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Abstract
The persistence, fate, and transport of per- and poly-fluoroalkyl substances, which have
been shown to have adverse effects on human health, have been previously studied in
environmental media such as soils and groundwater. This study investigates concrete, a
medium that is rarely studied but frequently present in instances where PFAS originating
from AFFF releases and spills have occurred. Used heavily throughout aviation
firefighting, AFFF poses environmental hazards due to the length of PFAS degradation
and toxicological implications, thus its classification as a forever chemical. From the
very limited reports to date, studies have suggested very slow release from concrete,
potentially serving as a long-term source, prolonging its environmental persistence. This
work discusses the development of a fate and transport model that can be applied to
PFAS contaminated concrete including stormwater channels that may drain from AFFF
release points. This study consisted of three phases: (1) saturation and contamination, (2)
desorption and flushing, and (3) sampling and analysis. The study used AFFF to
investigate retention of PFAS by the concrete, as well as the ability of chemical dyes to
trace the hydraulics of flowing water through small mock channels and its permeation in
the concrete. A desorption model developed from this data incorporates properties of the
concrete and simulated hydrological runoff, along with mechanistic terms for both
diffusion and adsorption kinetics. This model can be used to estimate the length of time
PFAS may remain above a given action level and provide a model that can be easily

adapted to DoD and civilian installations to better manage and mitigate PFAS.
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PERSISTENCE AND MITIGATION OF PFAS WITHIN CONCRETE
STORMWATER DRAINAGE INFRASTRUCTURE

I. Introduction

General Issue

Since the industrial revolution, chemical pollution in the environment has been
rising exponentially (Landrigan et al., 2020). Though pollution is an unavoidable
consequence in industrial and economic growth, environmental responsibility charges us
to limit the contamination of natural resources to the best degree possible. As we
continue to research and engineer new technologies and scientific advances, we must
study not only the primary causes and effects of these pollutants, but also the secondary
and tertiary as well. Per- and polyfluoroalkyl substances (PFAS) are one such group of
chemicals that has garnered scrutiny in public health and environmental studies due to
negative health effects and persistence in the environment. Awareness and mitigation of
PFAS continues to be a growing factor in decision making and future planning at both
public and legislative levels. Understanding the common pathways and transport media
for PFAS will help scientist and researchers better advise the public and governmental
agencies on the health risks and contamination sources of these chemicals.

While several studies have been conducted on the fate and transport of PFAS
through soils (Nanthi Bolan et al., 2021; Schaefer et al., 2021), chemical analysis on
distribution in waterways and oceans (Kwok et al., 2015), and public health hazards that
PFASs present (Domingo & Nadal, 2019), there has been very limited research into the
fate and transport of PFAS within concrete structures. In fact, throughout the literature

review, as described in later sections, only one source was found that was consistently
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cited on PFAS desorption in concrete (Baduel et al., 2015). PFAS in concrete poses a
challenging problem, especially the concrete around maintenance aprons, helicopter pads,
runways and taxiways, and also within stormwater drainage infrastructure around
Department of Defense (DoD) aviation installations. Because the desorption of chemical
compounds, including PFAS, differs depending on the media type that the contaminant is
in, concrete is a novel media type that should be further investigated and researched.
Given that PFAS, specifically those found in legacy firefighting foams, were potentially
used at some point during an installation’s lifespan, desorption characteristics of PFAS in
concrete is an important study in advancement of mitigating future releases of this
forever chemical.

Long chain PFAS, commonly found in the form of perfluorooctane sulfonic acid
(PFOS) and perfluorooctanoic acid (PFOA), are considered as such due to having a
carbon chains longer than or equal to six (Kempisty et al., 2018). These types of PFAS
have been traditionally used in legacy firefighting foams generally referred to as Aqueous
Film Forming Foams (AFFF). Though its use and resourcefulness in firefighting
operations has been extremely beneficial to the DoD and other civilian agencies, both
AFFF and the PFAS compounds contained within have become a major concern for both
public health and environmental impacts. Considering that all DoD aviation installations
will have some form of concrete in their construction, the sorption and desorption of
PFAS into these porous concrete structures is of paramount concern when decisive

actions and mitigation plans are being considered.
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Problem Statement

With the limited research in the desorption characteristics of PFAS in concrete, a
useful and effective model for estimating persistency, defined as the amount of time that
PFAS will remain above a given regulatory limit, must be established to better

understand and mitigate PFAS releases into the environment.

Research Objectives
The overarching objective of this study was to test the sorption-desorption rates
and fate and transport of PFAS within concrete. The semi-porous concrete found in
stormwater drainage structures was selected as the model for this study, however, results
are anticipated to be applicable to many forms of concrete. Various testing methods were
utilized along with testing the same parameters on chemical dyes for potential use as
PFAS surrogates in future studies.
Objective 1 — Study and analyze the desorption of PFAS (3% AFFF solution) from
concrete in a simulated mock stormwater drainage channel.
Hypothesis: PFAS desorption trends can be determined by sampling water-runoff from a
previously contaminated concrete channel at certain time intervals.
Subtask 1.1 — Estimate and apply an appropriate level of initial concentration to
the concrete channels to yield realistic and measurable results over the course of
the experiment.
Subtask 1.2 — Evaluate if the concentrations of detected PFAS increase over time

as water is flowed over the channels.
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Subtask 1.3 — Contrast the recorded concentrations of PFAS against the initial
concentration applied to the block to determine the rate of change.
Objective 2 — Study and analyze the desorption of chemical dyes (Allura Red AC,
Brilliant Blue FCF, and Methylene Blue) from concrete in simulated mock channels for
future use as PFAS surrogates in similar studies.
Hypothesis: Since PFAS compounds in AFFF vary in ionic composition (Will J. Backe et
al., 2013), the use of zwitterionic, cationic, and anionic dyes should show relevance to the
desorption of individual PFAS compounds.
Subtask 2.1 — Estimate and apply appropriate initial concentrations (stock dye
solutions) of the chemical dyes to the mock channels to yield measurable and
relatable results for comparison to PFAS desorption data.
Subtask 2.2 — Develop calibration curves for each of the three surrogate dyes for
comparison against recorded desorption values.
Subtask 2.3 — Evaluate if the concentrations of the surrogate dyes change over
time due to channel flushing.
Subtask 2.4 — Compare recorded desorption results to calibration curve data to
determine total desorption of surrogate dyes.
Subtask 2.5 — Contrast desorption data of surrogate dyes with the desorption data
of the corresponding ionization of the PFAS compounds in AFFF.
Objective 3 — Build and establish the validity of a desorption model for PFAS from semi-
porous concrete to determine the persistency of PFAS to remain above a given regulatory

limit.
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Hypothesis: The PFAS desorption model will be able to accurately determine the amount
of time the contaminate will remain above regulatory limits.
Subtask 3.1 — Determine the thermodynamic and kinetic constants for the model
from the recorded PFAS desorption data.
Subtask 3.2 — Given a predetermined location (MCAS Futenma), determine the
annual hydrological runoff within a stormwater channel using open-sourced data.
Subtask 3.3 — Determine the physical properties of the designed concrete mock
channels for use in the kinetic model equation.
Subtask 3.4 — Determine the kinetic desorption model equation using existing

studies for DoD stormwater drainage systems.

Research Focus

The focus of this research is to determine a kinetic desorption model to determine
the time that a given PFAS contaminant will remain above a regulatory limit by testing a
3% AFFF solution and the potential use of chemical dyes for surrogate use in comparison

to PFAS contaminated concrete.

Methodology

Parameters to analyze desorption rates of both the PFAS solution and the
surrogate chemical dyes began by constructing mock channels from a concrete mix
design based on Department of Defense (DoD) engineering regulations and publications.
The experiment was divided into two distinct groupings for testing and analysis: PFAS
testing group, using a 3% solution of 3M Light Water™ and reverse osmosis (RO) water,

and the chemical dye testing group, which included a 0.05 mM solution each of Allura
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Red Dye AC (AR), Methylene Blue (MB), and Brilliant Blue FCF (BB). The primary
methods of analysis were conducted using a Sciex 5500 Liquid Chromatography Tandem
Mass Spectrometer (LC/MS/MS) with isotope dilution for the PFAS samples and by
using an Agilent Technologies Cary 60 Ultraviolet-Visible Spectrophotometer (UV-Vis)
for the chemical dye samples. Mock concrete channels were placed into enclosed system
reactors and were then flushed with recirculated RO water. Three samples at various
times were collected from the single reactor in the PFAS group. The chemical dye group
produced eighty-one samples for each of the three chemical dyes. Collected data was
then used in correlation with peer-reviewed literature and kinetic modeling to produce an

equation to predict persistency of PFAS in concrete stormwater structures.

Assumptions/Limitations

Several assumptions and limitations were presented in the construction of the
concrete mock channels, most importantly the selection of mix design and max aggregate
size (MSA). Given that there are several variables that will affect the overall structure of
the concrete, liberties were taken with selection of the mix design parameters. Mix
design will regulate the final compressive strength, water to cement ratio, and aggregate
composition; porosity and permeability will determine the presence of open pores,
particularly capillary pores that allow for the flow of liquids through the concrete; and
density and viscosity of the PFAS and chemical dye solutions will also factor into the
depth the solution could potentially reach within the concrete (Thompson, 2014). The
most generalized MSA (3/8”) and cement type (Portland Type II) were selected to give

the closest comparison to DoD publications and what would typically be found in the
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built environment. It should be noted that changing these two parameters would have the
greatest effect on the porosity of the concrete and thus also the desorption of any of the
tested compounds if tested using different mix designs.

Viscosity of the chemical dyes was also of concern in that if the ratio of dye to
RO water was too high it could adversely affect the initial sorption of the dye into the
mock channels. Literature supports that if the dye concentration was greater than 2% by
volume the viscosity of the prepared solutions could be altered, specifically at low shear
rates (Kim & Cho, 2003). The 0.05 mM solutions for the chemical dyes were selected
based on the principle that the given ratios of the dye-water solutions would be well
below this limit; 0.00248% (AR), 0.00396% (MB), and 0.0016% (BB).

Ultimately, the principal challenge in this experiment was found in establishing
the end point for the PFAS desorption with the 3M Light Water™ AFFF solution in
comparison to the chemical dyes. The greatest factors in using the chosen equation for
the kinetic model was the concentration equilibrium (Ceq) versus the initial concentration
(C.) of the contaminant, as seen in Eq 8 later in this text. Finding the appropriate time
intervals for sampling in the PFAS trial proved central to estimating the correct Cy.
Reviewing the supplemental materials by Baduel et al. (2015), estimates were made that
the PFAS would reach equilibrium around the same time for the concrete channels tested
in this experiment as was the concrete pad tested in Baduel et al. study. Their analysis
found that the characteristic time to reach steady state was in the range of five to fifteen
hours for PFOA and one to one and a half for PFOS (Baduel et al., 2015). While porosity

and permeability vary from one concrete channel to another for the reasons stated above,
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this seemed to be an appropriate assumption in limiting the number of samples and

subsequently the overall cost of the experiment.

Implications

There are several significant benefits to having a working kinetic model for the
desorption of PFAS in concrete drainage channels. Most notably, the application of the
model to determining the persistency of PFAS compounds over time. This experiment
will also provide supplementary research into a facet of PFAS/AFFF studies that is
limited in published literature. It will assist in establishing a baseline for further research
into PFAS desorption modeling in concrete and provide additional recommendations and
best practices for such experiments. Finally, understanding the residency and persistence
of AFFF in concrete will enable DoD installation engineers and commanders to develop

better policies and mitigation measures prior to and after spills and releases.

II. Literature Review

Chapter Overview

The purpose of this chapter is to identify pertinent background information in
relation to the structure and purpose of stormwater drainage channels, the hazards
associated with PFAS contamination in AFFF releases, and summarize both DoD and the
Environmental Protection Agency (EPA) regulatory limits and guidelines. This chapter
will also establish the need for kinetic modeling of PFAS desorption rates in concrete
drainage infrastructure to better understand its fate and transport in the built environment.

Background information containing peer-reviewed research in PFAS desorption through
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various media types is presented along with a similar research study on the desorption of

PFAS found in an Australian firefighting training ground (FTG).

Stormwater Drainage Channels and Simulated Site Selection

One of the obstacles in construction of military air stations and air bases is the
need for water drainage from operating surfaces. These surfaces include maintenance
aprons, runways and taxiways, and any other roadways or paved surface that can
accumulate standing water and impede normal operations. To control these waters and
divert the flow of water into appropriate areas or off installation, flood control channels,
to include stormwater drainage channels, are constructed. The purpose of these channels
is to convey heavy storm water flows away from areas that could become inundated with
standing water and result in stoppages of military operations or cause property damage or
loss of life (USACE, 1995).

During the design phase of channel construction, the most critical parameter that
must be established is the amount of water that the channel is expected to hold, or the
peak runoff rate. The most common method for estimating peak runoff rates in urban
catchment is the rational method, which has been used extensively since the nineteenth
century (Chin, 2019). This method assumes that the runoff rate is a constant ratio to the
rainfall rate for a given area. Though more complex methods of estimating runoff exist,
to include the unit hydrograph model, the rational method still remains the standard
method for civil engineers in managing systems that only require the peak flow for runoff

estimation (Chin, 2019).
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The peak runoff rate is a key component of the kinetic desorption model used for
this experimental study in estimating persistency. While an estimated runoff rate using
speculative parameters for a fictious site would still fit within the purposed kinetic model,
a more appropriate method would be to select a site for simulation and use empirical data
for modeling. Thus, Marine Corps Air Station (MCAS) Futenma located in Okinawa,
Japan was selected as the simulated site location for all future calculations in this study.

MCAS Futenma is of prominent concern for PFAS and AFFF due to
multinational partnerships and Status of Forces Agreements (SOFA) between the U.S.
and Japan, as well as the presence of numerous AFFF fire suppression systems and
political sensitivities around historical inadvertent activations of these systems. The
airfield boasts a C-5/C-17 capable, 9,000-foot runway that serves as a major supply and
logistics hub for the U.S. Marine Corps (USMC) within the Pacific region (Eldridge,
2012). Use of MCAS Futenma as the simulation site for peak runoff rate, along with
other hydrological data from the installation, will provide more understanding to the
extent of the PFAS contamination issues surrounding the air station. This will also give
the model more validity in its application to actual DoD installations more over a broader
span and limit assumptions within the model itself. Calculation of the peak runoff rate

for the selected simulation site is described in subsequent sections of this text.

Per- and Polyfluoroalkyl Substances
Persistence of PFAS is a growing concern for both environmental and public
health reasons. PFAS has been found to be persistent in the natural environment and

consists of more than 5,000 different chemical species (N Bolan et al., 2021; Sima &
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Jaffe, 2021). Originally synthetically made in the 1930s, PFAS compounds have been
commercially produced for a variety of industrial applications and products (Buck et al.,
2011; Moody & Field, 2000). PFAS compounds have also had wide-spread use in
consumer based products to include non-stick cookware, water-resistant garments, and
food packaging (Ahrens, 2011; Ahrens & Bundschuh, 2014). These chemicals have also
been found in agricultural lands stemming from biosolid soil amendments obtained from
wastewater treatment plants (Sepulvado et al., 2011; Vo et al., 2020; Zareitalabad et al.,
2013). The abundance of these chemicals throughout commercial and industrial use has
led to multiple long-lasting concerns.

PFAS compounds are identified by the number of carbons present within the
carbon-chain tail. Long-chain PFAS differ from the short-chain varieties based on this
carbon number. Long-chain PFAS include all perfluoroalkane sulfonates (PFSA)
compound species with a carbon-chain length greater than or equal to six, while within
the perfluorocarboxylic acid (PFCA) varieties any species with a carbon-chain greater or
equal to eight are classified as long-chain (Kempisty et al., 2018). Further explanation on
chain classification involves a more broadened approach for PFAS compounds.
Classification for all PFAS include long chains as greater than seven, short chains as
falling between four to seven, and ultra-short chains as two to three carbon molecule
chains (Ateia et al., 2019).

The PFAS molecule has a very specific chemical nature with two main
components: one end being the functional group and the other as a carbon-chain tail. The
functional group head can vary due to the type of PFAS compound; however, all

functional group heads are water attracting and have hydrophilic characteristics. The
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carbon-chain tail of the molecule varies in length and carbon structure depending on the
compound, but retains hydrophobic, water-repelling qualities (Buck et al., 2011).
Because of this hydrophilic-hydrophobic structure of PFAS compounds, it is chemically
well suited for its ability to extinguish Class-B hydrocarbon fires at the air-liquid
interface (Interstate Technology Regulatory Council, 2017).

Another critical classification of PEAS compounds is the differentiation in the
functional groups found in the hydrophilic head. These classifications include
categorization as sulfonates, carboxylates, phosphonates, and alcohols (Buck et al.,
2011). Major important groups are found in perfluoroalkyl acids (PFAA) which also
include perfluoroalkyl carboxylic acids (PFCA), the aforementioned PFSA, and
polyfluorinated compounds or fluorotelomers comprising fluorotelomer sulfinates
(FTSA), fluorotelomer carboxylates (FTCA), and fluorotelomer alcohols (FTOH) (Buck
et al., 2011). These polyfluorinated compounds (FTSA, FTCA, and FTOH) are a key
environmental concern as they represent precursor compounds to the PFAA (Barzen-
Hanson et al., 2017; Buck et al., 2011; Houtz et al., 2013). This separation in
classification between polyfluorinated compounds and PFSA is important due to the
characteristic long-term degradation of polyfluorinated compounds into PFAA even after
initial PFAS contamination has been resolved.

PFAS species are aliphatic, organic compounds in which carbon atoms form open
chains, as found in alkanes, and not in traditional aromatic rings. They are split into two
main structural characteristics: partially fluorinated (polyfluorinated) and fully
fluorinated (per-fluorinated) alkyl chains that are comprised of carbon (C) and fluorine

(F) atoms (Buck et al., 2011). This structure of the carbon-fluorine bonding is both

24



exceptionally strong and makes the PFAS highly resistant to numerous different
conditions in the natural environment. This resistance to biodegradation, along with
other physicochemical properties to include high thermal stability, increase the resilience
and persistence of PFAS making them a pronounced environmental concern and
bioaccumulative (Omo-Okoro et al., 2020).

Fate and transport of PFAS compounds in the natural environment relies on
several different factors surrounding the individual chemical and ionic properties of
separate PFAS compounds and the type of media through which the compound is
traveling. One of the largest distinctions is found in the increase in adsorptive properties
of long chain compounds over the shorter chain varieties (Chen et al., 2013; F. Wang &
Shih, 2011; Zhao et al., 2014). Furthermore, PFSA are also usually more adsorptive than
PFCA of similar chain length (Higgins & Luthy, 2006). This can lead to an increase in
the persistency of the PFSA compounds within porous media due to the ability of these
longer chain PFAS molecules to have stronger bonds to the media they have been
adsorbed into. For the purpose of this study, the persistency is directly correlated to the
levels of mitigation and remediation that would be necessary for a known contaminated
concrete surface.

Remediation of PFAS can pose numerous challenges when found in various
media. For drinking water purposes, removal of PFAS is not completely effective using
traditional decontamination methods (N Bolan et al., 2021; Gagliano et al., 2020; Simon
etal., 2019; Vu & Wu, 2020). PFAS removal has also been studied in soil remediation
methods as way to mitigate its fate and transport through groundwaters and into more

mobile waterways (Chen et al., 2013; Gliige et al., 2020; Houtz et al., 2013). Further
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remediation and mitigation efforts are needed to fully understand fate and transport of
PFAS through both the natural and built environments. Increasing available studies on
the relationships between PFAS desorption and concrete surfaces will help to improve
mitigation techniques and procedures. This will also give a better understanding for the
DoD on the amounts of PFAS that are leaving installations through stormwater drainage
channels and the amount of time those contaminants will be of significant impact to

environmental and health concerns following AFFF releases.

Aqueous Film Forming Foam

AFFF, an important firefighting agent for both military and civilian use, is
recognized as a major contributor to the current concentrations of PFAS in the
environment (by David Kempisty & Racz, 2021). DoD introduction to PFAS use began
in the 1960s in large part due to the introduction of firefighting foams, specifically AFFF.
In 1963, the United States Navy launched an initiative with 3M® to create better
firefighting foams than the preceding protein-based foams (Hayes & Faber, 2019).
Through development of improved techniques and procedures in firefighting operations,
foams have developed to more effective and efficient methods. Most firefighting foams
of today, including AFFF, have shifted from protein-based foams of yesteryear to the per-
fluorinated or fluorine-free compounds that are predominately used today (Kempisty et
al., 2018). Though its use and resourcefulness in firefighting operations has been
extremely beneficial to the DoD and other civilian agencies, PFAS and AFFF are still a

major concern for both public health and the environment.
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Two primary production techniques are used in the production of PFAS
containing AFFF: electrochemical fluorination (ECF) and telomerization (Barzen-Hanson
etal., 2017; Buck et al., 2011). The ECF process produces the longer chain PFAA,
predominantly found as PFSA, and the telomerization technique results in the production
of polyfluorinated fluorotelomers (W J Backe et al., 2013; Buck et al., 2011). In
conjunction with the strong carbon-fluorine chemical bonding, this makes AFFF, both
long and short chain, ideal for firefighting operations and highly effective at
extinguishing hydrocarbon and polar solvent fires (Interstate Technology Regulatory
Council, 2017). While its use in firefighting is of great value to both the DoD and
civilian entities, the strong carbon-fluorine bonding results in the negative environmental
effect of longer half-lives and increased degradation properties (Y. Wang & Liu, 2020).

With increases in scrutiny and both environmental and health concerns
surrounding the use of PFAA-based AFFF, phasing out began in the early 2000s in
conjunction with the decision by 3M®, the primary producer, to reduce and discontinue
production of long chain PFAS (3M, 2000). In late 2002, the EPA included close to 100
PFAS chemicals to the Significant New Use Rule (SNUR) requiring notification prior to
the manufacture, production, or import of any of these compounds (U.S. Environmental
Protection Agency, 2017). Continuance of this rule allowed for some minor use for
technical aspects on the conditions that they were at minimal volume and significantly
reduce exposure and release. This eventually led to the inclusion of both PFOS and long-
chain PFOA and the ban in production of PFOS and PFOA compounds (Agency for
Toxic Substances and Disease Registry, 2021; U.S. Environmental Protection Agency,

2017).
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Transport of AFFF and the containing PFAS compounds within the natural
environment is complex and difficult to fully comprehend for many reasons. Co-
contamination, varying amounts of PFAS compounds and precursors present in the
specific formulation, and porous media properties all have conflicting roles in the
persistence and degradation of AFFF. Formulations from different manufactures have
been found to have more than 50 unique PFAS compounds anywhere from two and up to
12 carbon-chains (Barzen-Hanson et al., 2017; Barzen-Hanson & Field, 2015; Place &
Field, 2012). It should be noted that the variations in AFFF formulation plays an
important role in the adsorption and desorption of PFAS compounds not just based on
media types but also within media types as well. Furthermore, the specific and primary
usage of AFFF as a fire suppressant will also have a high degree of hydrocarbon and non-
aqueous phase liquids (NAPL) in water runoff from fuel sources in areas where
firefighting operations have occurred (Brusseau et al., 2019; Guelfo & Higgins, 2013;
Silva et al., 2019). While presence of these NAPL co-contaminants has not been widely
examined, studies suggest that they will impact the overall fate and transport of AFFF
(Brusseau, 2018; Silva et al., 2019).

Traditional use of AFFF for firefighting operations by the DoD and civilian
agencies is primarily in the suppression of aviation fires. Examination of the surrounding
groundwater and soils near military and civilian operating facilities has shown an
increase of groundwater PFOS levels near 35 percent (Rice, 2019). Even though the use
of legacy firefighting foams, to include AFFF containing PFOS and PFOA, have been
outright banned or restricted, issues with newer AFFF variations are still present. In the

early 2000’s it was initially reported that the presence of PFOA was not likely from the
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newer AFFF formulations, however analysis of C6-based foams since then has shown
that roughly 20 percent of the PFAS present were precursors to PFOA and therefore had
potential to form PFOA in the environment. Moreover, the remainder of the PFAS found
in C6-based AFFF was found to have additional precursor qualities to the short-chained

PFAA (by David Kempisty & Racz, 2021).

EPA Regulatory Limits and DoD Guidelines

Regulatory limits and guidelines surrounding the use of AFFF and other
fluorinated foams has predominantly arisen within the past few decades. Most notably,
of the regulations that have impacted the use AFFF the first was the introduction of the
amendments to the Safe Water Drinking Act (SWDA) in 1996. The SWDA
fundamentally changed the way that the EPA took on regulatory development processes.
In 2009 the EPA released Provisional Health Advisories for both PFOA and PFOS to
quantities of 400 ppt and 200 ppt, respectively (U.S. Environmental Protection Agency,
2009). Additionally, the EPA included PFOS and PFOA and the Third Contaminant
Candidate List (CCL3) and pushed forward in 2012 in further developing national
occurrence data by including six PFAS on the final Third Unregulated Contaminant
Monitoring Rule (UCMR3). This list included PFOS, PFOA, PFNA, PFHxS, PFHpA,
and PFBS (by David Kempisty & Racz, 2021). These limits were again revised in 2016
with the release of the EPA Lifetime Health Advisories for PFOS and PFOA to 70 ppt in
drinking water, however there no current advisories for short-chain PFAS.

Although these CCLs established by the EPA, along with the UCMR3, create

many restrictions on use and production, there are still issues with PFAS that need to be
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addressed. Many of the chemical constituents of PFAS and the PFOS and PFOA
precursors either were grandfathered in prior to the 1996 SWDA amendments or need
additional information on the relevance to human health effects and environmental
persistence (Sullivan, 2001). Even with these limitations, PFOS and PFOA remain
emerging contaminants within the scope of the EPA regulatory reviews and are a major
focus of literature (Simon et al., 2019).

DoD use of AFFF is largely governed by different federal statutes but must also
meet the requirements set forth in Military Specification (MilSpec) MIL-F-24385F under
the control of the Navy Sea Systems Command (NSSC). As such, the Naval Research
Laboratory (NRL) is the DoD designated institution for certification of the DoD AFFF
Qualifying Products List (Sheinson et al., 2002). Since the 2016 EPA LHA, the DoD has
pushed further and adopted a limit of 800 ppb as its target MilSpec for both PFOS and
PFOA (Naval Sea Systems Command, 2017). Continued use of AFFF is closely
monitored with additional research and studies carried out by the NRL to reevaluate and

update DoD guidelines and regulations as new data is discovered.

Environmental and Health Issues

Following production and manufacture, PFAS compounds have a wide variety of
pathways into the environment and the human body. As such, products that are produced
for commercial use, and those found in fluorinated foams, are more susceptible to
transport and distribution throughout the environment than they are to degrade (by David
Kempisty & Racz, 2021). The extent of this PFAS dissemination has been extensively

studied with indications that all parts of the globe are contaminated to some degree even
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including the north pole (Bossi et al., 2005). This is largely in part to the ability of PFAS
compounds to migrate extremely well in both water and soil leading to contamination of
food and drinking water supplies (by David Kempisty & Racz, 2021). This has led to
numerous contaminated sites in the United States and world-wide.

Some drinking water sources near highly contaminated sites have over two orders
of magnitude above the EPA health advisory limits and account for the majority of PFAS
exposure within the local areas (by David Kempisty & Racz, 2021). Though exposure
pathways can be presented through several different routes (inhalation of indoor air,
outdoor air, and dust; and digestion of food), the primary exposure pathway is through
ingestion of surface water through drinking water systems (Agency for Toxic Substances
and Disease Registry, 2021; Kempisty et al., 2018). Based on the findings from the
UCMR3, approximately 1.3% of 36,972 public water systems were shown to have PFOS
and PFOA results above the health advisory limit (U.S. Environmental Protection
Agency, 2015).

Bioaccumulation of PFAS in the human body is directly related to the extended
degradation once inside the body. Half-lives for PFOA can range from two to ten years
with half-life for PFOS increasing to as much as 27 years (Agency for Toxic Substances
and Disease Registry, 2021; Kempisty et al., 2018). Studies have shown that PFAS
compounds have been detected in nearly 98% of serum samples collected from a civilian
U.S. population over the age of 12 to include additional examinations of AFFF related
fluorochemicals in blood from several different countries (Calafat et al., 2007; Kwok et

al., 2015; Olsen et al., 2017).
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PFAS Desorption in Concrete Media

Desorption of contaminants is partially correlated to the adsorption mechanism
used in the initial bonding of PFAS compounds to the media surface. Adsorption of
PFAS onto the surface and through a porous media is associated to the mechanism of the
chemical reaction. The primary sources of adsorption in peer-reviewed literature are
electrostatic and hydrophobic interactions. Though ion exchange is directly related to
electrostatic interactions, the cationic and anionic exchange properties are widely studied
in PFAS laboratory experiments (Li et al., 2018). Hydrogen bonding is another form of
the adsorption mechanism for PFAS that has been examined but was determined to be
minor in traditional environmental conditions (Du et al., 2014; Zhang et al., 2019).

Ionization is also a relevant characteristic of the desorption mechanism from
porous media surface as well. Some classes of zwitterionic, cationic, and anionic PFAS
have been identified and associated with the specific formulations of AFFF used by the
DoD (Will J. Backe et al., 2013). Anionic PFAS are the most widely studied in literature
and have identified for desorption in contaminated soils (Nanthi Bolan et al., 2021;
Sorengard et al., 2020). Though not as extensively studied, cationic and zwitterionic
compounds have an increasing interest in both the adsorption and desorption mechanisms
and properties (Barzen-Hanson et al., 2017; Xiao et al., 2019) showing potential for
increased contamination, in the form of precursors compounds, than the degraded anionic
PFOS and PFOA (Adamson et al., 2020; Nickerson et al., 2021).

For desorption and adsorption in porous concrete, limited studies have been
completed on the removal of PFAS or the effects of AFFF through the media. Studies

have shown the desorption properties and chemical diffusion into concrete (Thompson,
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2014), though at the time of writing, few were specifically related to PFAS desorption
(Baduel et al., 2015). The subsequent section reviews the limited information regarding

desorption of PFAS and AFFF in porous concrete.

Relevant Research

While several studies have been conducted on the fate and transport through soils,
chemical analysis, and public health hazards that AFFFs present (Domingo and Nadal,
2019; Kwok, et al., 2015), there has been very limited research into the fate and transport
of PFAS/AFFF within concrete structures. Published literature has well studied
adsorptive behaviors in porous media that involve interactions with organic carbons, soil
types including reactions with clays and silts, and the effects inorganic ions, pH, and
saturation have on the desorption behaviors of PFAS (Barzen-Hanson et al., 2017,
Sorengard et al., 2020; Yi et al., 2018).

What has not been thoroughly studied, is the sorptive characteristics of PFAS in
concrete. As of the writing of this study, only one such research initiative extensively
sought to examine the desorption behavior of PFAS, more specifically AFFF in concrete.
That study was conducted by Baduel et al. (2015) as part of a University of Brisbane
research project on a FTG in Australia that had been in service since 1983 (Baduel et al.,
2015). The Baduel et al. study was purposed to examine the occurrence and fate of 15
different PFAS and one FTSA (6:2 FTS) at a FTG that had been contaminated by
continuous use of AFFF.

For Baduel et al., the experiment was focused on the existing contamination of the

FTG by first taking concrete samples from the site for analysis and then by constructing
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and performing a desorption test to remove the PFAS. The contamination profile of the
site was investigated by determining the surface and vertical mass loading of 15 PFAS to
include 11 PFCA (C4-C14 PFCA), four PFSA (C4, C6, C8, C10 PFSA), and one FTSA
(6:2 FTS) (Baduel et al., 2015). Desorption of the PFAS compounds from the concrete
was achieved by building a 62 cm? plastic frame at 16 different locations on the FTG
concrete pad. Frames were then filled with 100 mL of MilliQ water at a depth of 15 mm
and corresponds to the expected water levels from a strong rain event or consecutive
training exercises (Baduel et al., 2015). Samples were taken at various time intervals to
show the desorption of PFAS from the concrete pad sites over the elapsed time. After
samples were collected, they were analyzed via high-performance liquid chromatography
(HPLC) and tandem mass spectrometer. Concrete powder samples were also collected
from the FTG pad at 10 different locations with retrieval of 2-3 g of powder per sample.
These samples were then extracted with 4 mL of methanol under sonification for 15
minutes (Baduel et al., 2015). The kinetic desorption experiment was repeated twice at
4°C and 24°C, representative of the upper and lower temperature ranges for the FTG site
(Baduel et al., 2015).

One of the primary constraints of the Baduel et al. study is that the experiment
was based on the desorption of PFAS from contaminated concrete using a stationary
water source as the catalyst for concrete rehydration. The experiment described in this
text sought to build upon this desorption principle with the change from a stationary
water source a mobile rehydration source through continuous flowing water through a
concrete channel. Both rely on the principle that as water is poured onto or across the

surface, the concentration of PFAS in the water increases at an exponentially decreasing
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rate eventually reaching steady state (Baduel et al., 2015). This follows the model
approach of exponential decay increasing form (EDIF) as seen below:

y =C(1—e™*) (Eq 1)
Key features of the EDIF are an asymptotic relationship to y=C to the right, the function
passes through the origin, and is bounded by C at the upper limit (Larson et al., 2010).
This is the basis for kinetic modeling for both this experiment and the Baduel et al. study.
However, where they analyzed the model at specific locations in the concrete pad at the
FTG, this study seeks to apply the model more broadly through its application throughout
the channel.

Baduel et al. (2015) was able to show a spatial distribution and vertical profile of
the tested PFAS and FTSA. Total mass of the PFAS in the FTG pad was estimated to be
250 g at a depth of 0-0.5 cm for surface contamination and 1700 g for the whole pad at a
depth of 0-12 cm deep (Baduel et al., 2015). PFAS concentrations varied within the pad
from 10 to 200 pg/g with PFOS as the dominant PFAS compound. Through the kinetic
model presented, time to remove 50% of the existing concentrations for PFOS, PFOA,
and 6:2 FTS were 25, 1, and 0.7 years, respectively. Additionally, removal of 90% of
these compounds through rainwater and firefighting exercises was found to be 82, 4, and
2 years, respectively (Baduel et al., 2015). The most significant of these findings was the
result in which the model showed that the estimated time for PFOS to come under the
EPA regulatory guidance of 200 ppt (based on the 2009 EPA guidance) would not occur
until 2230 (Baduel et al., 2015). This is perhaps the most definitive evidence that
experiments on the desorption of PFAS in concrete structures should be further

investigated and improved mitigation standards enacted.

35



Summary

This chapter summarizes the relevant background information on the structure
and purpose of stormwater drainage channels and the selection of the simulated site for
establishing other variables needed for kinetic model of PFAS desorption in porous
concrete. It also explores the properties of both PFAS compounds and AFFF and their
effects on the natural environment and human health. An in-depth review of the methods
used for PFAS desorption in concrete was reviewed to establish the basis for kinetic
modeling in this experiment. Issues surrounding the limited research on desorption from
concrete was shown to validate the need for additional studies that specifically investigate

PFAS contamination in stormwater drainage channels.

II1. Methodology

Chapter Overview

The purpose of this chapter is to detail the methods and procedures that were used
throughout the experiment and research process; the accompanying materials, equipment,
and design parameters; and the theory and development of the kinetic desorption model.
Three chemical dyes and one PFAS solution were tested in comparison with each other to
show any relationship or correlation in desorption behaviors. Contaminants were tested
in a closed system and samples were collected at various time intervals to show changes
in desorption concentrations. Chemical dye samples were analyzed in the Air Force
Institute of Technology (AFIT) Environmental Engineering laboratory, while the PFAS

samples were sent off-site to a third party for analysis by Pace Analytical Services.
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Results for the experiment were recorded for further analysis and assessment in later

sections.

Materials and Equipment

Though the main premise of the experiment was to analyze the desorption of
PFAS from concrete, three additional chemical dyes were also used to test for any
relationship to PFAS in desorption performance. The PFAS contaminant was a 3%
solution of FC-600F 3M Light Water AR-AFFF that was collected from a stock sample
within the AFIT Environmental Laboratory (Table 1). Chemical dye surrogates were
chosen based on previous research and ionic charge. Due to the caustic nature of poured
concrete, and the ionic variations between different mix designs, selected dyes should

show variations in different ionic characteristics within the concrete coupons.

Table 1 — AFFF 3M Light Water Properties

Property Value Units
Boiling Point 100 °C
Vapor Pressure (@20°C) 17.8 mmHg
Vapor Density (@20°C) 0.65 1 atm
Evaporation Rate <1.0 1 BuOAc
Solubility in water Complete N/A
Specific Gravity 1.0 N/A
Percent Volatile 85% N/A
pH 8.5 N/A
Viscosity 1950 cP
Appearance and Odor Translucent, amber colored liquid

Allura Red AC (AR) is a well-known anionic dye that has been studied in clay-
adsorption models and shown to have low adsorption when competing with OH" ions
(Saavedra-Labastida et al., 2019). Methylene Blue (MB) on the other hand is an organic

cation that desorbs well when used against inorganic sorbents (Sorengard et al., 2020).
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With the two ends of the ionic spectrum selected, a balanced approached was taken to
select the third dye in the experiment. For this, Brilliant Blue FCF (BB) was selected
based on its nature to contain both positively- and negatively-charged functional groups,

or as a zwitterionic dye (Bikos & Mason, 2019).

Table 2 - Surrogate Dye Properties

. Molarity
Chemical Name Chemical Moleﬁcular of Stock | Concentration
Formula Weight .
Solution

Allura Red AC CisH14N2NaxOsS> | 496.42 g/mol | 0.05 mM 24.8 mg/L

Methylene Blue Ci16H1sCIN;S 319.85 g/mol | 0.05 mM 16.0 mg/L

Brilliant Blue FCF | C37H36N2Na2O9S; | 792.86 g/mol | 0.05 mM 39.6 mg/L

Stock solutions of the surrogate dyes were created using concentrations required
for each dye to represent a 0.05 mM solution. Powder dyes were weighed using plastic
weighing trays to obtain precise weights as listed in Table 2. The powdered dyes were
then added to 500 mL of RO water in 1.0 L volumetric flasks through analytical transfer.
RO water was then added to the flasks to bring the total volume of the solution to 1000
mL. Magnetic stir bars were then added to the flasks and solutions were mixed using a
Southwest Science magnetic stirrer for 24 hours. Solutions were refrigerated until used
in the experiment.

Post-preparation of the solutions, six-point calibration curves were developed to
test recovered samples against for concentration within the reactors. Standards were
diluted to known values with UV-Vis absorbance measured at RO blanks, 100%, 50%,
10%, 1%, 0.5%, and 0.1% concentrations. Calibration standards were well mixed for 20
seconds each using a vortex mixer before calibration analysis using the Cary 60 UV-Vis.

Wavelengths were measured using the Cary 60 Scan program and measured wavelengths
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