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ABSTRACT: One type of firefighting foam, referred to as aqueous film-
forming foams (AFFF), is known to contain per- and polyfluoroalkyl
substances (PFAS). The concerns raised with PFAS, and their potential
environmental and health impacts, have led to a surge in research on fluorine-
free alternatives both in the United States and globally. Particularly, in January
2023, a new military specification (MIL-PRF-3272S) for fluorine-free foam
was released in accordance with Congressional requirements for the U.S.
Department of Defense. This paper provides a critical analysis of the present
state of the various fluorine-free options that have been developed to date. A
nuanced perspective of the challenges and opportunities of more sustainable
replacements is explored by examining the performance, cost, and regulatory
considerations associated with these fluorine-free alternatives. Ultimately, this evaluation shows that the transition to fluorine-free
replacements is likely to be complex and multifaceted, requiring careful consideration of the trade-offs involved. Yet, the ongoing
work will provide valuable insights for future research on alternatives to AFFF and enhancing the safety and sustainability of fire
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suppression systems.
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B INTRODUCTION: FIVE DECADES WITH AFFF

All aqueous film forming foams (AFFF) containing PFAS were
developed in the 1970s for Class B firefighting operations to
combat flammable liquid fires like petroleum-based fuel. The
key discovery was that fluorinated surfactants enable much
improved fire extinguishment capability because PFAS are
dissolved by fuel and have a lower surface energy than fuels.'
For approximately 50 years, AFFF have been used by the
military, civilian airports, industry, and fire departments to
combat flammable liquid fires. PFAS-containing formulations
have also been used in manufacturing firefighters’ personal
protective equipment.” PFAS exposures to firefighters using
AFFF were first captured when blood samples from firefighters
at the World Trade Center disaster were tested, and PFAS
concentrations were approximately 2-fold higher than the
general population.” Originally, it was thought that the
pervasiveness of these chemicals was limited to long-chain
PFAS. As a result, in 2006, multiple firefighting foam
manufacturers committed to move from long-chain PFAS to
short-chain PFAS by 2015.* This turned out to be a regrettable
substitution since additional research showed the short-chain
fluorinated replacements to have higher mobility that causes a
wider spread in the environment and are harder to remove
from water than long-chain PFAS.” As a result of growing
awareness of the health hazards®™® and environmental
contamination”™ "> of PFAS, the U.S. EPA proposed, as
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appropriate under the PFAS Strategic Roadmap, best manage-
ment practices to address PFAS-containing AFFF for storm-
water permits.'”'* Therefore, the manufacturers and users of
AFFF have been under increasing pressure to transition to
PFAS-free replacements (Figure 1).>718

U.S. Updates. Efforts to develop fluorine-free foams (F3)
or PFAS-free foams (PFF) started in the early 2000s;
However, they have gained more attention recently after the
growing concern with PFAS.'” The transition entailed the U.S.
Department of Defense (DoD) to revise the military
specification (MilSpec; MIL-PRF-24385F),”’ which required
fluorocarbon surfactants and includes fire suppression perform-
ance criteria and physical properties that have not yet been
matched by PFAS-free commercial foams. In the 2020
National Defense Authorization Act (NDAA 2020), the U.S.
Congress directed the DoD to phase out use of AFFF on
military installations by October 2024 (with extensions until
2026).*" The fluorine-free foam MilSpec (MIL-PRF-32725)
for land-based and freshwater applications was published in
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2023

Publication of fluorine-free foam MilSpec by U.S. Navy??

2022

Congress passed Protecting Firefighters from Adverse Substances

Act (PFAS Act)

2021

Launch of GreenScreen certification of PFAS-free AFFF

EPA released the ‘PFAS Action Plan’

______

PFAS Strategic Roadmap: EPA's Commitments to Action 2021-24

Congress directed DoD to phase out PFAS in AFFF by 2024
Congress required PFAS blood tests for military firefighters

EPA released the ‘Long-Chain Perfluorinated
Chemicals Action Plan’

2002

Warning to aviation industry about risks of PFOS in AFFF&

PFAS added in turnout gear?
(firefighters’ personal protective equipement)

European Union restricted PFOA in AFFF and turnout gear
U.S. DoD replaced PFOS with PFBS in AFFF18

1983
PFAS potential harms identified by 3M17

U.S. Navy patented the first PFAS-containing AFFF!

Figure 1. Timeline of some milestones related to PFAS use in AFFF from production to phase out.

January 2023** and will be followed by updates to the
Qualified Product List with tested and certified F3 and a cease
in the DoD purchases of AFFF for shore-based uses by
October 2023. F3 is required by the new 2023 MilSpec to
contain a maximum of 1 ppb PFAS. The Federal Aviation
Administration (FAA) no longer requires the use of fluorinated
surfactants according to the FAA Reauthorization Act of
2018—followed up by a statement in October 2021—Dbut still
requires that the performance standards are met.””** The FAA
will adopt the F3MilSpec and follow the DoD transition.”* Led
by the state of Washington in 2018, 22 states as of 2022 have
regulated AFFF use and sales, with exemptions such as
military, airport, and chemical plants. Many other states have
proposed legislation or have set up discharge notifications or
buyback programs.'® In 2022, the National Fire Protection
Association (NFPA) published a roadmap report to assist fire
departments and industrial facilities.”> Some petroleum
industry and fire departments, like the San Francisco Fire
Department,26 are making the transition early. This transition
is likely to happen quickly once adopted by the DoD and FAA.
However, product selection will be specific to the user,
application, and distribution system as no commercial foam is a
complete drop-in replacement for AFFF.

International Updates. A global trend toward transition
from PFAS has been in progress for over a decade. In Europe,
the European Union (EU) has taken a leading role in phasing
out PFAS. The European Chemical Agency (ECHA) has
classified several PFAS as substances of very high concern and
has implemented measures to restrict the use of these
substances, including the use of certain PFAS in AFFE.”
Several countries have also implemented their own measures to
phase out PFAS. Sweden, for instance, has implemented a
national action plan to phase out PFAS, including the use of
these substances in foams. Denmark has also developed similar
measures, including a ban on the use of some PFAS in foams
for firefighting and other applications.”® Canada has enforced a

ban on the use of certain PFAS in food packaging and foams,
while it has also applied a phaseout plan for the use of these
substances in other applications.'” Australia uses an alternative
to AFFF at all of its 27 major airports, and in 2018, the state of
South Australia issued the first governmental ban of AFFF
following a phaseout period that ended in 2020.>” In addition
to country-specific efforts to phase out the use of PFAS, there
have been international efforts to address the use of these
substances. The Stockholm Convention on Persistent Organic
Pollutants, for example, is an international treaty that aims to
eliminate or restrict the use of persistent organic pollutants,
including PFOS, PFOA, and their salts. The treaty has been
ratified by 180 countries, including many countries that have
implemented their own measures to phase out the use of
PFAS. The petroleum and chemical manufacturing industries
have already seen some transition by some companies and
industrial facilities (e.g, BP, ExxonMobil, Statoil, BASF,
AkzoNobel, Pfizer, and Lilly).”" At the end of 2022, 3M,
which is a major PFAS manufacturer, announced that the
company will stop making PFAS by the end of 2025.”" While
progress has been made in some countries, there is still more
work to be done to fully phase out the use of PFAS and
transition to safer PFAS-free alternatives.

B FIRE SUPPRESSION PERFORMANCE OF
COMMERCIAL F3

PFAS-containing AFFF extinguish a fire by confining the fuel
vapors below a layer of fluorinated surfactant film and a blanket
of bubbles. F3 do not form a continuous film on the fuel
surface and rely mainly on the bubble blanket to contain the
fuel vapors. As a result, capabilities of F3 have a greater
dependence on foam quality (i.e., aspiration and expansion
ratio).”® Firefighting foams are approved using a range of
application-specific standards that contain various test
parameters and performance requirements. For instance,
many commercially available F3 already meet some U.S. and
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Figure 2. Examples for surfactants most often used in firefighting foams. R designates C8—C14 alkyl chains.*’

international standards such as Underwriters Laboratories
(UL), European Standards (EN), and International Civil
Aviation Organization (ICAO) standards. However, none have
yet been qualified for the U.S. DoD performance requirements
defined in Mil-PRF-24385F. Most of the ongoing activities by
the U.S. DoD on F3 formulation development and small-scale
performance testing are performed under the Strategic
Environmental Research and Development Program
(SERDP), with large-scale testing, demonstration, and
validation being performed by the Environmental Security
Technology Certification Program (ESTCP), the U.S. Air
Force, and the U.S. Naval Research Laboratory.”* ™"
Recently, a multiphase validation study of the leading F3 for
DoD land-based applications was conducted under two
SERDP Programs (WP21-3461 and WP21-3465) against
representative scale Aircraft Rescue and Firefighting (ARFF)
type scenarios.”> >* These fire scenarios included both three-
dimensional running fuel fires (with a growing spill fire
component) and large uncontained fuel spill fires. Approx-
imately 150 validation tests and demonstrations were
conducted during the four phases of this study (i.e., 107
hose line tests and 43 turret tests), and it was concluded that
the leading F3 typically took about 1.5—2 times longer than
AFFF to extinguish the fires in most scenarios. Specifically, the
spill fire extinguishment times for AFFF were between 30 and
45 s (i.e,, 30 s using the hose line and 45 s using the turret)
while the F3 extinguishment times were between 45 and 60 s
for the hose line and 60—90 s using the turret. The running
fuel fires were typically extinguished using AFFF in less than 60
s and in about 90—120 s using the F3. The tested F3 all
demonstrated similar extinguishment capabilities and times.
The burnback capabilities of the F3 were also assessed
during the spill fire scenarios. Immediately after the spill fires
were extinguished, a small hole was created in the foam blanket
and ignited using a propane brush burner torch. The burnback
time was defined as the time from ignition until the fire had

grown to 100 ft.” In general, all the foams tested during this
program demonstrated good burnback capabilities against the
F-24 spill fire scenarios. The burnback time for AFFF was
about 3 min when discharged through the standard nozzle and
about 4 min when discharged through the foam tube(s). The
addition of the foam tube typically increased the burnback
times by about a minute for almost all the foams. When
comparing the F3 to AFFF, the burnback times were typically
about 30 s shorter (i.e., the fire burned back slightly faster) for
the Newtonian F3 but were slightly better (i.e., longer
burnback times) for the non-Newtonian F3.

It should be noted that the previous capabilities discussion
was for land-based scenarios, where the concentrate is diluted
with freshwater. This is distinct from applications where
seawater is used because foam properties will differ when using
saltwater compared to using freshwater. In addition,
proportioning devices are used to mix the foam concentrate
with water in a specific ratio, to create an optimal foam
solution for extinguishing fires. However, many new F3 have
higher viscosities with different surface tensions than AFFF
which may make them incompatible with existing AFFF
proportioning devices. This can lead to reduced foam
aspiration, which refers to the ability of the foam to be
mixed with water and sprayed out of the discharge device.
Thus, legacy discharge devices may also be an issue due to the
potential need for better foam aspiration. Fire performance
approval tests (bench- and large-scale pool fires) remain the
best way to test new F3 products. Since the firefighting
capabilities of current F3 are much more dependent on the
application conditions compared to AFFF, product selection,
hardware selection, and firefighter training are increasingly
important for effective use of these foams. SERDP has
increased investments to address needs associated with
firefighting tools, equipment, training, and improving bench-
scale tests to approximate larger fire events.
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Figure 3. (A) Fire-fighting foam product flow. (B) Generic alternatives assessment framework by OECD Guidance.

The petroleum industry has also been evaluating perform-
ance led by the international consortium LASTFIRE (for
example, the 2018 Dallas Fort Worth Fire Research and
Training Center workshop).”® A list of commercially available
products was compiled in 2019 by the Interstate Chemicals
Clearinghouse (IC2) and the New York State Pollution
Prevention Institute; the list included almost 100 alternative
foams.”> Overall, the market is rapidly changing. Next
generation products with higher performance are expected,
and new standards and specs are being written with this in
mind.

B PFAS REPLACEMENTS FOR FIREFIGHTING FOAM
APPLICATIONS

Although PFAS are the main source of effectiveness for AFFF,
these foam formulations contain less than 2% of PFAS and
about 5%—10% hydrocarbon surfactants.***” Common sol-
vents with surfactant properties include diethylene glycol butyl
ether (DGBE).*® Other additives include polymers, stabilizers
and preservatives, salts, corrosion inhibitors, chelating agents,
and biocides.*® Unsurprisingly, there are many similarities
between the basic composition of AFFF and the first
generation of current commercial F3. However, research and
attention have been primarily focused on the characterization
of the PFAS fraction of AFFF, and the same practice is being
done when dealing with F3. As a consequence, little is known
about the other surfactants and even less about organic
corrosion inhibitors (e.g, benzotriazoles).” Thus, further
research is needed on other classes of hydrocarbon surfactants
found in AFFF, including alkyl amidobetaines, alkyl glucosides,
alkyl sulfates, alkyl ether sulfates, alkyl coco amidoglycinates,
alkyl amino dipropionates, octylphenol polyethoxylates,
sulfobetaines, olefin sulfonates, and linear alkyl benzenesulfo-
nates (Figure 2).’

The synthesis of novel halogen-free surfactants or additives
with the potential to directly replace PFAS is an area of active
research (Figure 3). The desire for a drop-in replacement for
AFFF means that it is likely that next generation foams will
include unknown active ingredients and flame-retardant
additives that can mimic the ability of the PFAS tail group

to be both hydrophobic and oleophobic. Currently, nitrogen,
phosphorus, and silicon-containing surfactants and polymers
are being tested."' Also under consideration are formulations
with various compositions that employ different mechanisms
for fire suppression, e.g., hollow glass microspheres,*” ionic
liquids,"” and gel foams.* It is important to highlight that our
analysis here is based on current compositions of replace-
ments.** However, many chemical development efforts are
expected in the following 10—20 years, and next generation
foams might differ more from AFFF and warrant careful
attention to standard safety testin protocols.

The 2019 IC2 report” compiled safety data sheets for F3
disclosing both specific chemicals and surfactant classes like
alkyl sulfates or the more general “anionic surfactants”. This
suggests that the current market trend is F3 foams with bulk
compositions (surfactants, solvents, water, and additives)
similar to AFFF with some overlapping nonfluorinated
surfactants. However, no alternative chemicals evaluated have
shown better performance than PFAS-containing AFFFE.*’
Therefore, the new alternative active ingredients are being used
in higher concentrations in F3 than their PFAS counterparts in
AFFE.* Therefore, this suggests that the relative health
impacts of PFAS, F3, and other surfactants will remain an
important area of continued research.

Bl AVOIDING REGRETTABLE SUBSTITUTIONS

Current Efforts. It is imperative to transition away from
AFFF as the treatment and remediation of PFAS is challengin%
and expensive. As defined by the National Research Council,*
a regrettable substitution occurs when a chemical is replaced
with a similar, but new or untested, alternative without
thoroughly researching its potential toxic effects and impacts,
often leading to similar issues and harm.*® Historically,
response to environmental pollution has only occurred after
the event or discovery of the problem. However, the longevity
of PFAS emphasizes the urgent need for a prevention-focused
approach to pollution and the elimination of replacement
chemicals that may pose threats to the environment. For
example, while hydrocarbon surfactants are more biodegrad-
able than PFAS under aerobic conditions, this may not always
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Toxicity:

Product Name Components of PFAS-free Foam Examples PFAS Foams for
Reference
CAS 112-34-5 151-21-3 1643-20-5 3332-27-2 3088-31-1 1763-23-1 335-67-1
Component Name 2-(2- Sodium dodecyl Dimethy d’\;;i'i-cylamine- N,N-Dimfelhyl-1- . ?22;5:;93:;' PerfluorrofanesuI Perﬂgorooctanoic
Butoxyethoxy)ethanol sulfate ) tetradecanamine N-oxide ’ fonic acid (PFOS)|  acid (PFOA)
N-oxide sulfate sodium salt
Outputs from Hazard Comparison Dashboard (HCD)
Acute Mammalian Toxicity Oral M M M M M M M
Acute Mammalian Toxicity Inhalation | | | | M M
Acute Mammalian Toxicity Dermal L L L H | |
Skin Sensitization | L L | M | |
Skin Irritation M H | H L
Eye Irritation H H M
Carcinogenicity | | | | H H
Genotoxicity Mutagenicity L L L L H H
Endocrine Disruption H L L H L L H
Reproductive L M M H L H H
Developmental L | L L | H H
Neurotoxicity Repeat Exposure N/A N/A | | N/A N/A H
Neurotoxicity Single Exposure N/A H | | N/A | N/A
Systemic Toxicity Repeat Exposure H M L | N/A H H
Systemic Toxicity Single Exposure N/A M | | N/A | M
Acute Aquatic Toxicity L H H L
Chronic Aquatic Toxicity N/A H H
Persistence L H
Bioaccumulation L H
Exposure L

| H-High | M-Medium | L-Low | I-Inconclusive | N/A - Not Applicable

Figure 4. Example for the output from the Hazard Comparison Dashboard (HCD) for chemicals disclosed in the safety data sheets (SDS) of some

F3s.

be the case in certain environments such as groundwater. As
regulatory and societal pressure drives the transition away from
PFAS, it presents an opportunity to proactively assess the
health and environmental impacts of potential replacements
and inform the selection of products. In this regard, the new
F3MilSpec (MIL-PRF-32725) set tight limits of PFAS
occurrence in new formulations and requires performing
biodegradation and certain toxicity tests. Formulations that
fail to meet the criteria established in the F3MilSpec will be
disapproved for use, and individual F3 batches that fail to
conform with the requirements will be rejected.

Among the independent verifications of F3’s environmental
sustainability, GreenScreen Certified is a means of certifying
PFAS-free products, including F3 foams.” As of February
2023, 35 commercially available Class B foams have received
GreenScreen certification.’® In order to attain this designation,
foam manufacturers must divulge all ingredients, which are
then examined for toxicity through a database. The platinum,
gold, and silver levels of certification are based on aquatic
toxicity, and all currently certified foams are at the silver level.
Restricted substances include alkylphenols and alkylphenol
ethoxylates, cyclic volatile methyl siloxanes, organohalogens,
and specified chemicals on the Zero Discharge of Hazardous
Chemicals Manufacturing Restricted Substances List. Analysis
of total organic fluorine is performed using combustion ion
chromatography (CIC), and the level must be less than 1 ppm
to be qualified by GreenScreen. However, this limit is 3 orders
of magnitude higher than the limit of 1 ppb set by the new
F3MilSpec (MIL-PRF-32725). The F3MilSpec paves the road
toward developing long-term, sustainable, and economically
feasible solutions. Relying solely on GreenScreen certification
has some limitations, such as toxicity being based on individual
compounds, the potential for incomplete toxicity data for next-

generation F3 foams with novel surfactants, a focus on acute
toxicity rather than chronic toxicity, and an inability to evaluate
the fate and impact of discharge into water sources.

Design for the Environment (DfE). DfE’" is a non-
regulatory U.S. EPA initiative that began in the 1990s, which
provides transparent publicly available criteria for comparing
chemical alternatives based on several human health,
ecotoxicity, and fate endpoints. Frameworks such as Green-
Screen build upon the DfE approach. Conducting alternative
assessments using tools such as GreenScreen usually requires
substantial time and resources.”> In 2019, Vegosen and
Martin®>® developed the Hazard Comparison Dashboard
(HCD), to rapidly compare chemical alternatives. HCD
attempts to assign ordinal scores (i.e., low, medium, high, or
very high) for each of the DfE human health, ecotoxicity, and
fate categories. The scores are not aggregated into a single
score so that users can decide which categories are most
relevant to their alternatives assessment. For example, if there
is potential for release into natural bodies of water, the scores
for acute and chronic aquatic ecotoxicities are especially
relevant.

The database within HCD contains over 990,000 score
records compiled from publicly available online sources,
including hazardous chemical lists, the Globally Harmonized
System (GHS) hazard codes (H-codes) or hazard categories
from government health agencies, experimental quantitative
toxicity values, and predicted values obtained using quantita-
tive structure activity relationship (QSAR) models. QSAR
model predictions were obtained using the U.S. EPA’s Toxicity
Estimation Software Tool (T.E.S.T.). If a chemical has
multiple score records for a given hazard category, the final
score is assigned from the most hazardous score from the most
authoritative source. The authority levels in the database, in
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decreasing order of authority, are authoritative, screening, and
predictive. As an example, representative HCD results for
known components of AFFF and some F3 are presented in
Figure 4. The weight percentage of each component should be
also considered to facilitate a fair comparison of alternatives
(i.e., sometimes a component is more hazardous but requires a
much lower concentration to be effective).

As the PFAS components in AFFF are proprietary, HCD
results are provided for the most extensively studied PFAS,
perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic
acid (PFOA). PFOS and PFOA have received high or very
high scores in the hazard categories pertinent to chronic
exposure. This is of particular significance because PFAS
compounds are highly persistent (scores of high or very high).
The other components in AFFF vary in their hazard levels in
terms of their HCD scores when compared to PFOA/PFOS.
For the example non-PFAS foam alternatives, the surfactants
used have lower scores than PFOS and PFOA for most of the
categories relevant to chronic exposure. Additionally, these
chemicals are not persistent (the persistence score is low) and
thus should pose a lower risk to human health due to low
chronic exposure (risk is the product of hazard and exposure).
It is worth noting that the HCD exposure scores were provided
from the SEEM exposure model, which calculates median
population intake rates, which are not relevant to the exposure
from firefighting foams.”* While GreenScreen and DfE are
highly valuable screening tools, more comprehensive and
experimental evaluations on the actual foams are needed to
fully understand the potential human health and environ-
mental impacts from non-PFAS alternatives.

B ENVIRONMENTAL IMPACTS OF F3: CURRENT
RESEARCH

Research into the environmental impacts of F3 is a relatively
new field, with the first peer-reviewed papers on the topic
published only in the past couple of years. At present, the
available ecotoxicological data on foam formulations are
limited to studies on acute toxicity in 14 freshwater and
marine aquatic species,55 acute toxicity in one terrestrial
invertebrate (Caenorhabditis elegans),56 acute oral toxicity in
one avian species (northern bobwhite quail),”” phytotoxicity in
one ;)lant species (Brassica rapa),”® and aerobic biodegrada-
tion.”” This limited body of research suggests that further
investigation is needed to fully understand the environmental
impacts of these foams, particularly when compared to the
long-term effects of AFFF.

Analysis of F3 and F3-Impacted Sites. Some studies on
PFAS-containing AFFF have identified the presence of
hydrocarbon surfactants through nontargeted analysis and
suspect s.creening.éo_63 These surfactants are a component
class shared by AFFF and F3. During human health impact and
bioaccumulation studies of AFFF, Yang et al.®* and Li et al®®
found evidence of both hydrocarbon surfactants and PFAS.
Garcia et al.’” identified eight classes of hydrocarbon
surfactants in AFFF-impacted groundwater, suggesting that
these substances can persist in anaerobic conditions. Rana et
al.’® used nontargeted analysis to identify PFAS in surface
water runoff after F3 were used to extinguish a chemical
warehouse fire in Australia but did not focus on or identify
nonfluorinated surfactants. These findings highlight the need
for further research on ensuring the availability of analytical
methods and standards for hydrocarbon surfactants in AFFF
and F3.

Toxicology. In some cases, research has found that F3 can
demonstrate equal or greater acute toxicity than C6 AFFF,
particularly for aquatic species, which are often more sensitive
than terrestrial species and mammals.’” Some studies have also
focused on the sublethal growth and reproductive impacts of
these foams on worms®® and plants.45 However, it is important
to distinguish between toxicity tests on a foam, formulation, or
product and toxicological assessments based on individual
components or constituents. This latter type of assessment
relies on chemical and compositional information disclosed by
the manufacturer in a safety data sheet (SDS) or extensive
analysis to characterize unknown components.”**”"* In
general, more is known about the acute toxicity of individual
components in F3, but there is limited information available on
the7ig chronic, reproductive, and developmental toxicity (Figure
4).

Fate and Biodegradation. Gharchveran et al.’>’ con-
ducted research on the fate and biodegradation of F3 and
found that they are mostly readily biodegradable. However,
they did not examine the biodegradation products of these
foams. Wu et al.>® discovered the presence of metabolites in
plants exposed to F3 foams, but it is unclear whether these
metabolites were formed in the soil or in the plants themselves.
Yao et al.”' also found nonfluorinated byproducts resulting
from the pyrolysis of AFFF, and Etz et al.”” conducted
modeling on the byproducts that are formed during the
thermal degradation of trimethylsiloxane surfactants. Overall,
there is limited information available on the degradation
products of F3, and further research is needed to fully
understand their fates and impacts on the environment.
Ecotoxicological impacts of F3 are directly tied to their
potential ability to be more biodegradable and less persistent
than PFAS.

Unanswered Questions. There are several knowledge
gaps in the current ecotoxicological understanding of F3,
including their chronic toxicity and the effects of low exposures
associated with diluted environmental releases, particularly the
fraction of nonfluorinated surfactants that serve as PFAS
replacements in the first generation of foams (Figure 4). While
this information may be available for certain known individual
components, it does not necessarily translate to their mixtures
in the foam products as a whole and their diluted applications.
Research on the reproductive and developmental toxicity,
behavioral impacts, and gene expression or molecular toxicity
of new or unknown ingredients of F3 will craft a better
understanding of potential ecotoxicological impacts, especially
as compared to AFFF. The current body of knowledge is also
restricted to studies under limited types of ecosystems and
climatic zones. Similarly, little is known about the environ-
mental persistence and mobility of F3 in groundwater and
surface water. As the use of F3 is expected to increase in the
future, likely leading to an increase in releases into the
environment, more research is needed on the fate and
transport of F3 and hydrocarbon surfactants, as well as their
impact on the remediation and treatment of AFFEF-
contaminated sites.””~"> While there is some research on
hydrocarbon surfactants in wastewater treatment,”®”’ more
information is also needed on their fates during disinfection
and in drinking water, including the formation of disinfection
byproducts. It is likely that investigating these gaps is
important to further strengthen our understanding about
potential impacts on the environment and developing effective
management strategies for F3.
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B OUTLOOK AND RESEARCH NEEDS

The ubiquity of PFAS in various environmental media is
indicative of the far-reaching ramifications of poorly under-
stood chemicals. These consequences manifest in environ-
mental and human health issues associated with the chemical
family. These issues necessitate site remediation and removal
from AFFF-related equipment to mitigate future environ-
mental and human health impacts. Additionally, there is a need
to evaluate and test potential substitutes to prevent a
regrettable substitution. Consequently, the evaluation of
PFAS-free alternatives to AFFF will need to consider multiple
factors across the lifecycle of the replacement chemical.

Given that F3 are currently unable to achieve the firefighting
efficacy of AFFF, further research on the mechanisms of fire
suppression provided by PFAS in AFFF is necessary, and
alternative chemicals with similar capabilities need to be
identified. It is possible, and maybe likely, that some proposed
alternatives may have similar environmental impacts as PFAS.
In a broader sense, the relationship between chemical structure
and purpose in the final product needs to be better
understood.

Furthermore, many chemicals undergo degradation in the
environment due to microbial and chemical action, resulting in
degradation products that may have similar or greater
environmental impacts. There is a need to develop data,
methods, and tools to assist in reliably identifying and
predicting the long-term potential environmental and human
health effects of chemicals, including breakdown products. For
instance, development efforts of F3 may benefit from
considering the concepts of PMT (persistent, mobile, and
toxic) and vPvM (very persistent and very mobile) substances
to have alternative chemicals or materials that are safer for
human health and the environment.

Economic considerations also play a role in alternative
selection. For instance, the need for a drop-in replacement for
AFFF is largely driven by the cost of replacing physical
firefighting equipment compared to removing AFFF from
them. In order to reuse existing equipment, it must be
effectively cleaned, and the cost of cleaning will be influenced
by disposal costs of effluent cleaning fluid. Furthermore,
techniques for cleaning firefighting equipment need to be
developed, allowing for a full economic comparison of
equipment cleaning versus replacement. If a drop-in replace-
ment is not economically feasible due to cleaning costs, then a
broader range of alternative foam technologies may be
considered.

This work outlines some of the considerations involved in
replacing AFFF. Once performance characteristics and
potential environmental impacts are established, leading
candidate foams can be chosen from the various alternatives
proposed. Even after significant effort has been made to
characterize the performance and environmental impacts of the
alternatives, information on the fire suppression performance
and environmental implications of the candidate replacements
will be based on limited data and may be incomplete. As a
result, the selection of next-generation foams will be
challenging, with different stakeholders choosing products
based on their specific needs. Trade-offs between firefighting
performance and environmental and health impacts will need
to be made.

The replacement of AFFF has been shown to be a
multifaceted task requiring expertise from various scientific

disciplines. The timelines and resources for replacing AFFF
were provided by the U.S. Congress in 2020. These resources
have enabled extensive study of both the firefighting perform-
ance and environmental impacts of a number of potential
replacements. Despite these resources and partly due to the
short time frame, the performances of the replacements
currently do not match those of AFFF, and limited
environmental information has been generated. However,
recent research suggests that current F3 exhibit greater
biodegradability and lower potential for environmental
persistence than PFAS. Nevertheless, the understanding gained
from this work will be invaluable in guiding future research on
foam replacements and improving the safety and sustainability
of fire suppression systems.
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