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Executive Summary

Per- and polyfluoroalkyl substances (PFAS) are a large group of over 4,000 synthetic chemicals
that have been manufactured since the 1940s and are used in a variety of industrial and
commercial products and processes. Some PFAS are resistant to degradation, are known to
persist and be mobile once introduced into the environment, and have the potential to
bioaccumulate. In addition, some PFAS have demonstrated toxicity at very low concentrations.

Because of their prevalence and persistence, PFAS are frequently detected in our waste streams,
including influents to municipal wastewater treatment plants (WWTPs). The concentrations of
PFAS in the influents to WWTPs are found to be higher in urbanized areas and greatest in
situations where WWTPs service significant industrial source(s) of PFAS.

The Madison Metropolitan Sewerage District (MMSD) operates the Nine Springs WWTP, which
provides wastewater treatment to over 380,000 people in a 184 square mile service area. PFAS
are expected to be detectable in MMSD’s influent for this urbanized area. However, the levels
are not anticipated to be on the high end of WWTPs that have been studied because significant
industrial sources of PFAS have not been identified in MMSD’s service area.

PFAS are not biologically or chemically destroyed in current municipal WWTP systems; as a
result, PFAS pass through WWTPs and have been detected in their effluents (liquid effluent,
biosolids and aerosols). The PFAS detected in WWTP effluents are often found to be higher than
in the influent. This has been attributed to transformation, which changes polyfluoroalkyl
substances that are often not able to be detected by current analytical methods into the stable
end-product perfluoroalkyl substances that are commonly detected by current analytical methods.
Transformation of PFAS occurs in the environment, but this process has been found to occur
more quickly inside WWTPs because of the enhanced biological activity that occurs during
wastewater treatment.

If PFAS are present in the influent to Nine Springs WWTP, then similar PFAS may also be
detected in MMSD'’s liquid effluent, biosolids, soil amendments, and aerosols from the aeration
basin. However, transformations of PFAS occurring within the treatment plant may alter the
overall PFAS composition of the effluent and cause an apparent increase in concentration of
PFAS as compared to the influent. Also, individual PFAS may partition preferentially into the
liquid effluent and biosolids based on their unique chemical properties, which vary among this
large class of compounds.

When PFAS are released to the environment, they have the potential to impact surface water,
leach into groundwater, bioaccumulate, or be taken up by plants. Uptake by crops has been
documented for sites where biosolids with PFAS were used as soil amendments. PFAS have
been detected in human blood serum, and these detections may be attributed in part to exposure
from environmental, food, or drinking water sources, but also the use of consumer goods and
products that contain PFAS.

If PFAS are present in MMSD’s liquid effluent and biosolids, the PFAS are expected to cycle back
into the environment. The degree to which the PFAS in MMSD’s effluents may impact human
health or the environment will depend upon the PFAS concentrations entering and exiting the
Nine Springs WWTP and a complex interplay of processes governing PFAS fate and transport,
many of which are still being studied.

Madison Metropolitan Sewerage District February 5, 2020
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Because WWTPs cannot remove PFAS through treatment within their facilities, source reduction
is the best solution currently available. Therefore, it is recommended that MMSD characterize
PFAS in their influent and major effluents to determine if PFAS influent reduction measures are
needed for the Nine Springs WWTP. PFAS reduction measures could include: a targeted
industrial pretreatment program, elimination of specific sources within the MMSD service area, or
repair of infrastructure contributing to PFAS mass loading. Following this initial characterization
and focus on source reduction measures, MMSD may elect to develop site-specific sampling
plans for different environmental media in order to close data gaps on the fate and transport of
PFAS after liquid effluent and biosolids leave their facility.
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1.0 Introduction

1.1 Background and Purpose

Per- and polyfluoroalkyl substances (PFAS) are a large group of synthetic chemicals that have
been manufactured since the 1940s and are used in a variety of industrial and commercial
products and processes. It is estimated that there are over 4,000 PFAS currently on the market.
The same properties that make PFAS desirable in industrial and consumer applications (e.g.,
non-reactive, stable, water and oil repellent, surfactant, and heat resistant) also make them
persistent environmental pollutants. Recently, there has been a growing awareness and concern
with the toxicity of certain PFAS compounds and their environmental persistence, mobility, and
potential for bioaccumulation.

The role that wastewater treatment plants (WWTPs) play in the environmental cycling of PFAS
has become an issue addressed in recent research. The Madison Metropolitan Sewerage District
(District or MMSD) retained TRC Environmental Corporation (TRC) to conduct a literature review
focused on the fate and transport of PFAS in environmental media, in WWTP processes, and in
WWTP’s liquid effluent and biosolids.

The purpose of this PFAS Fate and Transport Report is to synthesize the findings and conclusions
from the literature review and present a conceptual site model (CSM) and data gap analysis on
the potential for PFAS cycling through MMSD and in its effluents.

1.2 Relationship to Other Documents

This document is intended to be used in partnership with other recent documents prepared by
and for the District.

In June 2019, MMSD published a report titled Background and Actions to Address Per- and
Polyfluoroalkyl Substances (PFAS) (MMSD, 2019), which documents the state-of-the-science
and regulations related to PFAS at the time of publication, and which formed the basis for the
District’'s PFAS action plan. This document can be referred to for additional information on the
District’s mission, goals, and plans to responsibly address PFAS.

On November 27, 2019 the MMSD Commission approved a resolution that allows the District to
move forward with a comprehensive plan and timeline for testing and monitoring PFAS in their
wastewater and biosolids. The first step was for a consultant to develop a PFAS testing plan.

MMSD retained TRC to develop a PFAS Sampling and Analysis Blueprint (SAB), Fate and
Transport Report, and CSM to support their PFAS testing plan. The SAB is a separate report and
can be referred to for summary of the developing landscape related to PFAS sampling and
analytical methods in Wisconsin, and an initial sampling and analysis plan to characterize PFAS
coming into and out of the District's Nine Springs WWTP. Together the SAB and Fate and
Transport Report support the District’'s PFAS testing plan.

Madison Metropolitan Sewerage District February 5, 2020
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1.3 Literature Review

TRC conducted a literature review of peer-reviewed scientific papers, regulatory guidance
documents, and fact sheets prepared by professional organizations (e.g., Interstate Technology
and Regulatory Council [ITRC] and National Ground Water Association [NGWA]) that focused on
fate and transport of PFAS in the environment, within WWTPs, and on effects following application
of WWTP biosolids to agricultural fields. The literature used to prepare this Fate and Transport
Report are summarized in the References (Section 7).

Several noteworthy documents are highlighted below because these are milestone articles or
reports that synthesize the current state of the science for PFAS as it relates to the potential for
PFAS cycling through MMSD and in its effluents.

e Ghisi, R. et al. 2019. Accumulation of Perfluorinated Alkyl Substances (PFAS) in
Agricultural Plants: A Review. Environmental Research. Volume 169: pages 326 341.

¢ Hamid, H. and L.Y. Li. 2016. Role of Wastewater Treatment Plant in Environmental
Cycling of Poly- and Perfluoroalkyl Substances. Ecocycles. Volume 2: pages 43-53.

o ITRC. 2018. Environmental Fate and Transport for Per- and Polyfluoroalkyl Substances
(PFAS). March 16, 2018.

2.0 PFAS Overview

In order to speak about PFAS fate and transport, it is first important to understand some
fundamental principles about this class of over 4,000 compounds. ITRC’s Naming Conventions
and Physical and Chemical Properties of PFAS provides a comprehensive summary to these
principles and provides links to further references (ITRC, 2018a). The summary below touches
on highlights that are important for the purposes of this report.

o PFAS molecules are composed of a carbon chain (varying length), where the head of the
chain contains a functional group and some, or all, of the carbons on the tail of the chain
are bonded to fluorine.

¢ PFAS can be found in variety of forms (e.g., anion, cation, or acid).

¢ Chain length is an important characteristic in terms of history of these chemicals and
understanding their fate and transport.

— Long-chain PFAS generally refer to molecules with carbon chain lengths greater than
or equal to seven carbons, and short-chain PFAS generally have less than seven
carbons’.

' This length distinguishing between long- and short-chain can vary from five and eight depending on the
head functional group and whether the chain is fully or partially fluorinated (ITRC, 2018a).

Madison Metropolitan Sewerage District February 5, 2020
PFAS Fate and Transport Conceptual Site Model 2

\\madison-vfp\Records\-\WPMSN\PJT2\353946\0000\000004\R3539460000PH4-001.docx



5 TRC

— Long-chain PFAS, especially perfluorooctane sulfonate (PFOS) and perfluorooctanoic
acid (PFOA), were the primary compounds produced through the 1990s. Production
of these chemicals was phased out because of their toxicity, with PFOS being phased
out in 2002 and PFOA in 2009. However, there were long-chain PFAS still in
production as late as 2015 in the United States that could break down to PFOA (ITRC,
2017), and long-chain PFAS may still be produced in other countries.

—  Chemical manufacturers now primarily produce short-chain PFAS. These short-chain
PFAS are generally referred to as “replacement” chemicals.

— The toxicity of the many replacement chemicals is not yet well understood.

e PFAS can exist as mixtures of linear and branched isomers, which can be dependent on
the manufacturing process that was used to make the PFAS.

e The term “poly” and “per” in the name is also of importance to understanding the fate and
transport of PFAS.

— “Poly” means not all of the carbons in the tail are bonded to fluorine.
—  “Per” means that all of the carbons in the tail are bonded to fluorine.
— Perfluoroalkyl substances are essentially non-degradable.

— The primary reason that these fully fluorinated organic compounds do not degrade is
that the carbon-fluorine bond is one of the strongest bonds in nature.

e Perfluoroalkyl acids (PFAAs) are some of the most common PFAS used and tested for in
the environment.

— PFAAs include the subcategories that are based on the functional group on the head
of the molecule. The different functional groups give compounds unique properties.

—  The two primary subcategories are perfluorocarboxylic acids/carboxylates (PFCAs)
and perfluorosulfonic acids/sulfonates (PFSAs).

— PFAAs include the specific compounds of current interest, PFOS and PFOA.
— PFOSis a PFSA.
— PFOAis a PFCA.

e Polyfluoroalkyl substances? (and some PFAS polymers) can transform into PFAAs;
therefore, many polyfluoroalkyl substances are considered “precursor” compounds.
Transformation of precursor compounds changes the molecule, but ultimately results in a
perfluoroalkyl substance that does not degrade.

2 The term “fluorotelomer” is commonly used when talking about polyfluoroalkyl substances. This term
refers to polyfluoroalkyl substances produced by a specific chemical manufacturing process called
telomerization.

Madison Metropolitan Sewerage District February 5, 2020
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o Laboratories are limited in the PFAS compounds that can be quantified using current
analytical methods and available standards (TRC, 2020).

—  Approximately 18 to 36 individual PFAS compounds can currently be quantified, and
the specific list and number of compounds varies by laboratory. A majority of these
are PFAAs.

—  Most precursor compounds cannot be quantified. However, some laboratories can
quantify precursor concentrations in aggregate using the Total Oxidizer Precursor
(TOP) Assay.

3.0 Sources

PFAS are man-made compounds for use in a variety of industrial and commercial products and
processes. In May 2017, the United States Environmental Protection Agency (EPA) summarized
a list of users of PFAS, and a copy is included in Appendix A3. The ITRC’s History and Use of
PFAS fact sheet also contains a consolidated summary, a copy of which is also included in
Appendix A (ITRC, 2017). It is these chemical manufacturers and primary users of PFAS that
are the original sources of PFAS to the environment.

Because PFAS are persistent and resistant to breakdown, the introduction of PFAS to the
environment can extend beyond these primary sources and users. In particular, PFAS is present
in various waste streams and can pass through to areas where wastes are collected (e.g., landfills,
septic systems, and WWTPs). PFAS cycle back into the environment at the point of discharge
from these locations.

Because PFAS are known to cycle in the environment, the term “source” can be categorized in a
variety of ways. For purposes of this discussion, the term source will refer to entities that may be
sources of PFAS in the influent to a WWTP. These potential sources are broken into major mass
contributors and low mass contributors.

3.1 Major-Mass Sources

The major-mass sources are those entities that individually have the potential to elevate
concentrations of PFAS in wastewater influent. The major-mass contributors include:

e Fluorochemical manufacturers (electrochemical fluorination and telomerization)
¢ Aqueous film forming foam (AFFF) manufacturers

e AFFF users

e Chrome platers (industrial scale)

¢ Landfill leachate (if the landfill accepted waste from a major-mass source)

3 This document was prepared by Linda Gaines of USEPA. It remains a draft because it is intended to
be a living document that can be updated as more information becomes available. The original source
documents used to prepare the document are the appropriate references.

Madison Metropolitan Sewerage District February 5, 2020
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AFFF is a specific class-B fire-fighting foam and is a primary source of PFAS. AFFF is used for
fire suppression and training at a variety of facilities. The most frequent use is at military airports.
It is also used at civilian airports, fire-training facilities, petroleum refineries and bulk storage,
chemical manufacturers, and local fire departments.

3.2 Low-Mass Sources

The low-mass sources are those entities that, when combined with other low-mass sources, have
the potential to elevate concentrations of PFAS in wastewater influent. These low-mass sources
include:

e Secondary manufacturing and commercial sources - see Appendix A for a detailed list
(e.g., medical uses, pesticides, textiles, and detergents)

e Sanitary waste
e Landfill leachate (if landfill did not accept waste from a major-mass source)
¢ Residual sludges/residue in sewer infrastructure

e Infiltration of surface and groundwater containing PFAS into the sanitary system

Because PFAS are used in a wide variety of consumer goods, they can pass through and be
found in sanitary waste streams. Examples of consumer goods that may contain PFAS include,
but are not limited to the following: coated papers and food packaging, cleaning agents,
shampoos and conditioners, non-stick cookware, sunscreen, dental floss, and waterproof or stain-
resistant clothing, textiles, and carpet. Transfer of the PFAS in these products into WWTP influent
is apparent for products like cleaning agents, shampoos and conditioners. Cleaning of stain-
resistant clothing, textiles, and carpets can also transfer PFAS to a WWTP influent.

4.0 Environmental Fate and Transport

Environmental fate and transport generally refers to how a chemical moves within and between
different media after being released into the environment from a source. These are chemical and
physical processes and are important for the fundamental understanding of how WWTPs factor
into environmental cycling of PFAS.

ITRC has published an environmental fate and transport fact sheet (ITRC, 2018b) and the NGWA
has published a State of Knowledge and Practice document (NGWA, 2017). The summary
contained herein highlights the key and fundamental aspects that are critical to developing the
District's CSM. The ITRC and NGWA documents and their supporting reference materials can
be referred to for more detail.

4.1 Processes Affecting Fate and Transport

The chemical, physical, and toxicological properties vary amongst PFAS, and these attributes
have been quantified for some, but not all PFAS. The discussion below generalizes the current
state-of-the-science for those PFAS that have been studied.

Madison Metropolitan Sewerage District February 5, 2020
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4.1.1 Transformation

The carbon-fluorine bond is one of the strongest bonds in nature. For this reason, the fully-
fluorinated compounds (i.e., the perfluoroalkyl substances) are resistant to degradation or
transformation by biological, chemical, and physical processes. Polyfluoroalkyl substances can
undergo abiotic and biotic transformation; however, ultimately this process will transform the
polyfluoroalkyl substance into a perfluoroalkyl substance that is resistant to, and currently thought
to preclude, further transformations.

Bottom Line: When PFAS are released to the environment, the release will typically be a blend
of poly- and perfluoroalkyl substances. The amount of perfluoroalkyl substances detected in the
release may increase over time because of transformations of the precursor (polyfluorinated)
compounds to the non-degradable perfluoroalkyl substances.

4.1.2 Sorption

In general, the tail of a PFAS molecule is hydrophobic and lipophobic and the head is a polar
functional group that is hydrophilic and frequently in the anionic state. This contributes to multiple
mechanisms affecting partitioning.

e The polar head makes PFAS miscible and PFAS readily dissolve into the aqueous phase.
PFAS are not present as non-aqueous phase liquids, but as described in Section 4.1.4
they can preferentially accumulate at the air-water interface.

¢ The hydrophobic and lipophobic tail drive an attraction to organic carbon and tendency for
some PFAS to sorb to the organic carbon in soils, sediment, and biota. Of the PFAAs that
are most frequently studied, the following generalizations can be made:

The organic carbon distribution coefficients (Koc) vary by orders of magnitude between
different PFAS compounds.

Sorption strength increases with increasing chain length.
PFSAs partition to organic carbon more strongly that PFCAs of equal chain length.

Linear PFAS isomers tend to sorb more than their branched counterpart.

e Because the PFAS molecule can be charged (e.g., anionic or cationic state), the
electrostatic interactions with charged surfaces factor into partitioning.

Sorption increases with decreasing pH.

The effects of pH are most strongly observed for long-chain PFAS.

Sorption increases with increased levels of cations in soil.

The effects of soil bulk net charge are most strongly observed in short-chain PFAS.

Bottom Line: When PFAS are released to the environment they will tend to dissolve in water
and then partition from the aqueous phase into soil, sediment, and biota. Sorption potential varies
among the more than 4,000 different PFAS; but in general, the sorption potential is greater for
long-chain, linear PFAS isomers. The partitioning behavior is also controlled by the

Madison Metropolitan Sewerage District February 5, 2020
PFAS Fate and Transport Conceptual Site Model 6

\\madison-vfp\Records\-\WPMSN\PJT2\353946\0000\000004\R3539460000PH4-001.docx



5 TRC

characteristics of the solids; butin general, PFAS will adsorb more to solids having higher organic
carbon content and cations levels, and as pH levels decrease.

4.1.3 Leaching and Aqueous Advection, Dispersion, and Diffusion

PFAS can be transported through the environment in the aqueous phase with the flow of water.
PFAS may enter surface water bodies (e.g., streams, rivers, or lakes) at a variety of locations and
once in surface water, PFAS will move with the direction of flow (advection) and with the
concentration gradient (diffusion). Common entry points into the surface water system, include:

e points where industrial sources or WWTPs discharge effluent,
e areas that capture runoff containing PFAS (e.g., AFFF use), and

e deposition from airborne particulates or aerosols.

PFAS can enter the groundwater system at locations where surface water containing PFAS flows
or infiltrates into groundwater, or where PFAS leaches from soil or historical unlined landfills and
infiltrates into groundwater. The tendency for PFAS to leach from soil will be controlled by the
same sorption principles described above. In general, shorter-chain PFAS that are branched
isomers will tend to leach more readily than long-chain linear isomers; and more leaching is
expected for soils with lower organic carbon content, lower cation exchange capacity, and higher
pH levels.

Once in the groundwater system, the PFAS will move with the direction of flow (advection) and
with the concentration gradient (diffusion). The size and shape of the groundwater contaminant
plume and the rate of transport in groundwater will be affected by the porosity and permeability
of the aquifer, and dispersion and sorption within the aquifer matrix. In general, lower permeability
soils/aquifers will limit the rate of water movement, and thus limit the extent of PFAS impacts to
groundwater. Sorption will be greater (i.e., slow the rate of PFAS transport) in aquifers with high
organic carbon content, high cation levels, and low pH. A tendency toward more sorption (slower
transport) is expected for long-chain linear PFAS isomers.

Bottom Line: \When PFAS are released to the environment they will tend to dissolve in water
and move through the environment with the direction of surface water and groundwater flow.
PFAS transport in groundwater is affected by the aquifer permeability and sorption capacity.
Relatively speaking, less leaching and slower PFAS transport in groundwater is expected in low
permeability materials (e.g., silts or clays) and those materials with high organic carbon content,
high cations levels, and/or low pH. Also, long-chain PFAS are expected to leach less and move
slower than short-chain PFAS in groundwater. The absolute rate of movement will depend on
the site-specific conditions and type of PFAS present at a site.

4.1.4 Surfactant Properties

The strong surfactant property of PFAS is one of the reasons it is so prevalent in commercial
products (e.g., fire-fighting foam, stain resistance, etc.). These surfactant properties add
complexity to their fate and transport in ways that are not yet well understood. In general, the
surfactant properties have been found to cause PFAS to form films on surfaces, to accumulate
and concentrate at the air-water interface, or to form micelles (aggregates of PFAS with
hydrophobic heads facing the center and hydrophilic tails facing the water). These behaviors can
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affect the rate of transport*. Often these behaviors will cause retention or slower rates of transport
in an aquifer, but in some cases, the formation of micelles could reduce adsorption and thus
increase the rate of transport.

Bottom Line: When PFAS are released to the environment their surfactant properties will affect
their fate and transport in complex ways that need further research.

4.1.5 Aerosols and Volatilization

While most PFAS compounds are not volatile, some neutral precursor compounds (e.g.,
fluorotelomer alcohols) are volatile and can occur in the gaseous state. Most PFAS are not
typically found in the gaseous state, but they can be associated with water vapor and particulate
matter in air emissions from sources that contain PFAS. Once airborne, these gases, aerosols,
and particulates can be transported away from the source before being deposited back to the
earth’s surface (land or water). The transport distances may be relatively small or significant (e.g.,
PFAS have been detected in remote regions of the Arctic and their presence there is attributed to
atmospheric deposition after transport through the atmosphere).

Bottom Line: Some PFAS enter the environment as gases, particulates, or aerosols, and are
transported in the atmosphere before being deposited back to the earth’s surface. The transport
distance between emission source and deposition location can be small or global in scale. PFAS
movement continues in the land and water after deposition.

4.1.6 Bioaccumulation

PFAS have been documented in plants, fish, humans, and invertebrates. Evidence of
biomagnification (increasing concentration in predators compared to their prey) has been
documented in aquatic ecosystems for some PFAS. PFAS have been detected in some terrestrial
animals and birds, but the overall bioaccumulation potential in terrestrial animals is thought to be
low.

In humans, PFAAs have the potential to accumulate over time because they are not metabolized
and are excreted slowly. PFAS tend to bind to proteins (as opposed to lipids), and therefore, can
accumulate in protein-rich tissues like the blood, liver, and kidneys. PFAS have been detected in
human blood serum, and the PFAS detections are usually a result of cumulative exposure to
PFAS over years (PFAS is generally at higher concentration for people over 20 years old). The
bioaccumulation po