The details
of the method are provided in Table 3.

1.2 Physical testing of the samples

1.2.1 Tearing strength
The outer shell material is the primary line of defense for

firefighters. The outer shell material protects the firefighters from
cuts, abrasion, etc. Thus, it is important to assess the tearing and

breaking strength of the outer shell material. The test method
covered the measurement of the tearing strength of the fabric by the
trapezoid procedure. For tearing strength, theASTMD5587method
was used (ASTM International, 2019). Ten swatches (5 in the warp
direction and 5 in the weft direction) of size 3-inch × 6-inch were
cut randomly from every set.

1.2.1.1 Breaking strength
For breaking strength, the ASTM D5034 method was used

(ASTM International, 2021). The test method determined the
breaking force for the fabric. Ten swatches (5 in the warp direction
and 5 in theweftdirection) of size 4-inch× 6-inchwere cut randomly
from every set.

1.2.1.2 Goniometer
Contact angle measurements were used to study the impact

of different washing procedures when subjected multiple times to
the water-repellent finish. The Analytical Services Laboratory at
Wilson College of Textiles was contracted for this testing. The
Goniometer FDS Corporation Data physics optical contact angle
system (Charlotte, NC) was used. For every set, 18 replicates of the
fabrics were used of 1 cm diameter.

1.2.1.3 Spectrophotometer L*, a*, b* values
The working conditions of the firefighters are very harsh.

The conspicuity of the firefighter is very important during fire
rescue operations. The fluorescence of reflective trims enhances
the conspicuity, which is important during partial light, night time
work. The color measurement of the samples was performed on
a spectrophotometer: Spectro-Guide sphere gloss S (Model 68-
15-10) (BYK instruments, Chester, NY). For every set, the ΔE
values were measured for the outer shell material, the reflective
trim (yellow and silver strip), and the whiteness of the product
label measured using L*. Every measurement was an average
of measurements taken from random places on the sample.
Due to limited availability of the resources, the retroreflectivity
and the fluorescence testing was not performed on the
trims.

1.3 Data analysis

Microsoft Excel was used to plot the bar graphs for all the
testing data. The statistical analysis was done using JMP Pro R©

statistical software (15.2.0, SAS Institute Inc., Cary, NC) to perform
the Shapiro-Wilks test to check the data’s normal distribution. Once
the normality was confirmed, the singled tail t-test was done at
a p-value of 0.05, assuming unequal variances. The tearing force
was measured in Newtons, and to have a comprehensive analysis,
the average of warp and weft directions were taken for statistical
analysis.

2 Results and discussion

2.1 Tearing strength

The testing results are illustrated in Figure 2 (mean values
with error bars representing standard errors). All the results were
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TABLE 4 Statistical test results for tearing strength (average of warp and weft direction) (p-values).

Washing method used None (control) Conventional Modified Liquid CO2 Liquid CO2

Number of washes 0 30 30 15 30

Shapiro-Wilks 0.5756 0.2121 0.4317 0.9162 0.8788

t-test Single tail - 0.0001a 0.0008a 0.1351 0.5925

a= statistically significant.

FIGURE 2
Tearing strength results.

compared with the unwashed (control) samples. There was a
significant drop in the tearing strength of the samples washed with
conventional andmodifiedmethods.The Shapiro-Wilks test showed
that the data was normally distributed. The p-values are shown
in Table 4. The t-test results shown in Table 4 showed that the
conventional andmodifiedwash results were statistically significant.
The results indicated that the surfactant solution could damage the
fabric when kept for a longer period in contact with the fabric.
The tearing strength decreased by 34.22% for conventionally washed
samples and 32.04% for modified-washed samples. Generally, the
conventional aqueous wash would have less than 60 min of contact
time with the fabric. These results indicated the worst-case scenario
for a conventional wash. For liquid CO2, there was no significant
damage in the tearing strength. The liquid CO2 set washed 15 times
did show a loss (4.44%) in the tearing strength compared to the 30
washes set that showed a 0.59% increase, which was inconsistent
and was attributed to a research artifact. According to the criteria
described in NFPA 1971 subsection 7.1.11 for the tearing strength
(strength >100 N), all the fabrics passed the test (NFPA, 1971;
2020).

2.2 Breaking strength

The peak load for the breaking strength testing was calculated in
Newtons, and the results are illustrated in Figure 3 (arithmetic mean
values with error bars representing standard errors). All the fabrics
exceeded the performance requirements for breaking strength
(>623 N) according to subsection 7.1.5 in NFPA 1971 (NFPA, 1971;
2020). For the grab test, the major hindrance was calculating peak
load because the machine kept measuring the load even after the
fabric was torn apart since some of the filaments were still intact.
For conventionally washed samples, the breaking strength did not
decrease much (0.08%), while the modified washed samples showed
a significant decrease (29.28%) in the breaking strength. When the
modified wash was considered, the only difference between the
modified wash and conventional wash parameters was the higher
washing temperature (65°C) in the modified wash. Thus, the higher
temperature has an adverse effect on the breaking strength of the
outer shell material. The results were statistically significant (p <
0.05) compared to control samples. The liquid CO2-washed samples
showed a 6.47% decrease for 15-wash and a 6.97% decrease for 30
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FIGURE 3
Breaking strength.

TABLE 5 Statistical test results for breaking strength (average of warp and weft direction) (p-values).

Washing method used None (control) Conventional Modified Liquid CO2 Liquid CO2

Number of washes 0 30 30 15 30

Shapiro-Wilks 0.6183 0.1099 0.3184 0.4794 0.7980

t-test Single tail - 0.4931 0.0063a 0.1124 0.1002

a= statistically significant.

washes. This indicates that after a significant initial drop, liquid CO2
did not affect much subsequent washing. The p-values in Table 5
showed that results for modified washed samples are statistically
significant.

2.3 Goniometer

The results from the contact angle measurements are illustrated
in Figure 4. The water droplet schematics are shown in Figure 5.
The control (unwashed) samples demonstrated high levels of water
repellency. The fabrics washed multiple times using conventional
and modified wash demonstrated hydrophilicity hence there were
no measurements available. This showed that the washing process
removed or damaged the water-repellent finish after multiple
cycles. The important point to consider here is that this was
longer than the usual-contact period of surfactant with the fabric
for the conventional wash, demonstrating an extreme case for
a conventional wash. This loss in repellency may be due to
the adsorption of surfactants onto the surface of the fiber or
the fabric’s abrasion also may have caused fragmentation of
the fibers that can cause a loss in finishes (Arunyadej et al.,

1998; Abdullah et al., 2006). It also meant that the conventional
wash could affect the water-repellent finish over the years. The
liquid CO2-washed fabrics demonstrated comparable results with
the control samples. The water droplet did not absorb on the
fabric surfaces washed with liquid CO2. Thus, the liquid CO2
wash used in this process did not impact the water-repellant
finish applied to the outershell material. The goniometer results
shown in Figure 4 for liquid CO2-15 washes and 30 washes
indicate a very insignificant decline as the number of washes
increased.

2.4 Visual comparison

The effect of the different washes on the outer shell and reflective
trim is shown in Figure 6. After 30 washes of the conventional wash
method, the color of the outer shell faded, and the reflective trim
peeled off. The peeling started after the 22nd wash, to be specific.
The modified wash had a more severe effect on the reflective trim
as more peeling was observed. Thus, temperatures as high as 65°C
can damage the accessories of the outer shell material. There was no
damage to the writing on the product labels, and they were legible
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FIGURE 4
Goniometer testing results.

FIGURE 5
Contact angle measurements for fabrics washed with different techniques.
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FIGURE 6
Effect of different washes on outershell and reflective trims.

FIGURE 7
Effect of different washing techniques on product labels.

from a 12-inch distance which is a requirement according to the
NFPA 1971 standard subsection 8.41.4.2.2 (NFPA, 1971; 2020).

There was no damage to the product label due to conventional
washing. Out of the four product labels, two of the product labels
started to detach from the outer shell garment washed using a
modified washing technique (Figure 7). This was at the end of the
27th washing cycle, to be specific. The instructions on the product
labels were clear and easy to read for all the product labels.

For liquid CO2 washing, there was no significant color change
in the outer shell material. The lack of mechanical agitation in the
process can be a probable cause in the lack of physical damage to
the accessories. However, the yellow color of the reflective trim was
darkened. Even for 15 washes, the effect was visible. The whiteness
of the product label was also lost somewhat for liquid CO2 washing,
although the instructions were still discernible from a 12-inch
distance.
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FIGURE 8
Whiteness index of the product labels.

FIGURE 9
Delta-E values for yellow stripe of reflective trim.

2.5 Spectrophotometer L*, a*, b* values

The lightness index of the product labels is shown in Figure 8.
The values for the conventional wash were comparable with control
samples which illustrated that the conventional wash did not affect
the whiteness of the product labels. Higher temperature affected the

product label adversely, the lightness index was lost, and two out of
four labels were detached from the outer shell. The lightness index
of the product labels washed with the liquid CO2 technique was
decreased, and there was a decreasing trend as the number of washes
increased from 15 to 30 washes. There are two probable reasons
for this: 1) An impurity was present either in the machine’s drum
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FIGURE 10
Delta-E values for outershell materials.

or in the particular batch of CO2 used for the washing cycle that
was not filtered out efficiently. The point to ponder here is that if
there was redeposition of a certain impurity, it was localized on
trims and labels only since the outershell material did not show
any color change. 2) The primary reason might be that the white
dye used in the product label and the dyes in the product labels
may be dissolved in the liquid CO2. Similarly, for the reflective
trims (Figure 9), the color change was significant when washed with
liquid CO2. The probable reasons are similar. The color change for
the yellow stripe of the reflective trim was quantified using ΔE
values relative to the control (unwashed) reflective trim. As seen
from Figure 9, the ΔE values for the liquid CO2-washed reflective
trim were higher as compared to the aqueous washes, which was
evident from the visual comparisons as well. Further investigation
into this matter is needed since only one kind of liquid CO2
process was used in the study. This change in the colors can also be
situational.

The color change (ΔE) in the outershell materials for
conventional and modified washing was higher (Figure 10). The
mechanical agitation, longer surfactant contact time, and higher
temperature all contributed to the color change. This might be
because the agitation contributed to the fragmentation of the
fibers that peeled off the dye and the finishes together. The
inter-fabric friction, as well as continuous abrasion between the
fabric and the drum part for a significantly longer duration,
may have contributed to the color change of the fabric. For
liquid CO2, there was no significant color change even after 30
washes. However, for the outer shell material, color change in the
modified washed samples was higher. Thus, the aqueous wash
with higher temperatures can adversely impact the outer shell
material.

3 Conclusion

Thedurability study of the outer shell and its accessories showed
that different washing techniques affect the outer shell and its
accessories differently. The important outcome of this study was
that repeated laundering has a significant impact on the physical
properties of the PPE. In aqueous-based washing, the higher
temperature both have an adverse effect on PPE. The mechanical
agitation such as the frictional and abrasion among the fabrics and
walls of the washing basket can contribute to degradation in the
laundering process (Slater, 1991).The conventional wash used in this
study was the representation of the effect of the surfactant solution
on the garment if used for longer durations. If the duration for
the contact of the surfactant solution to the conventional wash is
considered an average of 30 min, then every single conventional
wash represented in this study can be counted as double. Thus, the
conventional wash of 30 times represents washing over 5 years if
we consider the turnout suit receiving washing once every month.
So, after 60 washes, the conventional wash can have an impact on
the turnout suit and its accessories. Although the aqueous-based
cleaning method showed decrease in the tearing strength, all the
samples demonstrated tearing strength higher than the criteria set
by the NFPA 1971 standard (tearing strength >100 N) (NFPA, 1971;
2020).

The only difference between the aqueous washes was modified
wash used a higher temperature, Thus, the study showed the effects
of higher temperatures on the turnout suits and their accessories.
This answered the question of using the higher temperature to
wash out the turnout suits. The breaking, tearing strength, and
hydrophobicity of the outer shell material was lost after 30 washes
of the modified washing technique. This could happen when it is
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washed frequently at higher temperatures. The modified wash used
in the study includes a high temperature of 65°C. Hence, further
investigation of the optimization of the number of washes, higher
optimized temperature, and its effects need to be studied.

The liquid CO2 washing technique used in this study showed
that it did not have any significant effect on the tearing strength,
breaking strength, or water-repellent finish applied to the outer
shell material. However, it had an impact on the reflective trim and
product labels.The color change can be attributed to localized cross-
contamination or the dissolving of the dye. This might be the only
drawback of the liquid CO2 technique.

Limitations of this study are centered on the single sample type
used. Only one type of outer shell material, reflective trim, and
product label were used. A further study comprising various outer
shell materials, moisture barriers, thermal liners, and accessories
from different manufacturers needs to be completed to gain a
more comprehensive understanding of the effects of different
washing techniques on turnout suits. The flame retardant (FR)
properties need to be tested to study the effect of different washing
techniques. Given the limitations of this study and considering the
previously demonstrated cleaning performance (Girase et al., 2022)
andminimal impacts on the PPE durability, cleaning turnout gear in
a liquid CO2 process is a potential option that can be incorporated
as specialized cleaning into the NFPA 1851.
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