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About the National Science and Technology Council

The National Science and Technology Council (NSTC) is the principal means by which the Executive
Branch coordinates science and technology policy across the diverse entities that make up the Federal
research and development enterprise. A primary objective of the NSTC is to ensure science and
technology policy decisions and programs are consistent with the President's stated goals. The NSTC
prepares research and development strategies that are coordinated across Federal agencies aimed at
accomplishing multiple national goals. The work of the NSTC is organized under committees that
oversee subcommittees and working groups focused on different aspects of science and technology.
More information is available at https://www.whitehouse.gov/ostp/nstc/.

About the Office of Science and Technology Policy

The Office of Science and Technology Policy (OSTP) was established by the National Science and
Technology Policy, Organization, and Priorities Act of 1976 to provide the President and others within
the Executive Office of the President (EOP) with advice on the scientific, engineering, and technological
aspects of the economy, national security, homeland security, health, foreign relations, the
environment, and the technological recovery and use of resources, among other topics. OSTP leads
interagency science and technology policy coordination efforts, assists the Office of Management and
Budget (OMB) with an annual review and analysis of Federal research and development in budgets, and
serves as a source of scientific and technological analysis and judgment for the President with respect
to major policies, plans, and programs of the Federal Government. More information is available at
http://www.whitehouse.gov/ostp.

About the Per- and Polyfluoroalkyl Substances Strategy Team

Congress directed an Interagency Working Group (IWG) to coordinate Federal research on Per- and
Polyfluoroalkyl Substances (PFAS) through the National Defense Authorization Act (NDAA) for Fiscal
Year (FY) 2021.! In response, OSTP developed the PFAS Strategy Team (ST) under the Joint
Subcommittee on Environment, Innovation, and Public Health (JSC EIPH or “the JEEP”) in late 2021.
The ST coordinates interagency PFAS research and development activities and supports the
development and implementation of the PFAS strategic research plan. The ST is co-chaired by OSTP,
OMB, and Department of Defense (DoD).

About this Document

The NDAA for FY 2021 directs the PFAS ST to identify all currently Federally-funded PFAS research and
development; to identify scientific and technological challenges that must be addressed to understand
and to significantly reduce the environmental and human health impacts of PFAS; to identify cost-
effective (1) alternatives to PFAS that are designed to be safer and more environmentally friendly, (2)

1 William M. (Mac) Thornberry National Defense Authorization Act for Fiscal Year 2021, (P.L. 116-283)
(hereafter “NDAA for FY 2021 ) Section 332.
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methods for removal of PFAS from the environment, and (3) methods to safely destroy or degrade PFAS;
and to establish goals and priorities for Federally-funded PFAS research and development that take into
account the current state of research and development. The PFAS ST solicited input from eight PFAS
technical writing teams on critical research gaps and needs for PFAS. OSTP also issued a Request for
Information (RFI) to receive public comment. The PFAS Report provides a high-level overview of
research on PFAS as a chemical class by addressing the following strategic areas: removal and
destruction, safer alternatives, sources and pathways of exposure, and toxicity. This document is a
state of the science report that includes gaps and opportunities for the Federal Government.

Following this report, the PFAS ST will develop a Federal strategic plan to address identified data gaps.
This report focuses on the consensus science of PFAS as a chemical class. An appendix of references
that informed the report is included in this document.

Copyright Information

This document is a work of the United States Government and is in the public domain.? Subject to the
stipulations below, it may be distributed and copied with acknowledgment to OSTP. Copyrights to
graphicsincluded in this document are reserved by the original copyright holders or their assignees and
are used here under the Government’s license and by permission. Requests to use any images must be
made to the provider identified in the image credits or to OSTP if no provider is identified. Published in
the United States of America, 2023.

2 See 17 U.S.C. 8105
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March 2023
Dear Members of Congress,

It is my pleasure to transmit the Per- and Polyfluoroalkyl (PFAS) Report pursuant to Section 332 of the
William M. (Mac) Thornberry National Defense Authorization Act for Fiscal Year 2021. This document
was prepared by over 60 subject matter experts from 15 Federal departments and agencies, a truly all-
of-government effort. This report enables Federal agencies and the nation to better understand and
use cutting-edge science and innovation to make informed decisions about our environment and our
drinking water. The interagency PFAS Strategy Team solicited input on critical research gaps and needs
when developing the report from eight technical writing teams, as well as from the American public
through a public comment process.

The PFAS Report is being released at a critical time. Historical investments through the Bipartisan
Infrastructure Law and the Inflation Reduction Act provide an unprecedented opportunity to combat
dangerous chemicals in our environment and our drinking water. Due to their heat- and stain-resistant
properties, PFAS are used in a wide range of commercial and consumer products, from carpets to food
packaging, nonstick cookware, and waterproof clothing. They are used at manufacturing and
processing facilities, as well as at airports and military installations. PFAS may be in firefighting foam
and clothing and are therefore a source of exposure for firefighters.

The PFAS Report provides a high-level overview of research on PFAS as a chemical class by addressing
the following strategic areas: removal and destruction, safer alternatives, sources and pathways of
exposure, and toxicity. The report also describes the state of Federal PFAS research and development,
including relevant Federal funding and activities.

This report focuses on the consensus science of PFAS as a chemical class. This report outlines current
PFAS research and identifies data gaps that serve as a roadmap to advance the science in those specific
areas. The report emphasizes the importance of collaboration among governments at every level and
the private sector to build a strong foundation for future research. Following this report, the PFAS
interagency working group will develop a Federal strategic plan to address identified data gaps. On
behalf of the PFAS Strategy Team, | am pleased to transmit this Report. | look forward to working closely
with Congress to ensure that this interagency PFAS collaboration is successful in developing and
implementing a strategic plan to fill the data gaps and research needs identified to deliver information
on PFAS that the Nation and the world urgently need.

Sincerely,

Arati Prabhakar
Assistant to the President for Science and Technology

Director, White House Office of Science and Technology Policy
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Executive Summary

The Biden-Harris Administration is committed to delivering clean drinking water, clean air, and safe
food to all Americans and particularly to people in underserved communities. To advance that
commitment, the Administration has accelerated efforts to protect Americans from harmful effects due
to Per- and Polyfluoroalkyl Substances (PFAS) exposure. Section 332 of the William M. (Mac) Thornberry
National Defense Authorization Act for Fiscal Year 2021 (NDAA for FY 2021) directed an Interagency
Working Group to coordinate Federal research on PFAS. In response, the White House Office of Science
and Technology Policy (OSTP) established the PFAS Strategy Team (ST). The PFAS ST created and
solicited input from eight technical teams of agency subject matter experts on critical gaps and needs
for PFAS removal and destruction, safer alternatives, sources and pathways of exposure, and toxicity.
OSTP also issued a Request for Information (RFI) to receive public comments that would inform this
report. This document is an analysis of the state of the science of PFAS and provides information that
will be used to direct the development of a Federal strategic plan, harnessing coordination and
collaboration across agencies to accelerate progress and innovation. This report focuses on the current
science of PFAS as a chemical class, identifies scientific consensus, and portrays uncertainties in the
scientific information where consensus is still sought. An appendix of references that informed this
reportisincluded in the document.

This report provides an overview of PFAS in the introduction that includes information on PFAS life
cycle, key definitions related to PFAS, PFAS as a class of chemicals, and PFAS research and
development. Additionally, this Report aligns with Administration priorities around environmental
justice, climate change, equitable access to data and technological developments, and broad
engagement across stakeholders. This Report identifies four key strategic areas that, when addressed,
will generate actionable information to address PFAS:

Removal, destruction, or degradation of PFAS. This section details technologies used for removal,
safe destruction, and degradation of PFAS in various environmental media (e.g., air, water) including
benefits and limitations of existing technologies. The safe removal and destruction of PFAS depends on
many factors such as the type of PFAS present, PFAS concentrations, the background constituents, the
volume or mass of material to treat, the removal or destruction goals, energy use, the cost of treatment,
the intended use of the final cleaned material, the ability to manage residual materials, and the
technical expertise of the treatment staff. Advancement towards mitigating adverse effects of PFAS
necessitates a holistic approach to removal, destruction, and degradation, with emphasis on the
complex interplay of treatment technologies.

Safer and Environmentally-Friendlier Alternatives. An inherent complexity to PFAS is the limited
understanding of where PFAS is present in products, including where PFAS is intentionally added and
where it is present as a byproduct of other processes. This section highlights ongoing activities around
the development of safer and more environmentally friendly alternatives that are functionally similar
to those made with PFAS. Specific challenges highlighted include firefighting foams, industrial uses,
food packaging and contact materials, pesticides, textiles, recreation products, cosmetics and personal
care products, pharmaceuticals, and medical devices. An important consideration to advancing this
area of research and development is identifying critical uses of PFAS.
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Sources and Pathways of Exposure. Understanding the sources and pathways of exposure is critical
to mitigation of PFAS. PFAS sources, releases, fate and transport considerations, and potential
pathways of exposure such as exposure media and routes are detailed. Inherent to these considerations
is a need for sensitive analytical methods to detect PFAS. Mitigation efforts and health-protective
measures cannot be implemented without the ability to detect PFAS at levels of concern. Addressing
the challenge of developing additional analytical methods with higher sensitivity to detect both single
and mixtures of PFAS is a critical opportunity to accelerate advancement across all other areas.

Toxicity. As with many topics, PFAS presents a unique challenge to our traditional understanding of
toxicity. PFAS toxicity information is informed by laboratory animal data, ecological data, human health
data, and predictive modeling information. However, the limitations of each of these evidence streams
is distinctive for PFAS compared to other environmental exposures. To fully leverage our understanding
of PFAS toxicity, a weight-of-evidence approach that takes into account the different evidence streams
is needed. Because of the large number of PFAS currently identified in commerce, one goal of future
research is to determine whether all PFAS, or specific groups, might pose a similar hazard to human and
ecological receptors. Such PFAS groupings may provide a means by which agencies might regulate
PFAS for the protection of humans and ecological receptors.

In this report, the data gaps identified within each strategic area provide a roadmap for R&D activities
that, when addressed, will generate actionable information to guide Federal agencies and PFAS
collaborators and partners. The capabilities and approaches developed in response to this report
should lead to a holistic approach to PFAS. Over the next year, the PFAS ST will operationalize a
strategic plan and implementation framework that organizes and coordinates activities in these
strategic areas by harnessing existing research and accelerating transformative advancements. The
information generated will inform PFAS advisories, disposal approaches, development of PFAS
alternatives, and fuel other innovative public health actions and help our Nation realize its vision of
clean drinking water, clean air, and safe food for all Americans.

— xiv —
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l. Introduction

Introduction to PFAS

PFAS are a class of organofluorine chemicals that have been manufactured and used for decades.
Because PFAS can confer resistance to oil and water and withstand high temperatures, they are used in
a variety of applications, including firefighting foams, food packaging and contact materials, textiles,
and various industrial uses (see Section IIl for additional uses of PFAS).

hyoraducts (hinsalids) ff

Figure 1: Possible routes for PFAS release into the environment (https://www.gao.gov/assets/gao-22-105088.pdf). This
figure does not include all potential sources of PFAS releases, such as air emission and transport, uptake into plants, and
permitted industrial discharges. (Source: Government Accountability Office.)

Figure 1 describes possible sources of PFAS to the environment throughout their lifecycle from
manufacturing, to processing, to distribution in commerce, use, and disposal. PFAS are generally
resistant to natural degradation processes due to their strong carbon-fluorine bonds and therefore
pose a potential threat to human and environmental health because of their persistence in the
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environment and bioaccumulation in organisms. Due to their widespread use and environmental
persistence, most people in the United States have been exposed to certain PFAS?.

PFAS as a Class of Chemicals

There is no consensus definition of PFAS as a class of chemicals. Commonly-cited, chemical structure-
based definitions of the PFAS class are summarized in Table 1. Estimates of the number of substances
within a PFAS class depend on the definition used and the database of chemical substances to which
the definition is applied. The definitions listed in Table 1 are generally ordered from broadest (i.e.,
largest number of substances) to narrowest (i.e., small number of substances).

Table 1. Chemical Structure-Based Definitions of the PFAS Class’

Source Definition

.§ NDAA for FY 2021 A man-made chemical in which all of the carbon atoms are fully

E fluorinated carbon atoms, and man-made chemicals containing a

a mix of fully fluorinated carbon atoms, partially fluorinated carbon

g atoms, and non-fluorinated carbon atoms.

g Organisations for Fluorinated substances that contain at least one fully fluorinated
Economic Co- methyl or methylene carbon atom (without any hydrogen
operation and (H)/chlorine/bromine/iodine atom attached to it), i.e., with a few
Development 2021* noted exceptions, any chemical with at least a perfluorinated

methyl group (-CFs) or a perfluorinated methylene group (-CF,-) is
a PFAS.

.§ Buck etal. 2011° Highly fluorinated aliphatic substances that contain one or more

E carbon (C) atoms on which all the H substituents (present in the

a nonfluorinated analogues from which they are notionally derived)

5 have been replaced by fluorine (F) atoms, in such a manner that they

S contain the perfluoroalkyl moiety CFaqs1.

z EPA’s Office of A structure that contains the unit R-CF,-CF(R")(R"), where R, R', and
Pollution Prevention | R' do not equal H and the carbon-carbon bond is saturated (note:
and Toxics ® branching, heteroatoms, and cyclic structures are included).

3 https://www.gao.gov/assets/gao-21-37.pdf.

4 https://www.oecd.org/chemicalsafety/portal-perfluorinated-chemicals/terminology-per-and-polyfluoroalkyl-
substances.pdf

5 https://setac.onlinelibrary.wiley.com/doi/10.1002/ieam.258.

5 Although EPA does not have a consensus definition of PFAS, some offices, such as EPA’s Office of Pollution Prevention and
Toxics, have applied certain criteria or definitions to advance program-specific efforts under different statutory
authorities. OPPT’s definition, for example, has been used for purposes of carrying out certain actions under the Toxic
Substances Control Act (TSCA), such as identifying already-commercial PFAS on the TSCA inventory, searching in-house
databases for possible chemical analogues, etc. The definition has evolved, and continues to evolve, with our improved
understanding of the science. Further, EPA’s efforts under TSCA are not constrained by this definition; the Agency may
choose to apply a broader or narrower set of criteria as deemed appropriate for a particular action.
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"The order of definitions above reflects the information contained in Table 1 of William et al. (2022).
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1. Removal, Safe Destruction, or Degradation of PFAS From the
Environment

The removal and destruction of PFAS can be challenging because of the large number of PFAS, their
functional groups, and the strength of the carbon-fluorine bond, which particularly impacts the ability
to destroy the PFAS. The selection of technology (or combination of technologies in treatment trains)
depends on a number of factors, including the type of contaminated media (water, solid, air),
contaminant concentrations, specific PFAS targeted for removal, treatment goals, ability to manage
residual waste stream discharges or disposal, and operating costs of treatment’.

Many treatment technologies have shown potential for PFAS removal and destruction; however,
uncertainties remain regarding the effectiveness of available destruction techniques. Conventional
water-treatment technologies, which are primarily designed for pathogen removal and control, are not
generally effective in removing PFAS. In addition, in instances where water facilities are designed for
removing dissolved contaminants, the systems may not be optimized for removing a large number of
PFAS. This is compounded for systems treating more contaminated waste streams from industrial sites,
landfill leachates, and groundwaters that received large inputs of Aqueous Film Forming Foam (AFFF)
from incident response and fire training.

There are also performance challenges associated with the treatment of solid matrices such as
contaminated soils, industrial wastes, spent adsorption media, and municipal wastes - especially
biosolids. Due to the unique characteristics of many PFAS, typical treatment systems for solids, such as
soil washing or thermal treatment systems, need to be optimized for PFAS removal or destruction. Soils,
spent media, and other solids that need to be returned to the environment or reused should not contain
PFAS levels (including degradation products) that may cause a significant public health or
environmental risk. For certain other contaminants, natural attenuation is effective in mitigating a
subsurface soil contamination event. However, natural processes have been shown to break down
PFAS that are precursor compounds (e.g., fluorotelomer alcohols) into other PFAS that may be more
stable (i.e., more resistant to degradation; more persistent) and deleterious to human health and the
environment. In some cases, volatile PFAS are subject to long-range atmospheric transport and can
degrade into stable and bioaccumulative end products.

To date, thermal technologies, namely hazardous waste combustion technologies®, are the most
promising among the many PFAS destruction processes that have been evaluated at the bench and
pilot scale. However, these processes and other non-thermal treatment and disposal management
techniques generate off-gas streams, which may contain products ofincomplete combustion (PICs) and
require further treatment, representing an active area of ongoing research. Off-gas treatment systems
include adsorption, scrubber, and thermal processes. Since the discharge of these systems are often
released to the environment, there is a great need to evaluate the extent of destruction of various PFAS
compounds and the formation of products of incomplete destruction (PIDs). Also, some of these

TITRC. 2021. Per- and Polyfluoroalkyl Substances Technical and Regulatory Guidance. https://pfas-1.itrcweb.org/.

& This refers to permitted hazardous waste facilities, which have stringent regulatory controls, subject to the considerations
outlined in EPA’s Interim Guidance on Destruction and Disposal. 2020. https://www.epa.gov/pfas/interim-guidance-
destroying-and-disposing-certain-pfas-and-pfas-containing-materials-are-not.

_4_
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processes will produce residual streams that will need to be treated or disposed of in a sequestered
state to minimize their release into the environment.

Due to the incredibly strong nature of the C-F bond, disposal of PFAS-containing wastes can create
additional releases, if not properly controlled. Consumer products and industrial waste (i.e., from
chrome plating, manufacturing, application) are introduced into landfills where they can leach PFAS
into the environment without proper control. Various sludge products from wastewater treatment
plants or other sources can be used in application on agricultural fields and leach PFAS over time.

Incomplete thermal degradation via incineration of PFAS wastes can release toxic air pollutants, such
as 1,4 dioxane, and greenhouse gases like shorter-chained tetrafluoromethane and hexafluoroethane,
potent greenhouse gases with long atmospheric half-lives known to contribute to global warming.

Below an overview is provided of the different treatment processes and technologies applicable to the
removal and destruction of PFAS from water, solids, and air media, including a discussion of the
readiness level, challenges, and research needs; further details are provided in Appendix E, Tables E-1a
through E-1le.

Treatment technologies for the removal and safe destruction or degradation of PFAS

Water Treatment Technologies

Water treatment plants are typically designed and built around an integrated set of unit operations and
processes to achieve a target water quality outcome. For instance, in a typical drinking-water treatment
plant, these unit operations/processes are integrated into treatment trains that, depending on source
water quality, can include: 1) conventional treatment to remove suspended materials; 2) additional
treatment to remove dissolved inorganic or organic solutes (e.g., PFAS or other contaminants); 3) post-
treatment to prepare the water for distribution (e.g., final disinfectant addition or corrosion control
approaches); and, 4) residuals management to treat, reuse, or dispose of the residuals that were
generated. Variations of this approach allow the possibility to combine and integrate these operations
depending on the target PFAS and efficiency of removal. One example of a variation is which removal
technology is selected for the process. PFAS can be removed using powdered activated carbon (PAC)
within the conventional treatment process where the spent PAC is removed with the naturally-
occurring particulates. In this case, however, the PFAS removal is not as efficient as using other
treatment approaches, such as deep-bed granular activated carbon (GAC), anion exchange resins (IX),
or high-pressure membranes, which are specifically designed for PFAS removal. Due to the relatively
high source water quality in the U.S., these advanced technologies are not typically used in drinking
water plants because of increased costs compared to conventional treatment alone. If used, these
technologies require significant pretreatment efforts due to their inability to handle high turbidities,
organic loadings, and inorganic precipitation. They also generate residuals such as spent media or high-
concentration waste streams that need to be managed subsequently. Smaller, household-scale point-
of-use or point-of-entry systems also require residuals management and may be limited in their ability
to achieve treatment objectives for many of the same reasons mentioned above.

These operational challenges also hold true for the treatment of other waters containing PFAS (e.g.,
industrial waste streams, wastewater, landfill leachate, and liquid residual streams from the primary
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treatment of PFAS). While treating large volumes of such media will be costly due to higher PFAS
concentrations or background matrices, treating the higher contaminant levels at the source before
they get diluted is advantageous, as most treatment systems exhibit greater efficiency at higher
contaminant concentrations due to kinetic or capacity factors.

The GAC, IX, and high-pressure membrane systems (reverse osmosis and nanofiltration) are generally
effective at full-scale removal of PFAS. GAC is the most studied and utilized, and is considered the
baseline technology for comparing the performance and cost of other alternatives. For instance, IX
treatment generally has higher capacities, but is also more expensive per media weight; and high-
pressure membranes are more expensive and energy-intensive than GAC and can also make water more
corrosive, which may result in metals leaching from pipes into water. Each technology, or combination,
may have its niche as the most cost-effective depending on the choice of media or membranes, the
PFAS compounds to be removed and their concentrations, the treatment goals, background water
characteristics, system size (ranging from point-of-use to large full-scale facilities), and the ability to
manage the residual streams. The exact trade-offs have not been fully discerned across all waters and
technologies (including combinations of technologies), and pilot testing is needed for accurate full-
scale designs where the ultimate capital and operating costs can be evaluated.

Beyond the field-demonstrated technologies above, a number of other water-treatment technologies
continue to be studied for the removal of various PFAS with different characteristics (e.g., chain length)
(Appendix E, Table E-1a through E-1e). The first two categories (sorbents and separation technologies)
require additional processes to deal with the residual streams, such as spent media or concentrated
liquid waste streams. The most promising technologies have either lower costs than GAC or IX or they
have higher capacities. Work is needed to find an adsorbent that combines lower cost with higher
capacities. Another challenge is maximizing the kinetics of adsorption for a particle size that can be
used in a fixed bed, like GAC or IX.

For separation technologies, membrane systems can typically produce very high-quality water;
however, costs and energy uses are high. Foam fractionation and electrocoagulation can be useful in
pretreatment scenarios at high PFAS concentrations where the final water product can be further
treated with another technology. There are separation technologies such as evaporation ponds and
brine concentrators that focus on managing PFAS-laden brines or waste streams. This approach can
provide very concentrated PFAS waste for final disposal.

Non-thermal destruction technologies such as oxidative or reductive chemical and photocatalytic
systems are generally energy-intensive and may require high PFAS concentrations to be cost-effective.
Exceptions include biological, nature-based, or solvent-assisted low-temperature chemical
degradation. However, these technologies have not been demonstrated at scales large enough to
support pump-and-treat or in situ treatment applications. In addition, there are still unresolved
challenges and critical knowledge gaps about the ability, robustness, and reliability of biological
systems to achieve efficient PFAS degradation in complex environmental media. Other non-thermal
processes have largely been evaluated at the bench or pilot scale without clear results showing
destruction of broad ranges of PFAS in multiple water matrices. Variables, such as different background
water quality, can limit the effectiveness of these technologies. Also, some processes are not
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practicable in a real-world water treatment scenario because, for example, some of the processes are
only effective at very high or low pH levels or the process requires a long contact time in water.

Solids Treatment Technologies

Solid-phase treatment systems are used for many types of materials, such as manufacturing wastes,
contaminated soils, municipal solid wastes, and spent adsorption media. Many of these technologies
are also used to treat slurries such as wastewater sludges and concentrated liquids including AFFF
formulations.

The technologies used to treat solid matrices can be broken into three categories: solidification and
stabilization (S/S), separation technologies, and thermal destruction/desorption. S/S technologies for
PFAS include the addition of binders, sorbents, and other amendments that sequester contamination
by physically encapsulating or chemically altering the soil matrix to reduce the solubility, mobility, and
toxicity of contaminants. Separation technologies include soil washing or solvent extraction. Howe-2.1 (ic)2.5 (i )-18u.5
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Additional PFAS-destruction technologies used to treat solid matrices include kinetic systems,
supercritical water oxidation, e-beam, and advanced oxidation processes. However, these technologies
are generally not commercially available and may be limited to certain waste streams.

Residual streams coming from the systems discussed here will need to be further managed. These
residual streams may include spent adsorptive media, scrubbing water, filters, and fly ash. The optimal
management strategy for these residual streamsis an area of active research in the federal government.

Air Treatment Technologies

Gas-phase treatment devices are used to treat releases from manufacturing facilities. They are also
used to treat the gas coming off from disposal or destruction technologies (“off gas”), such as landfill
gas, or for treatment control techniques, such as commercial incinerators, soil desorbers, pyrolyzers,
and spent GAC reactivation facilities.

Air or gaseous matrices containing PFAS are generally treated through destruction and separation.
Currently, gas-phase PFAS destruction centers around high-temperature chemical breakdown or
incineration to destroy PFAS. Other destructive approaches are being investigated; however, these
approaches are not considered commercially available and remain a research need (e.g., supercritical
water oxidation, bioremediation).

Problems encountered when treating other media also occur when treating air, including formation of
HF and partial PFAS destruction products.

Adsorption systems such as GAC or scrubbing systems are separation technologies that treat the
primary air stream and can be used as an air pollution control device on a thermal process. The choice
of technology may be dictated by volumetric flowrate, temperature, PFAS concentrations, PFAS to be
removed, and the treatment goal.

Residual streams need to be managed for both thermal and separation techniques. Spent media are
either incinerated or reactivated for further application using thermal treatment®. Aqueous residuals,
such as scrubber water, are directed to appropriate wastewater treatment or management. Solid
residuals, such as bottom ash or fly ash from air pollution control systems, can be used for other
applications or be landfilled, but both choices may potentially result in contaminant leaching back to
the environment. Optimal management strategies for these residual streams are an area of active
research. Similar to the primary waste stream, residuals can be directed toward further treatment or
concentration techniques, which present the need for additional treatment, disposal, or destruction to
minimize releases to the environment.

Gas-phase interactions between PFAS and particulates can lead to adsorption of PFAS onto particles.
Particle-bound PFAS can then be transported in the atmosphere. To avoid this, combustion-generated
particulate matter can be captured from thermal treatment systems using a variety of air pollution
control systems, including wet scrubbers and electrostatic precipitators.

0 EPA. Interim Guidance on Destruction and Disposal. 2020. https://www.epa.gov/pfas/interim-guidance-destroying-and-
disposing-certain-pfas-and-pfas-containing-materials-are-not.
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Summary and Research Gaps

The safe removal and destruction of PFAS from contaminated environmental media/matrices is a
complex and challenging undertaking that depends on many factors such as the type of PFAS present,
PFAS concentrations, the background constituents, the volume or mass of material to treat, the PFAS
needed to be removed and destroyed, the removal or destruction goals, energy use, the cost of
treatment, the intended use of the final cleaned effluent stream, the ability to manage residual streams,
and the technical expertise of the treatment staff. This is the case regardless of whether the PFAS are in
water, solid, and gas matrices. Adding to the complexity is that additional treatment trains may be
needed to enable the safe management, disposal, or reuse of the residual streams (e.g., biosolids for
land applications, agriculture, and farming) that will be generated by most PFAS treatment and
remediation technologies. At this time, mineralization of PFAS is an ideal situation given the many
unknowns; however, this increases the number of treatment processes, the cost, and the complexity.

Several recent reports identified critical R&D needs to advance removal and destruction technologies
for PFAS: The Government Accountability Office treatment-related findings/recommendations'’;
Strategic Environmental Research and Development Program (SERDP) and Environmental Security
Technology Certification Program (ESTCP) “2022 Workshop Report”*?%; and the Interstate Technology
and Regulatory Council’s report on “Improving Evaluation of PFAS Treatment Technologies”**. These
recommendations include:

1. Calling for advancing the basic science and engineering knowledge required to overcome
limitations in current PFAS remediation/treatment technologies;

2. Opportunities to combine machine learning (ML), artificial intelligence (Al), multiscale
computational chemistry and materials design, and multiscale and multiphysics process
modeling;

3. Designing, developing, and demonstrating the next generation of high-performance separation
and catalytic media and systems for safe and cost-effective removal and destruction of PFAS;
and,

4. Accelerating field testing and pilot testing to advance promising technologies and their
optimization and integration into treatment trains to safely remove and destroy contaminated
environmental media and matrices.

I1l. Safer and Environmentally Friendlier PFAS Alternatives

PFAS alternatives largely fall into two categories: functional alternatives, which involve technical or
engineering solutions (non-chemical methods), and chemical alternatives, which involve the
replacement of fluorinated compounds (short-chain PFAS up to large fluoropolymers) with non-
fluorinated alternatives that impart a similar function in the manufacturing process or finished
product™. The long-term goal is to eliminate PFAS in all sectors to the maximum extent possible by

11 https://www.gao.gov/products/gao-22-105088

12 https://www.serdp-estcp.org/focusareas/el8ec5da-d0de-47da-99f9-a07328558149

13 https://pfas-1.itrcweb.org/wp-content/uploads/2022/09/PFAS-Guidance-Document-9-2022.pdf
14 https://doi.org/10.1039/C9EM00163H
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applying sustainable chemistry principles and embracing an essential use concept® as a rapid pathway
towards effective management or phase out of PFAS-containing products. This section highlights the
development and deployment of safer and more environmentally friendly alternatives, including non-
fluorine-based alternatives, that are functionally similar to those made with PFAS. Both the
development of alternative processes, as well as the understanding of the performance and risk trade-
offs of PFAS alternatives, have been identified as critical research needs.

Firefighting Foams

From their introduction in the 1970s, most formulations of so-called “legacy” AFFF were PFAS-based.
Starting in 2016, AFFF formulations were modified to contain shorter chain (C6) fluorosurfactants. In
the past two years, Department of Defense (DoD) has tested a number of commercially-available and
under-development PFAS-free AFFF alternatives. These alternatives provide acceptable fire
suppression performance when used against kerosene-based fuel (e.g., Jet A) fires with fresh water as
the diluent. Additional development is required to improve the performance of these alternatives for
gasoline fires and in the presence of sea water, and to further evaluate trade-offs concerning
performance, human health, safety, and environmental impacts.

Selected Industrial Uses

Coatings, paints, and varnishes (CPVs). Coatings on wires, cables, solar panels, indoor and outdoor
paints, and other surfaces use fluoropolymers, such as polytetrafluoroethylene (PTFE), which provide
durability and resistance to weathering, corrosion, flames, heat, chemicals, abrasion and scratching,
and ultraviolet (UV) light. Other polymers (e.g., polyolefins and polyurethanes) are suitable, cost-
effective alternatives to fluoropolymers, but only for applications that do not require high-performance
coatings. For bridge coatings, fluoropolymer-based paints cost more initially but have superior
durability and save cost in the long run over polyurethane coatings that need to be reapplied more
often. For solar panels, alternate chemicals and materials, such as glass and polyester, do not perform
as well. More R&D is needed to find alternatives that meet the performance requirements. Household
paints and varnishes often use short-chain PFAS surfactants, which act as levelling, wetting, and stain-
blocking agents. Alternatives to PFAS in floor varnishes include soft waxes and sulfosuccinate
chemicals?®. Overall, more understanding is needed on the health and environmental risks of PFAS and
non-PFAS alternatives used in CPVs.

Chemical Industry/Fluoropolymer Production. Fluorinated surfactants are used as aids in the production
of chemicals, such as chlorine and solvents, and in the emulsification process commonly used to
produce fluoropolymers. One option is using alternative polymers (e.g., acrylate, siloxane and
polymeric glycol-based chemistries) as fluorine-free emulsifiers for making polyvinylidene fluoride
(PVDF). Some manufacturers have patented fluorine-free emulsifiers for producing PVDF, but it is

15 Essential use is defined as a use of PFAS for which use of a replacement substance is impossible or impractical. H.R.7900 -
National Defense Authorization Act for Fiscal Year 2023. https://www.congress.gov/bill/117th-congress/house-bill/7900.

16 https://www.oecd.org/chemicalsafety/portal-perfluorinated-chemicals/per-and-polyfluoroalkyl-substances-alternatives-
in-coatings-paints-varnishes.pdf
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unclear if they are in use. The alternative emulsifiers for producing PVDF represent a wide range of
individual substances with different chemistries and hence vary in their health and safety hazards, but
many are expected to be less hazardous than the fluorinated surfactants they are replacing'’. Research
to identify alternative emulsifiers for producing other types of fluoropolymers is still needed.

Electroplating. PFAS surfactants are used in chrome electroplating for reducing aerosol formation and
inhalation exposure to hexavalent chromium [Cr(VI)], which is recognized as a known human
carcinogen'®'®2°, A closed system with controlled pressure to prevent aerosol formation may be a
functional alternative for processes using Cr (VI). An alternative being investigated includes switching
the process from Cr(VI) to trivalent chromium [Cr(ll1)], which is less toxic and does not require PFAS to
suppress aerosol formation. Because Cr(lll) is not currently suitable for all chrome plating applications,
additional research is needed on the implementation and development of non-chrome alternatives.

Electronics. PFAS are used in electronic devices (e.g., flat panel displays) and as cooling fluids, cleaning
solutions, and in lubricants and etching solutions. The most widely-used PFAS in the electronics
industry is the hydrofluorocarbon pentafluoroethane (aka R-125), which is a concern due to its
persistence and potent global warming potential (GWP)?'. While efforts are underway to reduce the
production and use of R-125, fluorine-free alternatives are strongly needed.

Semiconductor industry. Perfluorooctane sulfonic acid (PFOS) was traditionally used in the
photolithography process as a strong photoacid generator (PAG) in lithographic patterning for
producing semiconductors. PFOS was replaced with the shorter alkyl chain perfluorobutanesulfonic
acid (PFBS), but there is still a need for fluorine-free alternatives. Aromatic sulfonates and aromatic
anions can generate strong acids and may be less hazardous than PFAS; however, these processes have
technical performance limitations. More R&D is needed for fluorine-free PAGs?*. PFAS are also used in
immersion lithography as surfactants in developer and chemical rinse solutions. In addition to the
extensive use of PFAS in semiconductor manufacturing, fluoropolymer-coated cables (previously
described under CPVs) are frequently used in electronics products.

Machinery and equipment manufacturing. Hydrofluorocarbon R-125 is widely used as a “functional
fluid” in manufacturing, for example as a refrigerant. More information about PFAS use in this category
is needed, along with more environmentally-friendly alternatives.

Production of plastic and rubber. Fluoropolymer PFAS are also used as mold release agents, polymer
processing aids, anti-blocking agents for rubber, and as curatives in the production of plastic and

17 Gluge et al. (2022) Information Requirements under the Essential-Use Concept: PFAS Case Studies, ES&T, 56, 6232-6242.

18 EPA Integrated Risk Information System. https://iris.epa.gov/ChemicalLanding/&substance nmbr=144.

19 JARC Monograph. Chromium (IV) Compounds. https://monographs.iarc.who.int/wp-content/uploads/2018/06/mono100C-
9.pdf.

20 NTP 15™ Report on Carcinogens. 2021.
https://ntp.niehs.nih.gov/ntp/roc/content/profiles/chromiumhexavalentcompounds.pdf.

2 The GWP was developed to allow comparisons of the global warming impacts of different gases. Specifically, it is a
measure of how much energy the emissions of 1 ton of a gas will absorb over a given period of time, relative to the
emissions of 1 ton of carbon dioxide.

2 Gluge et al. (2022) Information Requirements under the Essential-Use Concept: PFAS Case Studies, ES&T, 56, 6232-6242.
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rubber. This industry is targeted for PFAS replacement due to its high use of fluoropolymers, but no
information could be found regarding alternatives.

Cleaning products. PFAS are used as surfactants in a variety of industrial and household cleaning
products. Alternative surfactants are available and used in household cleaning products such as dish
soap, laundry detergent, floor polish, car wash/coating products, and carpet spot cleaner. In most cases
these alternative surfactants are more biodegradable and have reduced human health and
environmental risks than PFAS, indicating that PFAS should not be used in most household cleaning
products. For industrial cleaning products, the performance requirement for each use needs to be
evaluated individually to determine if suitable alternatives are available.

Food Packaging and Contact Materials

PFAS may be found in four main areas of food contact: (1) coatings in non-stick cookware and other
non-stick uses, (2) O-rings and gaskets used in food processing equipment, (3) processing aids in the
manufacture of conventional non-fluorinated polymers, and (4) grease-proofing agents used on food
contact paper and paperboard. The use in non-stick cookware can result in minimal dietary exposure
due to the high processing temperatures of the PTFE polymerization process, resulting in minimal low
molecular weight PFAS available to migrate to food. Alternatives to PTFE nonstick coatings include
ceramics and other nonstick materials. Uses #2 and #3 have also shown to result in negligible dietary
exposure, but may still have environmental impacts from a life-cycle perspective.

PFAS used in paper/paperboard functions as a water/oil barrier during time of use or intended duration
of the packaging in contact with food. Most of the PFAS used as grease-proofing agents in the U.S. are
polymeric. They are coated onto the paper or cellulose fibers and used in applications such as take-out
containers, fast food wrappers, and other food containers (e.g., molded fiber bowls). Alternatives may
be considered in two categories, physical and chemical barriers. Physical barriers are where the
structure inhibits the penetration of liquid. Paper typically gets wet when the cellulose fibers soak up
the liquid through capillary pores. Physically, pores that are narrow or refined result in a barrier
impervious to water and oil as seen in microfibrillated cellulose. Alternatively, a physical barrier is
formed by placing a thin layer of plastic or aluminum on top of the cellulose fibers. Such layers could
be made from either polyl(actic acid), silicone polymers, or aluminum foil. Chemical barriers are
chemical treatments on the cellulose fiber itself or used as a coating on top of the paper. Examples
include internal sizing agents such as alkyl ketene dimers, alkenyl succinic anhydride, and rosin that
are added to the molded pulp fiber articles at the wet-end as well as external chemical treatments of
the formed paper such as biowaxes (which are safe for direct dietary consumption), clays, starches, and
plant and animal-based proteins. Currently, there are three acrylate-based polymers authorized
through effective food contact substance notifications for use as water and grease resistant agents.
Drawbacks to the known alternatives is the cost and processing time. Chemical alternatives typically
cost double that of current short-chain PFAS treatments to paper and paperboard; physical barriers are
four times the cost of current PFAS treatments®.

Z https://www.oecd.org/chemicalsafety/portal-perfluorinated-chemicals/PFASs-and-alternatives-in-food-packaging-paper-
and-paperboard.pdf.
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Alternatives to traditional cellulose for use in paper that are being explored include elephant grass,
palm leaves, bamboo, clay and wheat straw. However, these may present their own concerns; for
example, the use of palm leaves may present safety concerns due to the presence of alkaloids and their
potential to migrate to food.

FDA published a letter** to manufacturers, distributors, and users of fluorinated polyethylene food
contact articles that only containers manufactured in accordance with FDA regulations (21 CFR
177.1615) are authorized for food contact use. FDA has also issued a Request for Information on the use
of fluorinated polyethylene food contact containers seeking scientific data and information on the
current food contact uses of fluorinated polyethylene, consumer dietary exposure that may result from
those uses, and safety information on substances that may migrate from fluorinated polyethylene food
containers.

Pesticides

PFAS are used as anti-foaming agents, insecticidal agents, dispersing agents, and inert additives in
pesticides. Registrations for many PFAS-containing insecticides have been withdrawn in the U.S. but
are still permitted in other countries. Regarding pesticide packaging, diluted fluorine gas is used to
fluorinate high density polyethylene (HDPE) plastic packaging to improve container stability, and to
make containers less permeable, reactive and dissolvable. PFAS may migrate from these containers
and contaminate the pesticide formulation itself. Steel drums and non-PFAS coated HDPE containers
are alternatives to PFAS-containing packaging. There are also alternative fluorination processes that
reduce the potential for unintentional manufacture of PFAS, which the EPA and United States
Department of Agriculture (USDA) have communicated to manufacturers.

Textiles

PFAS are often applied to converted fabrics and textiles such as carpets, rugs, clothing and protective
apparel, shoes, and upholstery to create materials that eliminate or repel stains, dirt, oil, or water and
to increase durability and performance. Research is needed to identify suitable replacements that
achieve equivalent performance standards without leading to substitution regret.

Recreation Products

Use of PFAS in recreation, other than the clothing discussed above, include ski wax and bike chain
lubricants. PFAS-free alternatives have been developed, and their use is mandated by a number of sport
and governmental regulatory bodies.

2 https://www.fda.gov/media/151326/download.
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Cosmetics and Personal Care Products

PFAS can be found in a broad range of cosmetics* and personal care products®. Examples include

moisturizers, body lotions, nail polish and enamel, cleansers, hair products, and make-up products like
foundations, lipsticks,
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3. The possibility that certain non-fluorinated alternatives may not be less harmful, which could
lead to substitution regret; and,
4. Technical challenges in identifying and implementing alternative products and processes.

IV.  Sources of PFAS and Pathways to Human Exposure

The presence of some PFAS in 98% of CDC’s National Health and Nutrition Examination Survey
(NHANES) serum samples collected in a representative U.S. population (approximately 2,000
individuals per each 2-year survey cycle) suggests that there are many sources of PFAS contributing to
exposure in the general U.S. population®. Sources include, but are not limited to, PFAS manufacturing,
the use of PFAS-containing AFFF, sludge generation, and the use of biosolids as a soil amendment.

Other exposure media to PFAS include indoor air, ambient air, dust, and soil, as well as occupational
exposure (e.g., during firefighting duties), and the manufacture, processing, distribution, and use of
PFAS or PFAS-containing products. PFAS may be present in, and released from, building materials,
textiles, and consumer products in residential environments. In certain cases, diet was identified as a
significant source of human exposure. PFAS may enter food through multiple sources and pathways
including from biosolid/treated effluent applications, composting, growth of food in soil containing
PFAS, and/or irrigations with PFAS-containing water, food packaging and food preparation. PFAS may
also percolate through the soil to impact the underlying groundwater, resulting in PFAS in drinking
water.

Methodologies for analysis of serum and water are routinely used either by CDC’s Environmental Health
Laboratory for NHANES serum analysis or by municipalities for the analysis of PFAS in public water
systems. Methods for collection and analysis of PFAS in other media are not as well developed.

Available national (and some state level) data on PFAS sources and environmental occurrence are
collated and updated, and a tool for mapping these data is also available to Federal and State
Agencies®!. Recently, the EPA Enforcement and Compliance History Online program updated their
website to include location-specific information related to PFAS manufacture, release, and occurrence
in the environment as well as facilities potentially handling PFAS (Figure 2)*.

Three categories of PFAS were considered in the ECHO initiative and include 1) perfluoroalkyl carboxylic
acids/perfluoroalkyl sulfonic acids (PFCA/PFSA) (PFAS classes that include perfluorooctanoic acid
[PFOA] and PFOS, respectively), 2) PFAS Precursors (chemicals with fluorocarbon structures that can
transform into intermediate and terminal PFAS and their degradation products such as PFCA/PFSA),
and 3) Other/Emerging PFAS, including PFAS such as hexafluoropropylene oxide dimer acid (HFPO-DA
or GenX chemicals).

30 CDC National Report on Human Exposure to Environmental Chemicals. https://www.cdc.gov/exposurereport/
3! https://echo.epa.gov/tools/data-downloads/national-pfas-datasets
32 https://www.epa.gov/newsreleases/epa-releases-new-pfas-analytic-tools
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Figure 2: Available National (and Some State Level) Data on PFAS Sources and Environmental Occurrence?3, WQP = Water
Quality Portal; PWS = Public water system; ERNS = Emergency Response Notification System, UCMR = Unregulated Contaminant
Monitoring Rule, NPDES = National Pollutant Discharge Elimination System, DMR = Discharge Monitoring Reports, RCRA =
Resource Conservation and Recovery Act, SEMS = Superfund Enterprise Management System, TSCA = Toxic Substances Control
Act, CDR = Chemical Data Reporting, NDAA = National Defense Authorization Act, GHG = Greenhouse Gas, TRI = Toxic Release
Inventory, ECHO = Enforcement and Compliance History Online (source: https://echo.epa.gov/tools/data-dow