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Abstract 32 
Several commercial products have been broadly marketed for their effectiveness in 33 

removing residual PFAS from AFFF-impacted fire suppression systems. However, a 34 

comprehensive assessment of their effectiveness in mitigating long-term PFAS rebound 35 

following the initial cleaning has not been reported. Herein, batch and flow-through 36 

experiments were conducted to interrogate the overall effectiveness of four different 37 

cleaning solutions in removing residual PFAS from AFFF-impacted stainless steel pipes 38 

from a fire suppression system. Advanced surface imaging techniques were also employed 39 

to correlate with bench-scale testing results and to provide insights into potential PFAS 40 

rebound mechanisms. Results presented herein demonstrate that complete removal of 41 

PFAS from AFFF-impacted fire suppression systems is extremely difficult to achieve for 42 

all four cleaning solutions examined in this study. The PFAS rebound behavior observed 43 

was likely attributable to PFAS supramolecular assemblies accumulating on the pipe 44 

surfaces. Because PFAS rebound following cleanout of AFFF-impacted fire suppression 45 

systems is likely inevitable, there needs to be an understanding of the practical limits to 46 

which impacted fire suppression system cleanout can be achieved. Improved insights into 47 

the dissolution mechanisms and the rate of dissolution of supramolecular formations will 48 

be key to improving PFAS decontamination processes and decontamination of 49 

materials/equipment impacted by AFFFs. 50 

Environmental Implication 51 

AFFF decontamination followed by F3 transition and replacement is a critical need in 52 

the United States and globally. Results from this study demonstrates that achieving 53 

complete PFAS decontamination of AFFF-impacted fire suppression systems is extremely 54 

difficult. PFAS supramolecular structures formed on pipe surfaces as a result of decades of 55 
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exposure to AFFF were consistently observed using advanced spectroscopy techniques and 56 

were likely attributable to the persistent PFAS rebound behavior observed for all four 57 

cleaning reagents examined in this study. Improved insights into the dissolution 58 

mechanisms and the rate of dissolution of supramolecular formations will be key to 59 

improving PFAS decontamination processes and decontamination of materials/equipment 60 

impacted by AFFFs. 61 

62 
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1. Introduction 63 

As the United States Environmental Protection Agency (USEPA) and many states 64 

promulgate increasingly stringent regulations on acceptable concentrations of per- and 65 

polyfluoroalkyl substances (PFAS) in water and soil, pressure is rapidly increasing to 66 

replace all PFAS-containing firefighting foams such  as aqueous film-forming foam (AFFF) 67 

and fluoroprotein foams historically used and stored in fire suppression systems. The 68 

National Defense Authorization Act of Fiscal Year 2020 (signed into law December 20, 69 

2019) requires the United States Department of Defense (DoD) to immediately stop 70 

military training exercises with AFFF (Congress, 2020) and phase out its use of AFFFs at 71 

all military installations by October 1, 2024 with limited exceptions. The recent 72 

determination by the USEPA that PFAS are hazardous substances (EPA, 2024a) will likely 73 

further accelerate activities to eliminate PFAS from existing fire suppression systems and 74 

to facilitate the transition to fluorine-free foams (F3s).  75 

In the United Kingdom and the European Union (EU), fluorinated Class B firefighting 76 

foams have been subject to assessment and may be reported as persistent organic pollutants 77 

(POPs) under the Registration, Evaluation, Authorization, and Restriction of Chemicals 78 

(REACH) regulations since 2020 (EU, 2017). All firefighting foams containing 79 

fluorosurfactants require determination of their C8 PFAS content [perfluorooctanoic acid 80 

(PFOA) and PFOA-precursors] to determine if they comprise a foam which falls under the 81 

regulatory restrictions. As part of these regulations, no training has been allowed with C8 82 

PFAS-based foams since 2020. As of 2021, any business with more than 50 kilograms (kg) 83 

of C8 PFAS-based foam is required to register to local environmental regulators as a 84 

notifiable stockpile of POPs. Since 2023, C8 PFAS-based foams could only be used when 85 
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100% contained during use and the use of C8 PFAS-based foams will be terminated 86 

starting in 2025. These foams of current regulatory focus have limits set on their PFOA 87 

and PFOA-precursor content at 25 and 1,000 parts per billion (ppb), respectively. The total 88 

oxidizable precursor (TOP) assay has been used commercially to assess the concentration 89 

of C8 precursors in firefighting foams for several years (Ross, 2024). In the EU, further 90 

regulations on products containing C9-C14 PFAS, with a target of 25 ppb for the sum of 91 

C9-C14 perfluoroalkyl acids (PFAAs) and 260 ppb for the sum of their precursors (EU, 92 

2021). In Australia, a concentration of 1 ppb of total PFAS (as confirmed by TOP assay) 93 

has been stipulated as the acceptable level in the next-generation F3s (Queensland DoEaH, 94 

2016 & 2017). 95 

A prerequisite to the F3 transition should include thorough cleaning of AFFF-impacted 96 

fire suppression systems to remove residual PFAS (API, 2020). In response to the previous 97 

transition from C8- to C6-based AFFF, a triple water rinse approach was developed and 98 

implemented by the United States Department of Defense (Ross, 2021; Secretary of 99 

Defense for Acquisition and Sustainment, 2018) and reportedly adopted by various 100 

agencies worldwide (Dahlbom et al., 2024). However, evaluation of this methodology on 101 

an aircraft rescue and firefighting (ARFF) vehicle indicated that, while effective in 102 

removing PFAS in AFFF from the ARFF, triple rinse with water did not reduce the 103 

concentration of PFOS below 800 ppb in a subsequent rinsate sample (Edwards et al., 104 

2020). Several additional studies have highlighted the challenge of effectively removing 105 

PFAS from these systems using potable water and reported substantial amount of PFAS 106 

present on internal surfaces due to prolonged exposure to fluorosurfactants (Dahlbom et 107 

al., 2024; Horst et al., 2021; Lang et al., 2022, Ross and Storch, 2020). The unique 108 
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interfacial properties of fluorosurfactants that make AFFF an effective extinguisher of 109 

chemical fires have been described to form aggregates termed supramolecular assemblies 110 

(Riess et al., 1996). Recent publications (Lang et al., 2022; Ross, 2021) have hypothesized 111 

that this aggregation leads to formation of supramolecular assemblies of PFAS that cling 112 

to the surface of fire suppression systems. These supramolecular assemblies, described by 113 

Ross (2021) as a crystalline bilayer of self-assembled PFAS, are expected to be poorly 114 

disrupted by water which has led to a search for more effective rinsing formulations and 115 

conditions to enhance PFAS removal from impacted fire suppression systems using various 116 

cosolvents or specialized cleaning agents, and/or heating, and surface scouring approaches 117 

(Dahlbom et al., 2024; Edwards et al., 2020; Horst et al., 2021; Lang et al., 2022). Although 118 

results from these studies indicate improved PFAS removal using the aforementioned 119 

enhancements, a systematic comparison of their effectiveness is lacking.  120 

Given the large number of fire suppression systems in the United States and globally 121 

that have been exposed to AFFF and require cleanout, there is a critical need to 122 

substantially improve the means, materials, and methods for fire suppression system 123 

decontamination. Several commercial products have been recently and broadly marketed 124 

for their effectiveness in removing residual PFAS from AFFF-impacted fire suppression 125 

systems. However, a comprehensive assessment of their efficacy in mitigating long-term 126 

PFAS rebound following the initial cleaning has not been reported. Herein, batch and flow-127 

through experiments were conducted to interrogate the overall effectiveness of four 128 

different cleaning solutions in removing residual PFAS from AFFF-impacted stainless 129 

steel pipes from a fire suppression system. Potentially applicable rebound mitigation 130 

strategies were assessed. Advanced surface imaging techniques including high-resolution 131 



 7 

scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) 132 

were also employed to correlate with bench-scale testing results and to provide insights 133 

into potential PFAS rebound mechanisms.  134 

2. Experimental Section 135 

2.1. Materials 136 

Grade 304 stainless steel pipes measuring 7.0 cm in inner diameter and 7.6 cm in outer 137 

diameter obtained from a fire suppression system at a commercial airport in Sydney, 138 

Australia (courtesy of Arcadis) were used for all testing described herein. The pipes were 139 

exposed to a variety of AFFF formulations for more than three decades prior to their 140 

removal from the hangar. Upon receipt, the pipes were cut into small segments measuring 141 

approximately 5 cm in length using a band saw. These pipe segments were then used for 142 

all experiments described herein. 143 

Cleaning solutions examined in this study include 1) potable water (verified to contain 144 

less than 10 ng/L of total target PFAS using EPA Method 1633, see Table SI-1) available 145 

at CDM Smith laboratory (Bellevue, WA); 2) methanol (MeOH, ACS reagent, Sigma 146 

Aldrich, St. Louis, MO); 3) a solution formulated by Colorado School of Mines (Golden, 147 

CO) and referred to hereafter as CSM Solution [consisting of citric acid (2% by volume), 148 

ethanol (10%), propylene glycol (20%), and potable water (68%); all chemicals purchased 149 

from Sigma Aldrich, St. Louis, MO]; and 4) and a proprietary, commercial cleaning 150 

solution widely used for AFFF cleanout from impacted fire suppression systems, which is 151 

composed of a biodegradable, plant-based fatty acid that forms a weak ionic bond with 152 

anionic PFAS constituents (referred to hereafter as Proprietary Solution). Potable water 153 

was chosen to serve as a negative control in this study whereas methanol, given its high 154 
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solvency for PFAS, was used as a positive control. The Proprietary Solution was included 155 

in this study because it is one of the few reagents currently marketed for fire suppression 156 

system cleaning. The CSM Solution, consisting of citric acid, ethanol, and propylene glycol, 157 

was specifically formulated for field demonstration due to its lowered pH and inclusion of 158 

solvents with low flammability and high solvency for PFAS.  159 

2.2. Batch Experiments 160 

5-cm long segments of the AFFF-impacted pipes were placed in 4-L HDPE containers 161 

pre-cleaned with methanol and PFAS-free DI water (Figure SI-1). The four cleaning 162 

solutions examined were then added to the HDPE containers to completely submerge the 163 

pipes. The capped HDPE containers were then placed in a temperature-controlled (20 ᵒC) 164 

shaker table and agitated at 80 rpm for 24 hours. After the 24-hour period, an aqueous 165 

sample was collected from each HDPE container for target and non-target PFAS analysis 166 

(described below). Subsequently, the PFAS-laden “spent” cleaning solution was 167 

completely removed from each HDPE container and replaced with a fresh solution. This 168 

solution changeout process was repeated three times to simulate the triple rinse protocol 169 

commonly employed for fire suppression system cleanout. At the end of the triple rinse, 170 

PFAS-free DI water was then added into the HDPE containers to simulate the F3 171 

replacement in the “clean” fire suppression system that typically occurs following AFFF 172 

cleanout. Due to the difficulty in analyzing for PFAS samples in F3, PFAS rebound was 173 

evaluated in DI water instead of a F3. The HDPE containers were then agitated in the 174 

shaker table for an additional 2-, 4-, and 6-weeks with samples collected at each interval 175 

(to simulate and to assess the potential for post-cleaning PFAS rebound). Following 176 

collection of the 6-week rebound test, the pipes were rinsed with methanol. Subsequently, 177 
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samples of the methanol rinsates were collected to determine the extent of residual PFAS 178 

remaining on the surfaces of the pipes. All testing was performed in duplicate to assess 179 

data reproducibility. 180 

2.3. Surface Agitation Techniques 181 

Two different surface agitation techniques were interrogated for their potential 182 

effectiveness in mitigating PFAS rebound following the triple rinse. Testing was performed 183 

using the same AFFF-impacted pipe segments and the aforementioned batch testing 184 

protocols with the exception that, following the triple rinse, the impacted pipes were subject 185 

to either physical scrubbing using a 5.7-cm diameter, hard-bristled, stainless steel brush 186 

(Fisher Scientific, Waltham, MA) connected with a power drill for 1 hour or ultrasonic 187 

cleaning in methanol for approximately 15 days using an ultrasonic cleaner (VWR 188 

Aquasonic Model 150T, 35 kHz). Subsequently, the pipes were soaked in PFAS-free DI 189 

water and subject to rebound evaluation at 2-, 4-, and 6-weeks following the initial cleaning 190 

as previously described. Additional experiments were performed on DI water spiked with 191 

a C6 AFFF (Phos-Chek 3% AFFF MilSpec, Asturias, Spain) to ensure no PFAS 192 

degradation occurred via sonolysis as a result of sonication; this is consistent with literature 193 

results which reported little to no PFAS degradation at a frequency of 44 kHz or lower 194 

(Wood et al., 2020).  195 

2.4. Flow-Through Experiments 196 

To more realistically simulate AFFF cleanout from impacted fire suppression systems 197 

under field conditions (where continuous recirculation of a cleaning solution is typically 198 

performed during AFFF cleanout) and to ensure that results obtained from the 199 

aforementioned batch experiments were not an artifact of the batch testing methodology, 200 



 10 

flow-through experiments were performed utilizing the same AFFF-impacted pipes and 201 

three cleaning reagents including potable water, the CSM Solution, and the Proprietary 202 

Solution (Figure SI-2). For safety reasons, methanol was not examined in these flow-203 

through experiments. A 4-L glass media bottle was used as the reservoir for the cleaning 204 

solution. A centrifugal pump was used to recirculate the cleaning solution through the 205 

AFFF-impacted pipes in an up-flow configuration. Aqueous samples were periodically 206 

collected from the reservoir to assess PFAS removal effectiveness from the impacted pipes. 207 

Similar to the batch experiments, the triple rinse protocol was simulated in these flow-208 

through experiments; after each 8-hour continuous recirculation event, a “fresh” cleaning 209 

solution was used to replace the “spent” PFAS-laden solution. After the third rinse, the 210 

pipes were transferred to pre-cleaned 4-L HDPE containers and allowed to soak in PFAS-211 

free DI water to assess post-cleaning PFAS rebound as previously described; again, the 212 

intent herein was to simulate the potential PFAS rebound in the replacement F3 in fire 213 

suppression systems following AFFF cleanout. Similar to the batch experiments, rebound 214 

testing was performed in DI water instead of a F3 due to analytical interreferences. Note 215 

that PFAS rebound mitigation strategies employed in the batch experiments including 216 

physical scrubbing and sonication in methanol are difficult (if not impossible) to implement 217 

in the field. Therefore, air scouring, a commonly employed surface scouring method, and 218 

mild heating (50 ᵒC) were evaluated as potential PFAS rebound mitigation strategies in 219 

these flow-through experiments. Other surface scouring techniques such as sand blasting 220 

and utilization of solid-phased scouring agents were deemed unacceptable to the DoD fire 221 

suppression system operators and thus were not evaluated as part of this study. An air 222 

compressor was used to introduce air into the continuous recirculation loop at 223 
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approximately 2 L/min to assess impacts of scouring on PFAS removal from impacted pipe 224 

surfaces and post-cleaning PFAS rebound potential. To evaluate impacts of mild heating, 225 

separate experiments were performed for all three solutions examined in the flow-through 226 

experiments at ambient (approximately 22 ᵒC) as well as an elevated temperature 227 

(approximately 50 o C). A hot plate was used to increase the temperature of the recirculating 228 

cleaning solution to the desired temperature. All testing was performed in duplicate to 229 

assess data reproducibility. 230 

2.5. Total Extractable PFAS Mass Determination 231 

Triplicate pipe segments were subject to long-term ultrasonic cleaning in methanol to 232 

determine the total extractable mass of PFAS present on pipe surfaces. The same ultrasonic 233 

cleaning procedure used in the previously described surface agitation experiments was 234 

employed, with the exception that the methanol rinsate solution was analyzed for pre- and 235 

post-oxidation PFAS and replaced each day for a total of 15 days until PFAS were no 236 

longer detected in the rinsate. The PFAS mass extracted from each ultrasonic cleaning 237 

cycle was subsequently added to determine the total extractable PFAS mass from the 238 

AFFF-impacted pipe surfaces.  239 

2.6. PFAS Analyses 240 

All PFAS analyses were performed using liquid chromatography with tandem mass 241 

spectrometry (LC-MS/MS) by SGS-AXYS Analytical (British Columbia, Canada) via 242 

EPA Method 1633 (EPA, 2024b). The reporting limits for all 40 target PFAS were 243 

approximately 1 ng/L. TOP assay samples were also analyzed in the same manner, with 244 

the exception that samples were subject to heat- and alkaline-activated persulfate oxidation 245 

to transform perfluoroalkyl acid (PFAA) precursors to terminal PFAAs prior to the routine 246 
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target PFAS analysis using EPA Method 1633. All TOP assay samples were also conducted 247 

by SGS-AXYS Analytical. The reporting limits for all PFAS in TOP assay following 248 

oxidation were more elevated than the pre-oxidation analysis, ranging between 249 

approximately 5 and 20 ng/L.  250 

2.7. Surface Imaging 251 

Pipe samples exhibiting PFAS rebound (following triple rinse with methanol) and those 252 

exhibiting little rebound post-cleaning (following ultrasonic cleaning in methanol) in the 253 

batch experiments were sent to Manchester Metropolitan University for surface imaging 254 

using SEM and EDX techniques. All pipe samples were cut into pieces measuring 255 

approximately 2 cm x 2 cm in size using a hacksaw. The samples were then mounted on 256 

the aluminum SEM pin stubs (12 mm diameter, Agar Scientific, Essex, UK) using adhesive 257 

carbon tabs (12 mm diameter, Agar Scientific, Essex, UK). Subsequently, the samples were 258 

loaded into a Crossbeam 350 Focused Ion Beam – Scanning Electron Microscope (FIB-259 

SEM) (Carl Zeiss GmbH, Oberkochen, Germany) fitted with a field emission electron gun. 260 

Backscattered electron images were obtained using an Energy-Selective Backscattered 261 

Electron (EsB) detector using an accelerating voltage of 2 kV and the filtering grid set to 262 

1.5 kV to remove the secondary electron signal. With SEM, backscattered electrons arise 263 

as a result of elastic scattering of incident beam electrons by atoms on the sample surface 264 

(Marassi at al., 2009). Due to their larger nuclei, heavier elements can deflect the incident 265 

electrons through larger angles, meaning that they are more likely to escape from the 266 

sample surface and be subsequently detected. Therefore, materials with higher atomic 267 

numbers will generate more backscattered electrons than materials with a low atomic 268 

number. With EDX, the X-rays generated as a result of inelastic collisions of incident beam 269 
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electrons with various atoms on the sample surface can be measured by an EDX detector 270 

and used to determine the elemental composition of the analyzed area. EDX analysis was 271 

performed using an Ultim Max 170 detector (Oxford Instruments plc., Abingdon, UK). 272 

EDX spectra were obtained from several areas across each sample at low magnification 273 

using an accelerating voltage of 20 kV. 274 

3. Results and Discussion 275 

3.1. Batch Experiment Results 276 

The total target PFAS mass (dominated by 6:2 FTS as shown in Figure SI-3) removed 277 

by the four cleaning reagents (expressed as PFAS mass removed normalized by the inner 278 

surface area of the pipes exposed to AFFF or ng/cm2) after the initial triple rinse followed 279 

by the 2-, 4-, and 6-week rebound periods in PFAS-free DI water, and after the final 280 

methanol rinse is depicted below in Figure 1A. A summary of the total PFAS masses 281 

recovered during the initial triple rinse as well as in the four subsequent rebound samples, 282 

normalized by the inner pipe surface area, is tabulated in Table 1. The corresponding PFAS 283 

concentrations of the rinsate and rebound (in DI water) samples are presented in Table SI-284 

2. For all four cleaning solutions examined in this study, the highest PFAS masses 285 

recovered in the rinsates were observed following the initial rinse. The surface-normalized 286 

pre-oxidation PFAS masses recovered during the initial rinse were approximately 120, 170, 287 

250, and 290 ng/cm2 for the Proprietary Solution, potable water, methanol, and CSM 288 

Solution, respectively. The pre-oxidation PFAS mass recovered from the pipes decreased 289 

significantly after the initial triple rinse, subsequently rebounded over the 6-week periods 290 

of soaking in DI water, and increased even further after the final methanol rinse. However, 291 

the extent to which PFAS rinsate concentrations decreased initially and subsequently 292 
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rebounded varied among the four cleaning solutions examined. Specifically, the highest 293 

pre-oxidation PFAS masses were recovered following the triple rinse with methanol 294 

(approximately 270 ng/cm2) and the CSM solution (approximately 300 ng/cm2). 295 

Additionally, the least amount of target PFAS mass was recovered in the third rinse using 296 

were attained using methanol and the CSM Solution (approximately 1 ng/cm2). The 297 

smallest extent of PFAS rebound over the 6-week period after the initial cleanout and 298 

following the final methanol rinse were also observed using methanol and the CSM 299 

Solution (measured approximately 110 and 60 ng/cm2 total in the four rebound samples 300 

collected after the initial triple rinse, respectively). In several cases, the CSM Solution 301 

statistically outperformed methanol (with a 95% confidence), albeit only slightly. On the 302 

other hand, both potable water and the Proprietary Solution were generally the least 303 

effective solutions with respect to maximizing PFAS removal from impacted pipes after 304 

the triple rinse while minimizing PFAS rebound in the subsequent rebound and methanol 305 

rinse samples. Specifically, only approximately 160 and 220 ng/cm2 of target PFAS masses 306 

were recovered after the initial triple rinse using the Proprietary Solution and potable water, 307 

respectively. Substantially higher residual PFAS masses were observed in the third rinse 308 

using the Proprietary Solution (approximately 17 ng/cm2) and potable water 309 

(approximately 25 ng/cm2) compared to methanol and the CSM solution (approximately 1 310 

ng/cm2). A higher degree of PFAS rebound following the initial triple rinse was observed 311 

with the Proprietary Solution and potable water compared to methanol and the CSM 312 

solution (with a 95% confidence). The PFAS masses recovered in the final methanol rinse 313 

samples represented between 70 and 130% of those observed after the first rinse using 314 

potable water and the Proprietary Solution, respectively. Surprisingly, the Proprietary 315 
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Solution was even less effective than potable water. In fact, lower PFAS removal and 316 

higher PFAS rebound were observed with the Proprietary Solution compared to potable 317 

water. As provided in Table SI-2, very high target PFAS aqueous concentrations were 318 

observed in the 6-week rebound samples in DI water, ranging from approximately 3,000, 319 

7,000, 10,500, and 11,200 ng/L for the CSM Solution, methanol, potable water, and the 320 

Proprietary Solution, respectively. These very high pre-oxidation PFAS concentrations in 321 

the DI water-based rebound samples are noteworthy given the requisite residual PFAS 322 

concentration threshold of less than 1 ppb for the next-generation F3s (DoD, 2023) and 323 

EPA’s recent PFAS rule (EPA, 2024c). 324 

Substantially higher (between approximately 15 and 20 times) PFAS concentrations 325 

were observed following the TOP assay as shown in Figure 1B, suggesting that there is a 326 

significant amount of PFAA precursors present in the rinsates that were readily oxidized 327 

to terminal PFAAs. Interestingly, similar PFAS removal and rebound trends were observed 328 

for pre- and post-oxidation results. In general, the CSM Solutions and methanol were the 329 

most effective cleaning reagents; the highest PFAS concentrations in the rinsates and the 330 

smallest extent of PFAS rebound were observed with these solutions. The post-oxidation 331 

aqueous PFAS concentrations present in the 6-week rebound samples (in DI water) 332 

following the initial triple rinse ranged from approximately 46,000, 53,000, 103,000 to 333 

126,000 ng/L for the CSM Solution, methanol, potable water, and the Proprietary Solution, 334 

respectively. These concentrations are several orders-of-magnitude higher than the 335 

aforementioned performance specification for the next-generation F3s.  336 
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 337 
Figure 1. Total Pre-Oxidation (A) and Post-Oxidation (B) PFAS Mass Removed from 338 
AFFF-Impacted Pipes Using Triple Rinse with Different Cleaning Solutions 339 
Average results shown. Error bars = 95% confidence interval. PFAS masses recovered in 340 
the rinsate were normalized by the inner surface area of the pipes exposed to AFFF (i.e., 341 
ng PFAS per cm2).  342 
 343 

Impacts of pipe surface agitation on minimizing PFAS rebound following the initial 344 

triple rinse using physical scrubbing and ultrasonic cleaning techniques are graphically 345 

illustrated below in Figures 2 and 3, respectively. In general, ultrasonic cleaning in 346 

methanol was slightly more effective than physical scrubbing in mitigating the PFAS 347 

rebound potential; more than 98% reduction of both total pre- and post-oxidation PFAS 348 

concentrations were observed and sustained following the initial triple rinse coupled with 349 

ultrasonic cleaning in methanol. With surface agitation, substantially lower PFAS aqueous 350 

concentrations were observed in the 6-week rebound samples for all four cleaning solutions 351 

examined, ranging between approximately 10 and 200 ng/L. Interestingly, there were little 352 
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differences (with a 95% confidence) in the extent to which PFAS rebound were mitigated 353 

among the four cleaning solutions examined in this study after either pipe surface agitation 354 

technique had been applied. These results suggest that pipe surface agitation may be more 355 

influential in limiting potential PFAS rebound following the initial triple rinse than the 356 

actual cleaning solution employed. An alternative set of data charts, plotted in logarithmic 357 

scale to better visualize differences across the cleaning reagents at lower concentrations, is 358 

provided in Figure SI-4. 359 

 360 
Figure 2. Total Pre-Oxidation (A) and Post-Oxidation (B) PFAS Mass Removed from 361 
AFFF-Impacted Pipes Using Different Cleaning Solutions with Physical Scrubbing 362 
Average results shown. Error bars = 95% confidence interval. PFAS masses recovered in 363 
the rinsate were normalized by the inner surface area of the pipes exposed to AFFF (i.e., 364 
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ng PFAS per cm2). Dashed line represents when physical scrubbing using a hard-bristled 365 
brush was performed following the initial triple rinse.  366 

 367 
Figure 3. Total Pre-Oxidation (A) and Post-Oxidation (B) PFAS Mass Removed from 368 
AFFF-Impacted Pipes Using Different Cleaning Solutions with Ultrasonic Cleaning 369 
Average results shown. Error bars = 95% confidence interval. PFAS masses recovered in 370 
the rinsate were normalized by the inner surface area of the pipes exposed to AFFF (i.e., 371 
ng PFAS per cm2). Dashed line represents when ultrasonic cleaning was performed 372 
following the initial triple rinse.  373 
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Table 1. Total Surface Area-Normalized PFAS Mass Removed Pre- vs. Post-Oxidation 380 
During the Initial Triple Rinse and Subsequent Rebound Tests in the Batch Experiments 381 

Surface 
agitation 
techniques 

Cleaning solution 
PFAS concentration (ng/cm2) 

Pre-oxidation Post-oxidation 
Triple rinse Rebound Triple rinse Rebound 

None 

Potable water 240 ± 15 230 ± 6 3,800 ± 240 3,500 ± 210 
MeOH 270 ± 10 110 ± 16 4,200 ± 150 1,200 ± 150 
CSM solution 300 ± 11 60 ± 4 4,400 ± 320 850 ± 100 
Proprietary solution 160 ± 21 280 ± 11 3,500 ± 430 3,300 ± 160 

Scrubbing 
with wire 
brush after 
triple rinse 

Potable water 240 ± 16 13 ± 2 3,700 ± 170 130 ± 14 
MeOH 280 ± 14 17 ± 1 4,100 ± 250 90 ± 10 
CSM solution 320 ± 18 7 ± 2 4,300 ± 310 100 ± 15 
Proprietary solution 180 ± 26 13 ± 1 3,300 ± 30 182 ± 20 

Ultrasonic 
cleaning in 
methanol after 
triple rinse 

Potable water 250 ± 13 4 ± 1 3,500 ± 200 50 ± 10 
MeOH 280 ± 11 4 ± 1 4,500 ± 140 60 ± 11 
CSM solution 320 ± 26 4 ± 1 4,300 ± 200 50 ± 9 
Proprietary solution 170 ± 28 6 ± 1 3,100 ± 320 70 ± 11 

Masses recovered from the initial triple rinse are sums of those measured following the 382 
first, second, and third rinses with each of the four cleaning solutions examined. Masses 383 
recovered from rebound testing are sums of those measured in the 2-, 4-, and 6-weeks post-384 
cleaning rebound samples as well as in the final methanol rinses.  385 

 386 

3.2. Flow-Through Experiment Results 387 

Results of the flow-through experiments for the three solutions examined (methanol 388 

was not interrogated due to safety reasons) are graphically depicted in Figure 4. The 389 

similarity (±10%) in PFAS masses removed and those rebounded between the flow-390 

through and the batch experiments indicated that the results observed in the batch 391 

experiments were not an artifact of the experimental setup. Additionally, these results 392 

demonstrated that continuous recirculation of the cleaning reagents through the impacted 393 

pipes alone do not meaningfully improve AFFF cleanout effectiveness. Impacts of surface 394 

agitation techniques that can be readily applied at the field scale, including air scouring and 395 

mild heating, on enhancing PFAS removal from impacted pipe surfaces and minimizing 396 

PFAS rebound following the initial triple rinse are shown in Figures 4A and 4B, 397 

respectively. For ease of comparison, only relative changes in PFAS mass recovered 398 

following the initial triple rinses (representative of the readily PFAS removal) and in 399 
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subsequent rebound samples in PFAS-free DI water (representative of the PFAS rebound 400 

potential) are presented herein and tabulated in Table 2. Little to no improvements were 401 

seen with air scouring for all three cleaning solutions examined, suggesting that more 402 

aggressive surface agitation techniques are likely required to meaningfully enhance PFAS 403 

removal and to minimize potential for PFAS rebound. Mild heating to 50 ᵒC marginally 404 

improved PFAS removal (by up to 40%) from impacted pipe surfaces and mitigated 405 

potential PFAS rebound (by up to 30%) following the triple rinse for all three solutions 406 

examined except for the Proprietary Solution [where only a marginal (approximately 20%) 407 

improvement in PFAS removal and rebound mitigation was observed]. Duplicate 408 

measurements were taken in an attempt to account for analytical errors and variability in 409 

PFAS concentration across the pipe length. However, it is recognized that some of the 410 

discrepancy might be attributable to variations in the different pipe segments used 411 

throughout the experiments and/or within analytical errors. Collectively, these results 412 

suggest that mild heating coupled with a more aggressive surface agitation technique 413 

should be considered to optimize PFAS removal from impacted pipe surfaces and to 414 

minimize PFAS rebound.  415 

 416 
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 417 
Figure 4. Impacts of Air Scouring and Mild Heating on Pre-Oxidation (A) and Post-418 
Oxidation (B) PFAS Removal and PFAS Rebound Potential in the Flow-Through 419 
Experiments 420 
Average results shown. Error bars = 95% confidence interval. PFAS concentrations in the 421 
rinsate were normalized by the inner surface area of the pipes exposed to AFFF. Masses 422 
recovered from the triple rinses are sums of those measured following the first, second, 423 
and third rinses with each of the three cleaning solutions examined. Masses recovered from 424 
rebound testing are sums of those measured in the 2-, 4-, and 6-weeks post-cleaning 425 
rebound samples as well as in the final methanol rinses. Except for the mild heating 426 
experiments (which were conducted at approximately 50 ᵒC), all other experiments were 427 
conducted at ambient temperature of approximately 22 ᵒC. 428 
 429 
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Table 2. Total Surface Area-Normalized PFAS Mass Removed Pre- vs. Post-Oxidation 439 
During the Initial Triple Rinse and Subsequent Rebound Tests in the Flow-Through 440 
Experiments 441 

Surface 
agitation 
techniques 

Cleaning solution 
PFAS concentration (ng/cm2) 

Pre-oxidation Post-oxidation 
Triple rinse Rebound Triple rinse Rebound 

None 
Potable water 250 ± 11 230 ± 13 4,000 ± 460 3,700 ± 450 
CSM solution 290 ± 20 60 ± 5 4,300 ± 260 1,000 ± 190 
Proprietary solution 160 ± 24 280 ± 16 3,600 ± 530 3,900 ± 360 

Air scouring 
Potable water 240 ± 13 260 ± 19 3,800 ± 270 3,400 ± 360 
CSM solution 320 ± 25  110 ± 17 4,500 ± 210 1,600 ± 200 
Proprietary solution 180 ± 11 280 ± 22 3,800 ± 530 3,600 ± 300 

Mild heating 
Potable water 360 ± 28 140 ± 10 5,100 ± 240 2,900 ± 410 
CSM solution 450 ± 14 40 ± 5 5,800 ± 360 810 ± 140 
Proprietary solution 240 ± 31 270 ± 24 4,900 ± 590 2,500 ± 260 

Masses recovered from the initial triple rinse are sums of those measured following the 442 
first, second, and third rinses with each of the four cleaning solutions examined. Masses 443 
recovered from rebound testing are the sums of those measured in the 2-, 4-, and 6-weeks 444 
post-cleaning rebound samples as well as in the final methanol rinses.  445 
 446 

When compared to the total PFAS mass that can be extracted from the impacted pipes 447 

(approximately 1,400 ng/cm2 pre-oxidation or 16,000 ng/cm2 post-oxidation as shown in 448 

Table SI-3), the maximum PFAS mass recovered in the flow-through experiments 449 

following the initial triple rinse with the CSM solution and mild heating only represented 450 

less than half of the total extractable PFAS mass present on pipe surfaces. These results 451 

highlight the challenge in completely removing PFAS from AFFF-impacted fire 452 

suppression systems while minimizing post-cleaning PFAS rebounds.  453 

3.3. Pipe Surface Imaging Results 454 

SEM images of pipes exhibiting significant (triple rinse with methanol as shown in 455 

Figure 1) and minimal (ultrasonic cleaning in methanol as shown in Figure 3) PFAS 456 

rebound are shown in Figures 5A and 5B, respectively. There is a significant difference in 457 

the contrast of the backscattered electron images obtained from the two pipe samples. In 458 

the “dirty” pipe sample subject to triple rinse with methanol (which exhibited significant 459 

PFAS rebound), the majority of the pipe surface is covered by dark patches indicative of 460 
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low atomic number (i.e., lighter) elements. In contrast, in the “clean” pipe sample subject 461 

to ultrasonic cleaning in methanol (which exhibited substantially less PFAS rebound), there 462 

is a significant reduction in the coverage of the dark patches and substantially more lighter 463 

patches which are indicative of high atomic number (i.e., heavier) elements.  464 

 465 
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 466 
Figure 5. SEM Images of “Dirty” Pipes Exhibiting Significant (A) Versus “Clean” Pipes 467 
Exhibiting Little (B) Post-Cleaning PFAS Rebound 468 
10,000x magnification. Darker patches = lighter elements. Lighter patches = heavier 469 
elements.  470 

A

B



 25 

Further pipe surface analysis was performed using EDX to determine the elemental 471 

composition of the analyzed area. The EDX quantification data, tabulated below in Table 472 

3 and depicted in Figure 6, shows substantially higher amount of carbon, oxygen, and 473 

fluorine on the “dirty” pipe surfaces (Figure 6A) than on the “clean” pipe surfaces (Figure 474 

6B), which is consistent with observations made with the backscattered electron images 475 

(Figure 5). The average mass of fluorine detected in the “dirty” pipe samples is 476 

approximately 1.0% (by weight). No fluorine was detected in any of the three areas 477 

analyzed on the “clean” pipe. In addition to fluorine, higher average masses of carbon (15% 478 

vs. 10%) and oxygen (3% vs. 1%) were consistently observed on the “dirty” pipe surfaces 479 

than on the “clean” pipe surfaces, thereby serving as indirect evidence of fluorosurfactant 480 

supramolecular assemblies on the “dirty” pipes. In contract, higher masses of chromium, 481 

iron, and nickel (the three most abundant elements found in Grade 304 stainless steel) were 482 

observed on the surfaces of the “clean” pipe samples (Figures 5B and 6B) with little to no 483 

coating consisting of carbon, fluorine, and oxygen.  484 

Table 3. EDX Elemental Analysis (% by Weight) of “Dirty” vs. “Clean” Pipe Surfaces  485 
Element Dirty pipe 

1 
Dirty pipe 

2 
Dirty pipe 

3 
Clean pipe 

1 
Clean pipe 

2 
Clean pipe 

3 
C 18.0 ± 6.1 15.6 ± 5.9 11.6 ± 11.2 10.3 ± 4.4 8.6 ± 1.0 12.8 ± 0.8 
O 4.3 ± 3.2 3.0 ± 2.4 2.6 ± 1.9 1.0 ± 0.0 1.0 ± 0.1 1.7 ± 0.2 
F 1.3 ± 0.6 1.0 ± 0.3 1.2 ± 0.0 - - - 

Na 1.0 ± 0.1 0.8 ± 0.5 0.7 ± 0.2 - - - 
Al 0.3 ± 0.3 0.4 ± 0.1 0.2 ± 0.0 - - 0.2 ± 0.0 
Si 0.3 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.4 ± 0.0 0.4 ± 0.1 
S 0.6 ± 0.4 0.5 ± 0.4 0.2 ± 0.0 0.1 ± 0.0 - 0.1 ± 0.0 
Cl 0.2 ± 0.1 0.2 ± 0.2 0.1 ± 0.0 - - - 
K 0.2 ± 0.0 - 0.1 ± 0.0 - - - 
Ca 0.1 ± 0.0 0.2 ± 0.1 0.1 ± 0.0 - - 0.2 ± 0.0 
Ti 0.1 ± 0.0 - - - - 0.2 ± 0.1 
V 0.1 ± 0.0 - - 0.1 ± 0.0 - - 
Cr 14.8 ± 1.5 16.8 ± 2.9 16.8 ± 2.5 17.6 ± 0.9 17.7 ± 0.5 16.8 ± 0.2 
Mn 0.8 ± 0.1 1.2 ± 0.3 1.1 ± 0.3 0.9 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 
Fe 52.5 ± 7.3 55.1 ± 5.6 58.0 ± 7.4 63.6 ± 2.4 64.2 ± 1.2 60.6 ± 1.1 
Ni 5.7 ± 0.8 5.3 ± 1.9 6.2 ± 0.3 6.8 ± 0.8 7.4 ± 0.4 7.2 ± 0.4 
Cu - - - - 0.3 ± 0.0 - 
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Element Dirty pipe 
1 

Dirty pipe 
2 

Dirty pipe 
3 

Clean pipe 
1 

Clean pipe 
2 

Clean pipe 
3 

Zn - 0.7 ± 0.0 - - - - 
All elemental masses reported as % by weight. Average results of triplicate analyses shown 486 
with 95% confidence intervals.  487 
 488 
 489 
  490 

 491 
Figure 6. EDX Images of “Dirty” Pipes Exhibiting Significant (A) Versus “Clean” Pipes 492 
Exhibiting Little (B) Post-Cleaning PFAS Rebound 493 
 494 
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High-resolution EDX maps of the “dirty” pipes exhibiting significant PFAS rebound 495 

versus “clean” pipes exhibiting little post-cleaning PFAS rebound are shown in Figures 496 

7A and 7B, respectively. No fluorine was found on the surfaces of the “clean” pipes, 497 

consistent with the bench testing results and EDX images presented above. On the other 498 

hand, high-resolution EDX maps for fluorine only (shown in Figure SI-5) suggest that the 499 

PFAS was uniformly distributed across the entire surface of the impacted pipe like a 500 

coating; these results are also consistent with the bench testing results and EDX images 501 

presented above. Note that the majority of green masses seen across the surface of the 502 

AFFF-impacted pipes in Figure 7A contained little fluorine (see Figure SI-5) and are 503 

likely associated with the carbon and oxygen present on the pipe surface. A small amount 504 

of fluorine is present in select green masses. Recent experimental and historical evidence 505 

has demonstrated that PFAS can form supramolecular structures on the surface of solid or 506 

hydrophobic materials (Kraft et al., 2009; Kostarelos et al., 2020; Dong et al., 2021; 507 

Tsianou et al., 2023; Mohona et al., 2023). In one study, microemulsions large enough to 508 

clog the pore space were formed by AFFF and non-aqueous phase liquids (NAPLs) 509 

(Kostarelos et al., 2020). Based on these characteristics, it is possible that the large amounts 510 

of fluorine mass in the surface defects of the pipe are supramolecular PFAS structures. The 511 

surface defects may represent diffusion limited transport domains and the supramolecular 512 

PFAS structures in those domains may be analogous to residual NAPLs trapped within 513 

tightly held layers (Miller et al., 1990; Powers et al., 1994a; Powers et al., 1994b). These 514 

structures may be directly responsible for the ongoing PFAS rebound observed following 515 

the initial triple rinse in both the batch and flow-through experiments. This is an active area 516 

of reach and warrants further evaluation using other imaging techniques such as X-ray 517 
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photoelectron spectroscopy (XPS), Fourier-transform infrared (FTIR) spectroscopy, and 518 

Raman spectroscopy.  519 

 520 
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 521 
Figure 7. High-Resolution EDX Images of “Dirty” Pipes with Fluorine-Containing 522 
Materials (A) Versus “Clean” Pipes Exhibiting No Fluorine-Containing Material (B) 523 
 524 
 525 

A

B
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4. Conclusions 526 

Results presented herein demonstrate that complete removal of PFAS from AFFF-527 

impacted fire suppression system is extremely difficult, even in the “best-case scenario” 528 

addressing straight pieces of stainless-steel pipe at the bench scale and using PFAS-free DI 529 

water in the rebound tests instead of a F3. Among the four cleaning solutions examined, 530 

the CSM Solution and methanol were the most effective whereas potable water and the 531 

Proprietary Solution were the least effective in enhancing PFAS removal and minimizing 532 

PFAS rebound from the impacted pipes following the initial rinses. Surprisingly, the 533 

Proprietary Solution, which is a commercial product marketed for AFFF cleanout from 534 

impacted fire suppression systems, was not significantly more effective than potable water. 535 

Aggressive surface agitation via physical scrubbing and ultrasonic cleaning in methanol 536 

were demonstrated, in the batch experiments under laboratory settings, to be effective at 537 

mitigating the aforementioned PFAS rebound issues. Although these techniques proved 538 

effective under laboratory settings, they are not readily implementable in the field. In the 539 

flow-through experiments designed to better simulate field conditions employing field-540 

implementable surface agitation techniques, air scouring was ineffective whereas mild 541 

heating only provided marginal improvements in enhancing PFAS removal and 542 

minimizing PFAS rebound. Therefore, mild heating should be considered during field 543 

implementation coupled with aggressive surface agitation techniques including (but not 544 

limited to) hot water pressure washing as well as dry ice and sand blasting. Note that several 545 

of these techniques might not be applicable to small components of fire suppression 546 

systems. Additionally, use of a solid scouring reagent was deemed inappropriate based on 547 

our prior correspondence with DoD firetruck operators. Therefore, a prior discussion with 548 



 31 

and approval from firetruck operators is recommended prior to exploration of these surface 549 

agitation techniques in the field. 550 

Fluorosurfactants including PFAS are known to self-aggregate into highly 551 

thermodynamically stable supramolecular assemblies (e.g., vesicles and lamellar layers) 552 

because they contain both highly non-polar fluorinated tails and ionic head groups (Kraft, 553 

2001). Specifically, lamellar layers characteristic of PFAS form because fluorosurfactant 554 

tails self-aggregate with other non-polar fluorinated tails while the negative charged head 555 

groups aggregate around cationic electrolytes in the aqueous solution (Kraft, 2001). The 556 

thermodynamic stable nature of these multilayered PFAS assemblies which act a stable 557 

crystalline hydrophobic non-aqueous phase is likely attributable to the rebound observed 558 

following the initial cleanout of AFFF suppression systems. Indirect, and in select instances, 559 

direct observations of these structures were made during SEM and EDX examination of 560 

surfaces of impacted pipes. Methanol and the CSM solution were the consistently best 561 

performers in solubilizing the fluorosurfactant supramolecular structures and minimizing 562 

PFAS rebounds compared to potable water and the Proprietary Solution in this study; this 563 

is likely because of the strong PFAS solvency of methanol and the CSM Solution. 564 

Diethylene glycol butyl ether (DGBE or butyl carbitol) and propylene glycol are solvents 565 

typically found in select AFFF formulations not only because of their strong solvency for 566 

PFAS but also their ability to prevent PFAS from forming self-assemblies in AFFF 567 

concentrates. Use of chemicals with a strong solvency for PFAS and ability to prevent 568 

formation of self-assemblies (Yu et al., 2021) such as diethylene glycol butyl ether (DGBE 569 

or butyl carbitol) and propylene glycol (solvents found in select AFFF formulations) may 570 

be worth considering in future efforts. Note that management of the PFAS-laden rinsate 571 
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solutions generated during fire suppression system cleanout represent a secondary source 572 

of PFAS contamination that must be properly managed and disposed of; this is an area of 573 

active research and should be further explored in future studies.  574 

As extensively demonstrated in this study, PFAS rebound following cleanout of AFFF-575 

impacted fire suppression systems is likely inevitable. Without applying aggressive surface 576 

agitation techniques that are impractical to implement in the field, substantial PFAS 577 

rebound was observed in PFAS-free DI water after the initial triple rinse. It is possible that 578 

even more substantial PFAS rebound may occur when these systems are filled with F3s 579 

following AFFF cleanout. Due to the difficulty in analyzing for PFAS in F3s, PFAS 580 

rebound in F3s was not interrogated as part of this study but must be carefully examined 581 

in future studies. Note that a clear understanding of the total PFAS mass present in different 582 

components of a fire suppression system or a firefighting equipment is also currently 583 

lacking. Therefore, it is recommended that further testing be performed to better understand 584 

the nature and extent of PFAS rebound associated with different AFFF-impacted 585 

components in a fire suppression system.  586 

Collectively, a better understanding of the practical limit to which impacted fire 587 

suppression system cleaning can be achieved is needed. However, given the urgent need 588 

for F3 transition and replacement, the fire suppression system cleaning/decontamination 589 

industry is advancing at a faster pace than the current state of the science and engineering. 590 

The lines of evidence employed to validate effective PFAS decontamination by 591 

commercial vendors usually only include the concentration of a limited number of target 592 

PFAS in solution, as opposed to evaluating all PFAS remaining on impacted surfaces. This 593 

approach will not reflect the remaining supramolecular PFAS associated with surfaces and 594 
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therefore is not a credible line of evidence to demonstrate effective cleaning. The PFAS 595 

chosen to be assessed to validate decontamination may also be difficult to justify. 596 

Analytical methods such as the EPA Method 1633 only detects a limited number (40) of 597 

PFAS target analytes, many of are not the principal fluorosurfactants known to be present 598 

in AFFFs (Backe et al., 2013; Place and Field, 2012). Advanced PFAS analytical methods 599 

capable of capturing these polyfluoroalkyl fluorosurfactants including  the TOP assay and 600 

combustion ion chromatography (CIC) provide a more robust alternative to assessing the 601 

efficacy of fire suppression system decontamination.  602 

Given the extent and magnitude of PFAS rebound following the initial triple rinse 603 

observed in this study, improved insights into the dissolution mechanisms and the rate of 604 

dissolution of supramolecular formations will likely be key to improving AFFF cleanout 605 

processes and decontamination of materials/equipment impacted by PFAS supramolecular 606 

formations. While more research is being conducted, practitioners in immediate need of 607 

performing AFFF decontamination from fire suppression systems should carefully monitor 608 

PFAS rebound immediately following the initial cleanout and thereafter using conventional 609 

and advanced PFAS analytical tools. Specifically, short-term (i.e., days) and long-term (i.e., 610 

weeks to months and years) PFAS monitoring should be periodically performed upon 611 

completion of AFFF cleanout. With rebound of up to 1.6 g/L of PFAS into F3s following 612 

multiple water rinses (Ross, 2019), effective decontamination of fire suppression systems 613 

is imperative to i) comply with regulatory thresholds, ii) avoid accidental releases of 614 

residual PFAS into the environment, iii) to ensure the safety and firefighting performance 615 

of the replacement F3s, and iv) minimize firefighters’ exposure to PFAS from handling 616 

and training with the next-generation F3.  617 
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