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ABSTRACT

Effectiveness of Landfill Composite Liners in Containing Per- And Polyfluoroalkyl Substances

Yu Tan
Under the Supervision of Professor Craig H. Benson, Professor Tuncer B. Edil, and

Professor William Likos at the University of Wisconsin-Madison

Landfill composite liners consist of a geomembrane overlying a compacted clay liner (CCL)
or geosynthetic clay liner (GCL). The two components work synergistically to reduce leakage of
landfill leachates and contaminants in the leachate. The effectiveness of composite liners in
containing more common contaminants has been demonstrated in engineering practice for decades.
However, little information exists regarding the effectiveness of composite liners in containing
per- and polyfluoroalkyl substances (PFAS).

PFAS are emerging contaminants with very low maximum contaminant levels (MCLs)
from 4.0 to 10 ng/L. The MCLs for PFAS are much lower than other typical contaminants in
municipal solid waste (MSW) landfill leachates, such as toluene (MCL = 1,000,000 ng/L) and
arsenic (MCL = 10,000 ng/L). The low MCLs for PFAS requires composite liners to be highly
effective to protect groundwater. Understanding this effectiveness was a key objective of this study.

PFAS transport parameters were measured in the laboratory and applied to validated
computer transport models to evaluate the effectiveness of landfill composite liners in containing
PFAS. Key parameters that were measured included the diffusion coefficient of PFAS in high-
density polyethylene (HDPE) geomembranes, the partitioning coefficient for PFAS with HDPE

geomembranes, and the hydraulic conductivity of compacted clays and GCLs to MSW leachates



containing PFAS. Finite-element models were developed to simulate PFAS transport through
composite liners with CCLs and GCLs on an unsaturated subgrade to evaluate the potential for
groundwater contamination. Bench-scale composite liner experiments were conducted to generate
transport data to validate the models.

The evaluated liner materials included: (1) two commercially available HDPE
geomembranes (1.5 mm in thickness) with textured or smooth surfaces, (2) a thin HDPE
geomembrane (0.38 mm in thickness) with smooth surfaces that was manufactured specially for
this research, (3) three clays selected from the University of Wisconsin-Madison (UW) soil bank
with different plasticity, (4) two commercially available sodium-bentonite GCLs having different
bentonite granule sizes, and (5) a commercially available bentonite-polymer composite (BPC)
GCL. The evaluated PFAS included PFOA (8 carbons), PFOS (8 carbons), PFHpA (7 carbons),
PFHxA (6 carbons), PFHxS (6 carbons), PFBA (3 carbons), and PFBS (3 carbons) with
concentrations varying from 1000 to 60,000 ng/L.

The experiments included double-compartment tests to measure the permeation coefficient
of PFAS to HDPE geomembrane, with testing conducted for up to 985 days with negligible PFAS
(<40 ng/L) permeating through the geomembrane. The estimated PFAS permeation coefficient in
HDPE geomembranes was found to be lower than 3.4x10'> m%/s. Batch adsorption tests were
conducted to measure PFAS partitioning to HDPE geomembranes. The batch tests were conducted
for up to 45 days, and negligible PFAS loss was detected in the solutions contacting the
geomembranes. The estimated PFAS partition coefficient to HDPE geomembranes was found to
be very low (< 1). Hydraulic conductivity tests were conducted to measure the hydraulic

conductivity of compacted clays and GCLs permeated with the MSW leachate containing PFAS.



iii
The tests were conducted for up to 1029 days. No adverse impact on hydraulic conductivity was
observed due to PFAS.

The numerical model was used to simulate PFAS transport in composite liners consisting
of an intact geomembrane or with a geomembrane having a defect over a CCL or GCL. PFAS
concentrations and fluxes to groundwater were predicted for 100 years. The predictions show that
composite liners are highly effective in containing PFAS when the geomembrane is intact. The
predicted maximum PFAS concentration at the groundwater (GWT) at 100 years is 100,000x
lower than the MCL (4 ng/L) below a typical CCL composite liner and 450,000x lower than the
MCL below a typical GCL composite liner. PFAS concentrations at the GWT are elevated below
the geomembrane contains defects, but the elevated PFAS concentrations are constrained to a
small area (radius < 1 m) directly below the defect. The majority part of the groundwater is still
protected by the intact geomembranes, with very low PFAS concentrations. For a typical CCL
composite liner with 5 defects per hectare geomembrane, the average PFAS flux is only 0.0028

ng/m?/yr. PFAS flux below a typical GCL composite liner is even lower, only 7.3x10® ng/m?/yr.
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SECTION 1: INTRODUCTION

1.1 Research Motivation

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic chemicals that have
been produced since the 1940s for diverse applications in industrial and consumer products.
Recently they have been reported to have potential health impacts at low concentrations (Evich et
al. 2022). In 2024, the United States Environmental Protection Agency (USEPA) announced very
low maximum contaminant levels (MCLs) for PFAS in drinking water, ranging from 4.0 to 10
ng/L for different PFAS species (USEPA 2024). Industrial and consumer products that contain
PFAS have been discarded as a component of the municipal solid waste (MSW) stream, making
MSW landfills long-term repositories for PFAS. Landfills tend to accumulate PFAS in leachate
(up to 100,000 ng/L), and landfill leachates are suspected as a potential PFAS source to
contaminate the environment (Allred et al. 2015, Lang et al. 2017, Bouazza 2021, Liu et al. 2022,
Chen et al. 2023). Landfill liners are key components to isolate PFAS in landfills, but the
effectiveness of landfill liners in containing PFAS has not been fully evaluated.

PFAS have three distinguishing characteristics that make them a challenge: they are
ubiquitous, persistent in the environment, and have potential toxicity at very low concentrations.
PFAS are both hydrophobic (i.e., repel water) and lipophobic (i.e., repel lipids/grease), leading to
their extensive use in industrial and consumer applications, such as fast-food containers, water-
repellent clothing, firefighting foams, and products that resist grease, water, and oil (Gliige et al.
2020). PFAS are highly resistant to biological and chemical degradation, and are known as
“forever chemicals” (Joudan and Lundgren 2022). PFAS can only be destructed at high
temperatures (usually higher than 1000 °C), which are much higher than the typical temperature

of thermal incinerators (590 to 650 °C) used to destruct most organic compounds (Winchell et al.



2021, Altarawneh et al. 2022). The potential impacts and bioaccumulation of PFAS in humans are
resulting in very low PFAS MCLs for drinking water (De Silva et al. 2021).

Landfills have accepted municipal solid wastes (MSW) with PFAS for decades. PFAS are
persistent in landfilled MSW and end in landfill leachates. In the US, PFAS concentrations in
MSW landfill leachates range from several ng/L to several thousand ng/L, which can be hundreds
of times higher than the PFAS MCLs (Lang et al. 2017, Liu et al. 2022). PFAS move from high
concentrations (landfill leachates) to low concentrations (the environment) driven by the
concentration gradients, resulting in potential pathways for releasing PFAS into the environment.

Landfill composite liners are constructed to contain contaminants in landfill leachates. The
modern landfill composite liner typically consists of a clay layer overlain by a geomembrane. A
geomembrane is a layer of plastic, typically high-density polyethylene (HDPE), serving as the
primary barrier to cut off leachate flow due to its very low permeability to water. Clay liners,
including compacted clay liners (CCLs) and geosynthetic clay liners (GCLs), are constructed
below the geomembrane to impede any flow through geomembrane defects that are inevitably
formed during liner construction due to their low hydraulic conductivity. The two components
work synergistically to attenuate leachates and prevent environmental pollution (Foose et al. 2001
and 2002), and are known to be highly effective.

Organic contaminants in landfill leachates are of particular concern because they can
diffuse through geomembranes. In addition, organic compounds can leak through geomembrane
defects due to the advection of leachates. Most studies of organic contaminant transport in
composite liners have focused on volatile organic compounds (VOCs) (Park et al., 1996a, 1996b,
2012a, 2012b, Edil 2003). Concerns exist regarding whether PFAS can transport through landfill

composite in a similar manner as VOCs. Although the composite liner is effective in containing



most VOCs, concerns remain for PFAS as the MCLs (4 to 10 ng/L) are much lower than the MCLs
of common VOCs (5,000 to 1,000,000 ng/L) (USEPA 2023 and 2024). Research is necessary to
produce experimental data and computer model predictions to evaluate the effectiveness of landfill

composite liners in containing PFAS.

1.2 Background

1.2.1 Characteristics of PFAS

PFAS consist of thousands of substances that contain a fluorinated alkyl chain and a
function group (Evich et al. 2022). When the alkyl chain is fully fluorinated, the PFAS are referred
to as perfluoroalkyl substances (PerFASs), such as perfluoroalkyl carboxylates (PFCAs,
CiF2n+1COO7), perfluoroalkane sulfonates (PFSAs, CiF20+1S037), and perfluoroalkyl
phosphonates (PFPAs, CnF2,+1[O]P[OH]O"). When the alkyl chain is partly fluorinated but
contains at least one fluorine atom, the PFAS are referred to as polyfluoroalkyl substances
(PolyFASs), such as x:2 fluorotelomer carboxylates (FTCA, Cy,F2.+1CH2COO") and x:2
fluorotelomer sulfonates (FTSAs, CiF2n+1CH2CH2SO37). PFAS also include the class of
fluorinated polymers such as fluoropolymers, perfluoropolyethers, and side-chain fluorinated
polymers. The unique physical and chemical properties of PFAS highly depend on the chain length
and functional groups. Ahrens and Bundschuh (2014) and Buck et al. (2021) provide more details
on the structure, terminology, and classification of PFAS.

PFAS have been used in almost all industries and many consumer products since the 1950s
due to their unique physical and chemical properties. Gliige et al. (2020) summarize the extensive
use of PFAS in more than 200 categories, including well-known categories such as firefighting
foams, textile impregnation, and electroplating as well as less known categories such as climbing

ropes, ammunition, artificial turf, soil remediation compounds, and guitar strings. PFAS are used



in some applications where other substances cannot achieve the desired performance, or a smaller
amount of PFAS can be more effective than greater amounts of a non-fluorinated chemical. For
example, PFAS can be used for applications that require extreme stability and non-reactivity when
exposed to a wide range of temperatures because the carbon-fluorine bonds in PFAS are very
strong and stable, making PFAS persistent for various temperatures and environmental conditions.
PFAS are also extensively used as surfactants or surface protectants because the perfluorocarbon
moieties in PFAS are both oleophobic and hydrophobic. The broad use of PFAS has led to their
ubiquitous presence in the environment.

The ubiquitous, persistent, and bio-accumulative characteristics of PFAS have raised
concerns about their potential toxicity. Although not all PFAS species have been tested for toxicity,
many PFAS, such as the most common long-chain PFAS, perfluorooctanesulfonic acid (PFOA)
and perfluorooctanoic acid (PFOS), have been shown to have adverse health effects, including
liver and kidney diseases, thyroid and immune impacts, high cholesterol, reproductive malfunction,
obesity, cancer, etc. (Zhang et al. 2022b). Haukas et al. (2007) studied the bioaccumulation of
PFAS in the species from the Barents Sea food web, including polar cod, amphipod, glaucous gull,
and black guillemot. The PFAS transfer in the food web was determined using stable nitrogen
isotopes (8!°N), and the evaluated PFAS includes PFOS and perfluorohexane sulfonate (PFHxS).
Their results show no correlation between PFOS concentrations and trophic levels within species.
The biomagnification factors for PFAS were larger than one, indicating biomagnification of
evaluated PFAS compounds, including PFOA. The potential health effects due to exposure to a
single PFAS species or mixed PFAS may also be different (Dennis et al. 2020). Much research on
PFAS toxicity is ongoing (Fenton et al. 2021), resulting in the variation of regulated PFAS

concentrations in drinking water in different regions (Cordner et al. 2019). Nevertheless, most of



the regulated PFAS concentrations in drinking water are down to the level of ng/L (Cordner et al.
2019). Most recently, USEPA published MCLs for six PFAS, as shown in Table 1-1. The MCLs
for PFAS are much lower than MCLs of other organic and inorganic contaminants in landfill
leachates, such as toluene (MCL = 1,000,000 ng/L), benzene (MCL = 5,000 ng/L), and arsenic

(MCL = 10,000 ng/L) (USEPA 2023).

1.2.2 PFAS in Landfill Leachates

Landfilling is still the primary method to manage MSW in the US. In 2018, 292.4 million
tons of MSW were generated in the US, and 50.0% of this MSW was disposed in landfills (USEPA
2022). Water that percolates through the waste in landfills collects toxic and persistent chemicals
from the waste forming landfill leachate. Landfill leachates contain a collection of pollutants and
can be a point source of environmental pollutants. As landfills are long-term repositories for
products containing PFAS, landfill leachates contain PFAS and are identified as point sources of
PFAS contaminants (Eschauzier et al. 2013).

The mechanism of PFAS release from MSW to leachates is still an active research topic.
Zhang et al. (2023) summarize the key factors affecting PFAS concentrations in landfill leachates,
including waste type, landfill age, operation mode of landfills, and leachate quality. Allred et al.
(2015) set up four laboratory-scale anaerobic bioreactors to study the release of PFAS from MSW
to leachates. Biotic and abiotic conditions were evaluated to identify the role of biological activity
in PFAS leaching. Their results indicate that biological processes are primarily responsible for the
leaching of PFAS. Lang et al. (2016) also used anaerobic model landfill reactors to study release
of PFAS from clothing and carpets to landfill leachates. Reinhart et al. (2023) introduced
transformation of longer-chain PFAS to shorter-chain PFAS in landfills, and indicate that the

predominant PFAS in landfill leachates are short-chain PFAS.



PFAS concentrations in landfill leachates can vary broadly due to the heterogeneity of
wastes. Bouazza (2021) summarized six PFAS concentrations in landfill leachates for eight
countries or regions, including the US. The concentrations varied from several ng/L to 200,000
ng/L. Masoner et al. (2020) report PFAS concentrations for leachates from three landfills in Florida
that receive both municipal wastes (> 54%) and construction debris (< 34%). PFAS concentrations
in the three landfill leachates ranged from 19,800 to 48,700 ng/L. Liu et al. (2022) also report that
the PFAS concentrations in landfill leachates can be as high as 11,000 ng/L when MSW
incineration ash is co-disposed with MSW in landfills. PFAS concentrations in landfill leachates
have been reported by a variety of investigators, with and many exceeding 1,000 ng/L (Benskin et
al. 2012, Wei et al. 2019, Chen et al. 2022, Zhang et al. 2022a). Lang et al. (2017) measured 70
PFAS in 95 leachate samples from 18 landfills in the US. The results of the most common PFAS

are summarized in Fig 1-1. In most evaluated leachates, PFAS concentrations exceed MCLs.

1.3 Hypothesis

The hypothesis of PFAS transport through landfill composite liners is illustrated in Fig. 1-
2, following the mechanisms of organic chemical transport described in Park et al. (2012b). The
geomembrane is treated as an impermeable layer, and PFAS transport through the geomembrane
is driven by diffusion due to the concentration gradient between the two sides of the geomembrane
as illustrated in Fig. 1-2a. Partitioning of PFAS between the leachate and the geomembrane may
also increase PFAS concentration on the surface of the geomembrane. In addition to diffusion,
PFAS can pass through the defects in the geomembrane. In those cases, the underlying clay liner
has larger role in retaining PFAS. In this case, the potential PFAS transport through the clay liner

is driven by the hydraulic gradient and controlled by the hydraulic conductivity of the clay liner,



as illustrated in Fig 1-2b. In the field, both diffusion and advection occur, controlling PFAS flux

through composite liners, as shown in Fig 1-2c.

1.4 Research Pathway

The main structure of this research is summarized in Fig. 1-2. Diffusion of PFAS through
geomembranes and advective-diffusive transport of PFAS through clay liners are the main focus
of this study. Partitioning of PFAS between leachates (aqueous phase) and geomembranes were
also evaluated. Critical parameters that control PFAS transport were generated from a series of
experiments, including diffusion coefficients for PFAS in geomembranes, partitioning coefficients
of PFAS between leachates and geomembranes, and the hydraulic conductivity of clay liners
permeated with leachates containing PFAS. All those parameters were coupled into a contaminant
transport model specifically developed to evaluate the performance of composite liners in
containing PFAS. Bench scale composite liner experiments were conducted to generate PFAS
transport data for model validation.

This dissertation is organized into five sections, including this introduction (Section 1).
Section 2 evaluates diffusion and partitioning of PFAS to HDPE geomembranes. Diffusion
coefficients for PFAS and geomembranes were measured using double-compartment tests, i.e.,
using a geomembrane to separate two MSW leachates in two aluminum chambers, with one
leachate containing PFAS and one PFAS-free leachate. PFAS concentrations in the two chambers
were periodically measured to determine the diffusion of PFAS through the geomembrane. In the
double-compartment tests, three HDPE geomembranes were tested, including two commercially
available HDPE geomembranes (1.5 mm in thickness) with textured or smooth surfaces, and a thin
HDPE geomembrane (0.38 mm in thickness) with smooth surfaces that was manufactured

specially for this research to facilitate the diffusion process and generate measurable PFAS



concentrations in reasonable testing time. An aluminum plate was also used instead of a
geomembrane as a control test to separate the PFAS in MSW leachate. Seven PFAS that are
commonly detected in MSW leachates are evaluated, including two long-chain PFAS, PFOA (8
carbons) and PFOS (8 carbons), and five short-chain PFAS, perfluoroheptanoic acid (PFHpA, 7
carbons), perfluorohexanoic acid (PFHxA, 6 carbons), PFHxS (6 carbons), Perfluorobutanoic acid
(PFBA, 3 carbons), and perfluorobutane sulfonate (PFBS, 3 carbons). The evaluated
concentrations of PFAS varied from 1000 to 600,000 ng/L, which are comparable to or higher than
the typical PFAS concentrations reported in MSW leachates (Fig. 1.1). An inorganic and synthetic
MSW leachate (Bradshaw and Benson 2014) was used in the experiments as a matrix for PFAS.
As a control, deionized (DI) water was also used as a matrix to minimize the ambiguity caused by
dissolved salts. The same geomembranes were also used to evaluate the partition of PFAS with
batch tests. Geomembrane and PFAS in the MSW leachate or DI water with various PFAS
concentrations were mixed in tubes at a specific geomembrane-to-liquid ratio. The changes in
PFAS concentrations in the aqueous phase were measured to determine the partitioning coefficient
for PFAS with HDPE geomembrane.

Section 3 evaluates the advection of PFAS through clay liners. Three compacted clays
were evaluated to represent different clay liners constructed in the field, covering a low plastic
clay (CL), a high plastic clay (CH), and a moderately plastic organic clay (OL-OH). Three GCLs
were evaluated representing different GCLs used in the field, including a sodium bentonite (NaB)
GCL containing coarse bentonite granules, a NaB GCL containing fine bentonite granules, and a
bentonite polymer composite (BPC) GCL containing dry mixed coarse bentonite granules and
granular polymer. The compacted clays and GCLs were permeated in flexible-wall permeameters

using MSW leachate spiked with PFAS as the permeant solution. PFAS concentrations in the



effluent were monitored as one of the indicators of chemical equilibrium. The MSW leachate was
spiked with three PFAS, PFOS, PFOA, and PFHxA, at 1,000 ng/L to represent typical PFAS
concentrations in MSW leachates. DI spiked with the same PFAS was also used as a permeant
solution to evaluate the PFAS effects on hydraulic conductivity separated from the impacts of
MSW. A MSW leachate with multi-source PFAS and elevated PFAS concentrations was also
prepared and used as permeant solutions to represent the leachates with extremely high
concentrations. Control tests were conducted for the same clay materials and the same permeant
solutions without PFAS spiked. Hydraulic conductivity of the compacted clays and GCLs
permeated with PFAS solutions was compared to the hydraulic conductivity of the same clays or
GCLs permeated with the same solutions without PFAS to investigate the impact of PFAS on
hydraulic conductivity of CCLs and GCLs.

Section 4 evaluates PFAS transport through composite liners using physical experiments
and numerical simulations. Transport parameters, including the permeation coefficient of PFAS
for geomembranes and the hydraulic conductivity of CCLs and GCLs to leachates containing
PFAS, were incorporated into a finite-element program COMSOL to simulate the advective-
diffusive PFAS transport through composite liners. A constant PFAS concentration and water
pressure head were applied to the top of the geomembrane to simulate landfill leachates with PFAS.
Both the liners with intact geomembrane and with a geomembrane defect were simulated. PFAS
concentration and flux at the bottom of the liner were predicted over time to evaluate the
effectiveness of composite liners in containing PFAS. Data from composite liners in laboratory
using column tests (150 mm in diameter and 200 mm in length) were used for model validation.
PFAS leachates were placed on the top of the geomembrane (commercially available HDPE

geomembrane or thin HDPE geomembrane), and PFAS concentrations in the underlying clay
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liners were measured over time. PFAS concentrations in the leachate above the geomembrane were
also measured for model validation. The validated numerical models were used to predict the
performance of landfill composite liners in containing PFAS during the 100-year service life.
Section 5 summarizes the findings of this study. Landfill composite liners are likely to be
effective in containing PFAS. Practical implications are also provided for the industry to reduce

the potential of PFSA impacts on groundwater. Future research is also suggested.
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Table 1-1. Maximum contaminant levels of the six PFAS regulated by the USEPA (2024).

known as GenX Chemicals

Compound MCL (enforceable levels)
Perfluorooctanoic acid (PFOA) 4.0 ng/LL
Perfluorooctanesulfonic acid (PFOS) 4.0 ng/L
Perfluorohexanesulphonic acid (PFHxS) 10 ng/LL
Perfluorononanoic acid, (PFNA) 10 ng/LL
Hexafluoropropylene oxide (HFPQ)- dimer acid (DA), commonly | 10 ng/L

Mixtures containing two or more of
perfluorohexanesulphonic acid (PFHxS), perfluorononanoic acid
(PFNA), HFPO-DA, and perfluorobutanesulfonic acid (PFBS)

1 (unitless)
Hazard Index
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Fig. 1-1. PFAS concentrations in MSW landfill leachates reported by Lang et al. (2017). The red
and orange colors highlighted the USEPA regulated PFAS associated with their MCLs
labeled with the same color.
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Fig. 1-2. Schematic showing the potential pathways of PFAS transport in composite liners.
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SECTION 2: SORPTION AND DIFFUSION OF PFAS THROUGH HIGH-

DENSITY POLYETHYLENE GEOMEMBRANE

Abstract: Tests were conducted with high-density polyethylene (HDPE) geomembranes using
seven per- and polyfluoroalkyl substances (PFAS) to determine the partition and diffusion
coefficients of PFAS to geomembranes used in landfill liners. Kinetic batch tests and double-
compartment tests were conducted as long as practical to generate measurable partition and
diffusion. Finite-element models were developed to estimate the partition and diffusion
coefficients and predict the leakage of PFAS from landfill leachates to groundwater. No
measurable partitioning of PFAS to HDPE geomembrane was quantified for up to 45 days.
Diffusion of PFAS through HDPE geomembrane was barely detected up to 985 days. The upper
bounds of partition and diffusion coefficients for the seven PFAS to HDPE geomembrane were
determined with partition coefficient < 1 and diffusion coefficient < 3.4x10°!> m?/s. PFAS leakage
from landfill leachates to groundwater is very limited within 100 years (0.00001 ng/L) and much
lower than the maximum contaminant level for PFAS (4.0 ng/L), suggesting HDPE geomembrane

is highly effective in containing PFAS in landfill leachates.
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2.1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic organic chemicals that
have been extensively used in industrial and consumer products for decades but recently are
reported to have potential health concerns at very low concentrations (ng/L). The products that
contain PFAS have been disposed in landfills resulting in high PFAS concentrations (several to
several thousand ng/L) in landfill leachates. PFAS in landfill leachates have a propensity to migrate
to the environment due to the high PFAS concentrations in landfill leachates and low PFAS
concentration in the environment. High-density polyethylene (HDPE) geomembranes (GMs) are
widely used as a primary barrier in landfills to cut off the migration of contaminants from landfills
to the environment, whereas HDPE GMs are not specifically designed for PFAS. Concerns exist
regarding the effectiveness of HDPE GMs in containing organic contaminants, including PFAS.

PFAS contain a fully or partly fluorinated carbon chain and a functional group. Carbon-
fluorine (C-F) chains are both hydrophobic and lipophobic, whereas the functional groups are
usually polar and hydrophilic. Carbon-fluorine bonds are one of the strongest bonds, resulting in
the chemical and thermal stability of PFAS (Joudan and Lundgren 2022). Those unique properties
lead to the extensive use of PFAS in industrial and consumer applications such as firefighting
foams, food containers, and coatings to resist grease, water, oil, and extreme temperatures (Herzke
etal. 2012; Wang et al. 2017, Gliige et al. 2020, Evich et al. 2022; Schwartz-Narbonne et al. 2023).
PFAS are also reported to have potential health concerns at very low concentrations (Domingo
and Nadal 2019, Ankley et al. 2021; Cao and Ng 2021; Imir et al. 2021; Ng et al. 2021), and thus
the United States Environmental Protection Agency (USEPA) announced low maximum

contaminant levels (MCLs) for six PFAS, including 4.0 ng/L for perfluorooctanoic acid (PFOA)
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and perfluorooctanesulfonic acid (PFOS) and 10 ng/L. Perfluorohexanesulphonic acid (PFHxS)
(USEPA 2024).

Landfills are the ultimate destination for many industrial and consumer products, including
historical PFAS products (Hamid et al. 2018, Coffin et al. 2023; Reinhart et al. 2023). PFAS are
persistent in biological and chemical degradations and tend to enter landfill leachates (Allred et al.
2015; Lang et al. 2016). PFAS concentrations in landfill leachates vary from site to site, but many
of them exceed thousands of ng/L (Benskin et al. 2012; Stoiber et al. 2020, Liu et al. 2022), which
are much higher than the MCLs of PFAS enforced by USEPA, i.e., 4~10 ng/L. Thus, PFAS in
landfill leachates are suspected as point sources of contamination of the environment (Hu et al.
2016, Hepburn et al. 2019, Andrews et al. 2021).

Modern landfills employ composite liners (geomembrane over a clay barrier) to isolate
contaminants and waste leachates in landfills. High-density polyethylene (HDPE) geomembrane
(GM), a thin layer of plastic, is the most common geomembrane used in landfill liners and serves
as a primary barrier to cut off the flow of waste leachates to achieve very low leakage rates (Rowe
and Rimal 2008). HDPE geomembrane has been demonstrated to be highly effective in restraining
both the advection and diffusion of inorganic contaminants in landfill leachates due to its low
permeability to water and inorganic contaminants (Giroud and Bonaparte 1989; Rowe et al. 1995).

Nevertheless, concerns exist regarding using HDPE geomembrane to contain organic
contaminants. Organic contaminants in landfill leachates, such as volatile organic compounds
(VOCs), can migrate through HDPE geomembrane via a combination of sorption and diffusion
(Edil 2003) due to the similarity (including polarity and hydrophobicity) between the organic
contaminants and HDPE geomembrane (Bridstrup 2020). For example, toluene, a common VOC

in landfill leachates, is nonpolar and neutral hydrophobic (low water solubility), similar to the
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nonpolar and hydrophobic polymer resins in HDPE geomembrane. Toluene is reported to leak
from HDPE geomembrane within one year (Park et al. 2012a), whereas landfill liners are expected
to last 100 years.

PFAS are also organic contaminants that contain nonpolar and hydrophobic C-F chains.
The similarity between PFAS and HDPE geomembrane may impact the effectiveness of HDPE
geomembrane in containing PFAS. Nevertheless, most PFAS contain a polar functional group,
which may repel PFAS from HDPE geomembrane. In addition, most PFAS have larger molecules
than VOCs, which is likely to slow the breakthrough of PFAS into the tortuous polymer crystals
in the geomembrane. The complex properties of PFAS increase the difficulty of estimating the
migration of PFAS to HDPE geomembrane. The results reported in the literature also vary, as Di
Battista et al. (2020) report limited sorption of PFAS to linear low-density polyethylene (LLDPE)
geomembrane, whereas Ahmad et al. (2024) report significant sorption of PFAS to HDPE
geomembrane. Research is necessary to directly measure the permeation (including sorption and
diffusion) of PFAS in HDPE geomembrane, as the low PFAS MCLs enforced by USEPA require
very low leak rates of PFAS from geomembrane.

In this study, sorption and diffusion of PFAS in HDPE geomembrane were measured in
the laboratory using double-compartment tests and kinetic batch tests. Three HPDE
geomembranes were evaluated, including two commercially available geomembranes with smooth
or textured surfaces and a thin geomembrane that was specifically manufactured for this research
to reduce the difficulty of PFAS permeation into the geomembrane. Seven PFAS commonly
detected in landfill leachates were evaluated, including the regulated PFOA, PFOS, and PFHxS.
Both single and multi-solute PFAS solutions were studied with various concentrations from 400

ng/L to 600,000 ng/L to represent the typical and extreme concentrations in landfill leachates. The
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experiments were continued as long as practical (up to 983 days) to draw the upper bound of the
transport parameters. The parameters were used to evaluate the effectiveness of HDPE

geomembrane in containing PFAS.
2.2 Background

2.2.1 Contaminant Transport Theory
Organic contamination (e.g., PFAS and VOCs) permeation from landfill leachate through
geomembrane and underlaid clay barriers in landfill liners to groundwater is illustrated in Fig. 2-
1 as modified from Edil (2003) and Park et al. (2012b). Advection is not considered because intact
HDPE geomembrane has very low and negligible hydraulic conductivity (< 10-'® m/s) (Giroud and
Bonaparte 1989). The permeation can be divided into 4 steps and described in a one-dimensional
(1D) transport model:
1. Partitioning of the organic contaminant from landfill leachate to the upper surface

of the geomembrane due to the affinity of the organic contaminant to the geomembrane, which is

described:

ky =2 2-1)

where kg is the partition coefficient of the organic compound between the geomembrane and
leachate (dimensionless), C, is the compound concentration in the geomembrane (M/L*), and Co
is the concentration of the compound in leachate (M/L?).

ii. Diffusion of the contaminant through the geomembrane due to the contaminant
concentration gradient between the two sides of the geomembrane, which is described by the

Fick’s second law:
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where ¢ is elapsed time (T), Dy is the diffusion coefficient of the contaminant in the geomembrane
(L*/T), and z is the distance along the direction of diffusion (L). Equations 2-1 and 2-2 can be

combined:

aC, 0°Co __, 0°Co

0 _ _ _ 0 _ _ 2-3
at 979 9z 9 9z 2-3)

where Py = kgDy is the permeation coefficient of the contaminant for the geomembrane (L%/T).

iii. Contaminant partitioning out of the geomembrane, which is described:
C
k, =-2 2-4
g CS ( )

where C;s is the contaminant concentration in the pore water in the underlaid clay barrier (M/L?).

1v. Diffusion of the contaminant within the clay barriers and subgrade due to the
contaminant concentration gradients in the clay barrier and subgrade, which is described by Fick’s
second law:

oC. d%C.

where De; is the effective diffusion coefficient of the contaminant in the clay barriers or subgrade
(L*/T). Similar transport mechanisms have also been reported by Foose Gary et al. (2001), Foose

et al. (2002), McWatters and Rowe (2015), Pu et al. (2018), and Arif and Abdelaal (2023).
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2.2.2 PFAS in Landfill Leachates

Landfills are the final stage of many products containing PFAS. (Allred et al. 2015; Lang
et al. 2016) used anaerobic bioreactors to model the release of PFAS from municipal solid waste
(MSW) and discarded carpet and clothing. The tests were continued for several hundred days. The
release of both short-chain (> 8 carbons) and long-chain (8 or < 8 carbons) was detected,
suggesting that MSW and discarded carpet and clothing in landfills are likely the sources of PFAS.
Lang et al. (2017) measured the concentrations of 70 PFAS on 95 samples collected from 18
landfills in the US of various climates (arid, temperate, and wet) and waste ages (6.5~24 years). In
the 95 landfill leachate samples, 19 PFAS were detected and quantified in more than 50% of the
samples, including both short- and long-chain PFAS. Concentrations of the PFAS varied from
non-detected (< several ng/L) to 10,000 ng/L. PFAS concentrations in MSW leachates higher than

100,000 ng/L have also been reported Bouazza (2021) and Liu et al. 2022.

2.2.3 Sorption and Diffusion of VOCs to HDPE Geomembrane

Permeation of VOCs from landfill leachates through HDPE geomembrane was
investigated by Park et al. (2012a) to evaluate the effectiveness of geomembrane in containing
VOCs. As illustrated in Fig. 2-1, partition coefficient of VOCs between landfill leachates and
geomembrane and diffusion coefficient of VOCs to geomembrane are the two key parameters that
control the movement of VOCs through geomembrane. The parameters for five VOCs were
measured by Park et al. (2012a).

Toluene, a typical VOC in landfill leachate, was reported to leak below a HDPE
geomembrane within one year (Park et al. 2012a). They report that the partition coefficient of
toluene to HDPE geomembrane is 87 and the diffusion coefficient is 3.6x10°'* m?/s. Similar

partition and diffusion coefficients to geomembrane are also reported for other VOCs like
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trichloroethylene and chlorobenzene (Park et al. 2012a). (Park et al.) 2012b used those transport
parameters to simulate the transport of VOCs in landfill composite liners and estimate the leakage

rate of VOCs from landfill leachates to the environment.

2.2.4 Sorption and Diffusion of PFAS to Geomembrane

Sorption and diffusion of PFAS to LLDPE geomembrane were investigated by Di Battista
et al. (2020) using double-compartment tests and kinetic batch tests. LLDPE was evaluated to
shorten the testing time and provide a conservative estimation of the diffusion coefficient for
HDPE, as LLDPE has a lower crystallinity than HDPE and is expected to be more diffusive than
HDPE. Double-compartment tests separated a PFAS solution with PFAS-free deionized (DI) water
using a geomembrane. Migration of PFAS from the solution through the geomembrane to the DI
water was determined by periodically measuring PFAS concentrations in the DI water. Kinetic
batch tests submerged geomembrane in PFAS solutions and tracked PFAS concentrations in the
aqueous phase over time. The evaluated PFAS included PFOA and PFOS with initial
concentrations of 19.8 mg/L. (PFOA) and 22.7 mg/L (PFOS) for the double-compartment tests and
0.376 mg/L for the batch tests. The evaluated PFAS concentrations are much higher than the PFAS
concentrations in landfill leachates. The elevated concentrations were used to shorten the testing
time.

Diffusion of PFOS and PFOA through 0.1-mm-thickness LLDPE geomembrane were
detected (> 4000 or 6000 ng/L) after approximately 300 days at room temperature (23 °C).
Diffusion of PFAS through 0.75-mm-thickness LLDPE geomembrane was barely detected (< 400
ng/L) after 400 days. Elevated temperature (up to 50 °C) accelerated the diffusion of PFAS through
LLDPE. Only small decreases in PFAS concentration were detected in the aqueous phase of batch

tests after 226 days. Those results indicate that LLDPE is highly effective in containing PFOS and
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PFOA. As all the tests had not reached equilibrium at the day of publishing, only estimated
transport parameters were reported, i.e., 0.9~1.4 (PFOA) and 2.8~6.3 (PFOS) of partition
coefficient and < 1.0x107!°> m?/s and < 6.5x1071¢ m?%/s of diffusion coefficient for 0.75 mm LLDPE.
The transport parameters of long-chain PFAS to LLDPE geomembrane are much lower than the
transport parameters of toluene to HDPE geomembrane, indicating that HPDE geomembrane is
more effective in containing long-chain PFAS than toluene.

Sorption of 24 PFAS to HDPE geomembrane with smooth surfaces was measured by
Ahmad et al. (2024) using static batch and kinetic batch tests. Diffusion coefficient was estimated
from the batch tests. Unlike kinetic batch tests that measured PFAS concentrations in the aqueous
phase over time, static batch tests only measured the concentration when the PFAS concentrations
in the aqueous phase and geomembrane reached equilibrium. A geomembrane-to-liquid ratio (G/L)
of 0.1 was investigated. The batch tests used multi-solute PFAS solutions, with each PFAS
concentration ranging from 0.2 to 0.8 mg/L. Methanol was used as a solvent to facilitate the
dissolution of PFAS into DI water, based on a personal conversation with the authors, but the
percentage of methanol in the batch tests was not disclosed.

The results reported by Ahmad et al. (2024) are contrasted with those by Di Battista et al.
(2020). Significant PFAS loss (> 60%) in the aqueous phase within 8 days was observed by Ahmad
et al. (2024), whereas only small decreases of PFAS concentration in the aqueous phase were
observed by Di Battista et al. (2020) after 226 days. Based on their results, Ahmad et al. (2024)
report large partition coefficients (4.0 to 104.6) for PFAS to HDPE geomembrane, and the partition
coefficient increased with the increase of PFAS chain lengths, such as 9.8 for PFHxS (6 carbons)

and 12.1 for PFOS (8 carbons). Ahmad et al. (2024) also estimated low diffusion coefficients for
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PFAS to HDPE geomembrane, and the diffusion coefficient decreased with the increase of PFAS

chain lengths, such as 2.3x10"'7 m?/s for PFHxS and 6.4x107!8 m?/s for PFOS.

2.3 Materials and Methods

2.3.1 Geomembrane

Three HDPE geomembranes were evaluated, including two commercially available HDPE
geomembranes (1.5 mm in thickness) with textured or smooth surfaces (TGM or SGM) (Solmax
Inc., Houston, Texas) and a thin HDPE geomembrane (Thin) (0.38 mm in thickness) with smooth
surfaces. The thin geomembrane is expected to have identical properties with the commercially
available smooth geomembrane but with lower thickness, as the thin geomembrane is from the
same company (Solmax Inc., Houston, Texas) and manufactured specially for this research. The
lower thickness was designed to increase the concentration gradient between the geomembrane
and generate measurable PFAS concentration changes in reasonable testing time. Density of the
geomembranes is 940 kg/m3. The commercially available geomembranes (original GSE and now
Solmax) have been widely used in landfill liners in the US. The geomembrane comprises >95%

polymer resin, 2% carbon black, and 0.5~1% antioxidants and stabilizers.

2.3.2 PFAS Solutions

Seven PFAS that are commonly detected in MSW leachates are evaluated, including two
long-chain PFAS, PFOA (8 carbons) and PFOS (8 carbons), and five short-chain PFAS,
perfluoroheptanoic acid (PFHpA, 7 carbons), perfluorohexanoic acid (PFHxA, 6 carbons), PFHxS
(6 carbons), perfluorobutanoic acid (PFBA, 3 carbons), and perfluorobutane sulfonate (PFBS, 3
carbons). Those PFAS were selected based on the PFAS detected in MSW leachates reported by

Lang et al. (2017) and an actual leachate (Leachate-R) collected from a landfill that received tons
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of PFAS products and is expected to have extremely high PFAS concentrations compared to the
leachate from a typical MSW landfill. Fig. 2-2 shows the concentration distributions of the seven
PFAS in landfill leachates in the US as reported by Lang et al. (2017) and PFAS concentrated
evaluated in this study. A synthetic leachate (Leachate-R) to mimic the actual leachate was also
plotted in Fig. 2-2 using blue triangles. PFAS concentrations in Leachate-R are all higher than the
maximum PFAS concentrations (outlier excluded) in the US landfill leachates, which confirms its
relatively high PFAS concentrations in landfill leachates. Leachate-H was an analog of Leachate-
R but with elevated PFAS concentrations. 5PS included only five PFAS with moderately high
PFAS concentrations. Single PFAS solutions were also used with PFAS concentrations varying
from 400 ng/L to 600,000 ng/L. The 400 to 1000 ng/L was used to represent typical PFAS
concentrations in MSW landfill leachate, the Leachate-R was used to represent extremely high
concentrations in landfill leachates, and the concentrations higher than the PFAS concentrations
in Leachate-R were used to shorten the testing time.

Two groups of PFAS standards were used to prepare PFAS solutions. One group of PFAS
standards is concentrated PFAS solutions (50 mg/L) in methanol from Wellington Laboratories
(Guelph, Ontario, Canada). PFAS solutions were prepared by diluting the concentrated PFAS
standards into DI water or a synthetic MSW leachate. Another group of PFAS standards is
solid/liquid PFAS (>97% purity) from SynQuest Laboratories, Inc. (Alachua, FL). Those PFAS
were dissolved into 1 L of DI water separately to prepare concentrated PFAS solutions with
concentrations varying from 17.3 to 34.7 mg/L. The concentrated PFAS solutions were used in
addition to the PFAS standards from Wellington Laboratories to create methanol-free PFAS

solutions. The concentrations were selected to be lower than the solubility of the PFAS in water.
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The single PFAS solutions were prepared with DI water or a synthetic MSW leachate, and
all the multi-solute PFAS solutions (5PS, Leachate-R, and Leachate-H) were prepared with the
synthetic MSW leachate to represent the geochemistry of typical MSW leachates in the US.
(Bradshaw and Benson) 2014 identified the typical MSW leachate chemistry based on an extensive
review of MSW leachates in the US. The synthetic MSW leachate was prepared by dissolving
reagent-grade salts (1.70 g/L sodium chloride, 0.41 g/L calcium chloride, 0.49 g/L. magnesium
chloride, and 0.33 g/L potassium chloride) in DI water following the procedures in Benson et al.
(2022) and Jo et al. (2001). The synthetic MSW leachate has an electrical conductivity (EC) of
0.56 S/m, pH of 7.4, ionic strength of 60 mM, and the relative abundance of monovalent and

polyvalent cations of 0.36 M%>,

2.3.3 Double-compartment Test

Double-compartment tests were conducted on HDPE geomembranes using the confined
double-compartment apparatuses shown in Fig. 2-3. Type A and B aluminum (Al) double-
compartment apparatuses with different dimensions are being used following the same principle
as described in Park et al. (2012a), i.e., sandwiching a geomembrane between two “compartments”
or reservoirs, with Reservoir S serving as the source (S) filled with PFAS solutions and Reservoir
R as the recipient filled with PFAS-free synthetic MSW leachate or DI water. The type B apparatus
was newly developed to minimize the use of o-rings and reduce the risk of leaking through joints.
Al sheets (1.8 mm thick) were also evaluated in the test instead of geomembrane as a control test,
as PFAS are not expected to diffuse through the Al sheet within the tested period (< 3 years). All

the tests were conducted at room temperature ( ~ 23 °C).

Table 2-1 lists the evaluated double-compartment tests, including the liquids and PFAS

filled into the source and recipient reservoirs, tested materials (geomembrane or Al sheet), and
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testing time. The tests were continued for 128 to 996 days. Samples were periodically collected
from both the source and recipient reservoirs during the test period. The collected sampling
volumes ranged from 0.5 mL to 3 mL (<0.3% of the total volume), in order to obtain enough
samples for PFAS quantitation. As shown in Fig. 2-3, all the geomembrane was tested vertically
to avoid any air that may be trapped between the geomembrane and the solution. PFAS
concentrations of the samples were analyzed within 24 h after sampling following the method

described in the 2.3.5 PFAS Quantitation section.

2.3.4 Kinetic Batch Test

Kinetic batch tests were conducted to estimate partition coefficients of the PFAS to HDPE
geomembrane. The commercially available smooth and textured HDPE geomembranes were cut
into strips (0.32 mm x 2.54 mm) and submerged in a PFAS solution in 50 mL Falcon
polypropylene tubes as recommended by Stults et al. (2023) or in 500 mL HDPE bottles at specific
G/L. The filled tubes/bottles periodically were tumbled end-over-end at 30 revolutions per minute
(PRM) to facilitate the contact between the geomembrane and PFAS in solutions. A small volume
(0.1 to 0.5 mL) of liquid samples was periodically extracted from the tubes/bottles to track the
PFAS concentrations in the aqueous phase after a tumble for at least 24 h. Control tests were
conducted with PFAS solutions in the tube/bottle without adding geomembrane to address the
potential sorption of PFAS to the tubes/bottles. Blank tests were also conducted with the
geomembrane and PFAS-free solutions in the tubes and bottles to check the possible release of
PFAS from the geomembrane, tube, and bottle. The evaluated 7 PFAS (Fig. 2-2) were targeted,
and no release of PFAS was detected. Similar to the double-compartment tests, All the batch tests
were evaluated at room temperature (23 °C), and PFAS concentrations of the samples were

analyzed within 24 h.
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The preliminary batch tests indicate very limited PFAS sorption to HDPE geomembrane.
Thus, a large G/L was designed to provide more geomembrane in the test, trying to generate
measurable PFAS concentration change in the solutions. We cut the geomembrane into small strips
(0.32 mm x 2.54 mm) and filled the strips into 50 mL tubes. Then, the tubes were filled with PFAS
solutions to minimize the trapped air in the tubes, due to the concern about the affinity of PFAS in
the air-water interface. The achieved G/L was one, which is the maximum G/L with limited air
trapped in the tube. The large HDPE bottles (500 mL) were used to fill more solutions at the fixed
G/L and minimize the volume change effects due to the periodic sampling. One HDPE bottle was
filled with geomembrane and Leachate-R at a G/L of three to increase the G/L, but approximately
200 mL of air was included in the bottle associated with the geomembrane and PFAS solutions.
Both the single PFAS and PFAS leachates, as shown in Fig. 2-2, were studied.

Additional batch tests were conducted to evaluate whether the presence of methanol in the
aqueous phase affects the partitioning of PFAS to geomembrane. As described in the Background
section (2.2.4), the contrast results from Di Battista et al. (2020) and Ahmad et al. (2024) seem to
be due to the presence of methanol in batch tests of Ahmad et al. (2024). We strictly repeated the
methods from Ahmad et al. (2024) by mixing 0.4 g of HDPE geomembrane with 10 mL of 0.3
mg/L PFOA solutions in a 15 mL Falcon polypropylene tube. The 0.3 mg/L PFOA solutions were
intentionally spiked with methanol by diluting a 0.6 mg/L methanol-free PFOA solution into DI
water and methanol mixtures. The methanol percentages in the 0.3 mg/L PFOA solutions ranged
from 0.2% to 20%. PFAS concentrations in the aqueous phase were continually tracked for 8 days

as per Ahmad et al. (2024).
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2.3.5 PFAS Quantitation

Samples from the double-compartment and batch tests were mixed with methanol and/or
DI water to dissolve the PFAS into a 50:50 DI and methanol mixture before analysis. At least 6
mL of the mixture was created for each sample. The mixture with PFAS was filtered by a 0.22 um
polypropylene syringe filter to clean the mixture. The first 4 mL that passed the filter was discarded
and the rest of the mixture was collected for PFAS concentration quantitation. PFAS
concentrations in the cleaned mixture were quantified using a liquid chromatography-tandem mass
spectrometry (LC-MS/MS, Agilent 1260+ Agilent 6460, Santa Clara, CA). PFAS concentrations
in the mixture were scaled to calculate the PFAS concentrations in the samples from the double-
compartment and batch tests based on the dilution factor with methanol and/or DI water. LC-
MS/MS method specifications can be found in Balgooyen and Remucal (2022) and Gnesda et al.
(2022).

The potential effects on PFAS concentrations due to the cleaning and filtration were
checked by measuring the PFAS concentrations of filtered PFAS standards (in 50: 50 DI and
methanol mixture) and compared to the concentrations of the unfiltered PFAS standards. The
prepared PFAS standards only contain the seven investigated PFAS (Fig. 2-2) with concentrations
ranging from 10 ng/L to 10,000 ng/L. PFOS concentrations in the filtered standards are comparable
to the concentration in the unfiltered standards in Fig. 2-4 as an example. Triplicate filtered
standards were analyzed, and an average of the triplicates was plotted as cycles in Fig. 2-4. The
maximum and minimum concentrations among the triplicates were plotted as whiskers.
Concentration variations after filtration are all within 5% except the low concentration end (< 20
ng/L). Slope of the average concentration in Fig. 2-4 is 0.996 after a linear regression, which slope

is close to 1, indicating no significant difference between PFOS concentration in the filtered or
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unfiltered standards. Similar results were also obtained from all the other 6 evaluated PFAS,
indicating the syringe filter is an appliable method to clean PFAS samples for LC-MS/MS analysis.
The results were confirmed by t-tests for paired samples, which suggest no statistical difference

between PFAS concentrations in the filtered or unfiltered standards at the 5% significant level.

2.3.6 Simulation of PFAS Permeation through Geomembrane and Composite Liner

PFAS diffusion through landfill composite liners was simulated to predict the leakage rate
of PFAS to groundwater using Equations 2-3, 2-4, and 2-5. Those partial differential equations
were solved for the domain shown in Fig. 2-1 using the COMSOL Multiphysics software package
(finite element model). Zero PFAS concentration was applied to the domain as the initial condition.
Boundary conditions included a top boundary with a constant PFAS concentration and a bottom
boundary to mimic the semi-infinite groundwater. Groundwater table was set as 1.5 m below the
compacted clay liner (CCL), and the partially saturated subgrade was also included to attenuate
PFAS. Conservation of mass is applied at the interfaces between the geomembrane, clay liner, and
subgrade. Toluene transport through the composite liner was also simulated using the same model
for comparison.

The developed model was also adjusted to estimate the partition coefficient of PFAS to
geomembrane by simulating PFAS permeation through the geomembrane in the double-
compartment tests. The dimensions of the double-compartment tests as shown in Fig. 2-3 were
applied in the model (one dimension). PFAS concentration in the source reservoir was applied as
an initial condition. The geomembrane and recipient reservoir remained zero-PFAS as the initial
condition. No flux boundary was applied to both the top and bottom boundaries to simulate the no
flux condition in the double-compartment test. A large diffusion coefficient (0.1 m?/s) was applied

to the water in both the source and recipient reservoirs to simulate a well-mixed condition.
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2.4 Results

2.4.1 Methanol Effects on PFAS Partitioning to HDPE Geomembrane

Fig. 2-5 shows the relative concentration of PFOA, i.e., the ratio between PFOA
concentration in the aqueous phase at a specific time and the initial PFOA concentration in the
aqueous phase, as a function of time in the kinetic batch tests that spiked with 0.2% to 20%
methanol. The results from Ahmad et al. (2024) with unknown methanol percentages were also
included in Fig. 2-5 for comparison. We did not repeat Ahmad et al. (2024)’s results, as none of
our results overlapped with Ahmad et al. (2024)’s results. Nevertheless, at the end of 8 days, only
40% of PFOA stayed in the aqueous phase when the methanol content was 20%, which was
consistent with the results from Ahmad et al. (2024) that report a significant partitioning of PFOA
to HDPE geomembrane. When the methanol content is lower than 10%, all the relative
concentrations ranged from 0.8 to 1.2, indicating a small partitioning of PFOA to geomembrane,
which is consistent with the results reported by Di Battista et al. (2020).

Although methanol is a polar and hydrophilic organic chemical, a small partitioning of
methanol to HDPE geomembrane was reported by Muller et al. (1998). PFOA may partition to
HDPE geomembrane with methanol due to its strong affinity to methanol. Thus, the presence of
methanol in the aqueous may promote the partitioning of PFOA to geomembrane. Nevertheless,
sufficient methanol (> 10%) seems necessary to make a distinguishable difference in partitioning.
In our test, methanol was also included in some of our double-compartment and batch tests, as the
PFAS standards purchased from Wellington Laboratories (Guelph, Ontario, Canada) were
dissolved in methanol. The percentages of methanol in our tests were less than 0.1%, which is not
expected to significantly affect PFAS partitioning to geomembrane, according to the results in Fig.

2-5.
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2.4.2 Partition of PFAS to HDPE Geomembrane

Fig. 2-6 shows the relative concentration (C/C.) as a function of time for the kinetic batch
test. The relative concentration (C/C.) is the PFAS concentration in the aqueous phase between
the test with or without geomembrane (control test). PFAS concentration in the control test (C)
was used instead of the initial PFAS concentration (Co) to compensate for the PFAS sorption to
the tube/bottle used for the batch tests. Fig. 2-6 contained all the kinetic batch test data, including
the seven PFAS tested with single PFAS solutions (open symbols) or multi-solute (closed symbols)
PFAS solutions and the tests conducted with the commercially available SGM (red symbols) or
TGM (red symbols). The tests have been continued for 19 to 45 days.

Results from all the different tests are similar, as most data are distributed around (higher
or lower) the C/C. = 1 line within a small difference (20%). None of the evaluated PFAS was
consistently lower than the C/C. = 0.8 (-20%) line to suggest an obvious sorption of PFAS to
geomembrane within the test period. The data points lower than the C/C: = 0.8 line were mainly
the long-chain PFAS (PFOA and PFOS), suggesting the potentially higher partition coefficient of
long-chain PFAS to HDPE geomembrane than the short-chain PFAS.

The results in Fig. 2-6 are different from the batch tests conducted on toluene by Park et al.
(2012a), as toluene concentration in the aqueous phase decreased to 20% of the original
concentration within 8 days, suggesting that the evaluated PFAS have much lower partition
coefficient to HDPE geomembrane than toluene (K; = 87). None of the tests have reached
equilibrium to show a steady PFAS concentration in the aqueous phase. Thus, the partition
coefficient of PFAS to HDPE geomembrane cannot be precisely estimated. In addition, the
equilibrium is not expected to be achieved within a short period due to the very slow diffusion of

PFAS into the geomembrane, as indicated by the results in the next section. Partition coefficient
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of all the seven PFAS to HDPE geomembrane is likely to be lower than one, which can be used

for a conservative estimation of PFAS leakage rate through landfill liners.

2.4.3 Diffusion of PFAS to HDPE Geomembrane

PFAS concentrations in the double-compartment tests were continually measured for 128
to 985 days and shown in Fig. 2-7 for the source reservoir and Fig. 2-8 for the recipient reservoir
to measure the permeation of PFAS through HDPE geomembrane. Fig. 2-7 shows the relative
concentration (concentration at a specific time vs. initial concentration) from the source reservoirs
of all the double-compartment tests as a function of time, including the tests containing single
(open symbols) or multi-solute (closed symbols) PFAS and the tests evaluating the SGM (red),
TGM (black), thin geomembrane (Thin, orange symbols), or Al sheet (blue symbols). The
whiskers in the graph indicate the maximum and minimum relative concentrations among three
samplings within a short period (3 days). The wide whiskers were identified on the low-
concentration samples (~500 ng/L), indicating the uncertainty of PFAS quantitation for the low-
concentration samples. The narrow whiskers indicate the reproducibility of PFAS quantitation for
relatively high-concentration samples (> 500 ng/L).

Similar to the kinetic batch tests in Fig. 2-6, most of the data in Fig. 2-7 fall around the
Cs/C: =1 line within 20% differences, indicating no significant PFAS loss in the source reservoir.
The scatter around Cs/C. = 1 line on geomembrane tests was also observed on the tests conducted
on Al plates (blue symbols). Al sheets are expected to have very low partition and diffusion
coefficients for PFAS. The evaluated HDPE geomembranes show similar results to AL sheets for
up to 985 days, indicating their very low partition and diffusion coefficients for PFAS. The low
partition coefficient is consistent with the results from the kinetic batch tests, as shown in Fig. 2-

6.
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Fig. 2-8 shows the PFAS concentrations in the recipient reservoirs as a function of time
using the sample symbols in Fig. 2-7. PFAS are barely detected and quantified in the recipient
reservoirs for up to 985 days, according to the limit of quantitation (LOQ) of the seven PFAS
varying from 0.65 to 26 ng/L, as the red dash lines shown in Fig. 2-7. The LOQ was calculated
from the used calibration curves. Variation of PFAS concentrations in Fig. 2-8 indicates the
challenge of PFAS quantitation at very low concentrations (< 40 ng/L). For example, PFBA (red
and closed cycles in Fig. 2-8) was quantified at 39 ng/L at 32 days below the SGM (DS-3), whereas
it was not quantified below the Thin geomembrane (DS-2) under the same conditions. In addition,
PFBA concentration below the SGM (DS-3) was decreased to 27 ng/L at 128 days. Those results
are not expected as PFBA is expected to be more diffusive through the Thin geomembrane rather
than the thicker SGM, and PFBA concentration is unlikely to decrease over time in the recipient
reservoir. Similar concentration variations were also observed on the control tests with Al sheets.
PFAS concentrations in the recipient reservoir below an Al sheet are expected to be unquantified
within 3 years, while PFHxA (open and blue diamonds in Fig. 2-8) was quantified below the Al
sheet at 665 days and undetected at 985 days. In addition, some PFAS were quantified in DI water
(<40 ng/L) based on the author’s observation, which is not expected and is not repeatable. Thus,
many quantified concentrations in the recipient reservoirs as shown in Fig. 2-8 are more likely to
be noises in quantitation rather than the actual PFAS concentrations, although some of them are
higher than the LOQ. Nevertheless, all the quantified PFAS concentrations in the recipient
reservoir below the geomembranes were lower than 40 ng/L. The highest PFAS concentration was
used in the following section to make a conservative estimation of the PFAS permeation

coefficient to the geomembrane.
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2.4.4 Estimate Permeation Coefficient of PFAS to HDPE Geomembrane

Results from the double-compartment tests were used to estimate the permeation
coefficient of PFAS to HDPE geomembrane. None of the tests had reached equilibrium within the
testing period (128 to 985 days), and no clear trend was detected in PFAS concentrations from the
source or recipient reservoirs, making it impossible to precisely estimate the diffusion coefficient
of PFAS through the HDPE geomembrane. This challenge was also reported by Di Battista et al.
(2020), although they used thin (0.1mm) LLDPE geomembrane, elevated PFAS concentrations (~
20,000,000 ng/L), and high temperature (50 °C) to accelerate the diffusion. Thus, only the upper
boundary of the diffusion coefficient of PFAS to HDPE geomembrane was estimated by assuming
that all PFAS concentrations at the end of the test reached 40 ng/L.

The 1D finite element model, as described in the Material and Method (2.3.6) section, was
used to simulate PFAS permeation through geomembrane in a double-compartment test.
Permeation coefficient was adjusted in the model to achieve the end-of-test PFAS concentration
in the recipient reservoir, and the used permeation coefficient was the estimated PFAS permeation
coefficient to geomembrane.

The developed model was validated by simulating the double-compartment test conducted
by Di Battista et al. (2020), as shown in Fig. 2-9. Di Battista et al. (2020) conducted a double-
compartment test on a 0.1 mm geomembrane with a PFOS solution at an initial concentration of
22.7 mg/L in the source reservoir (465 mL). PFOS concentrations in the recipient reservoir (180
mL) were periodically measured and plotted in Fig. 2-9 as cycle symbols. PFOS concentrations in
the recipient reservoir were also predicted by Di Battista et al. (2020) using a finite layer program,
as shown by the black dashed line in Fig. 2-9, yielding an estimated permeation coefficient of

5.5x10"'7 m?/s. Our model simulated PFOS concentration in the recipient reservoir is shown as the
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red line in Fig. 2-9 to achieve 0.0048 mg/L PFOS at 483 days. The permeation coefficient used in
our model was 4.2x10"'7 m?/s. The predicted PFOS concentration and permeation coefficient by
our model are consistent with the prediction by Di Battista et al. (2020).

To further validate the estimated permeation coefficient, the double-compartment test was

simplified and described by the Fick’s first law:

_ Dac
f= 90z

(2-6)
where fis flux of PFAS. The simplifications include: PFAS concentration in the source reservoir
remains the constant and initial concentration (22.7 mg/L in this case), PFAS concentration in the
recipient reservoir remains constant at the concentration of the last measurement (0.0048 mg/L in
this case) all the time, and the partition coefficient of PFAS to the geomembrane is one (also used
by Di Battista et al. (2020)). We proposed those simplifications based on the approximately
unchanged concentrations in the source and recipient reservoirs and the small partitioning
observed from the measured data. PFAS flux was calculated based on the total PFAS received in
the recipient reservoir (0.0048 mg/L x 180 mL in this case) and the testing time (483 days). Fick’s
first law computed permeation coefficient is 1.2x10"17 m?/s, which is 4.7x lower than the prediction
by Di Battista et al. (2020) and 3.6x lower than our simulation, but they are all in the same order
of magnitude. The two validations (simulation by Di Battista et al. (2020) and approximation by
Fick’s first law) suggest that our model is able to estimate the permeation coefficient of PFAS
through geomembrane using the data from double-compartment tests.

Fig. 2-10 shows the simulation of two PFAS in the recipient reservoir to estimate the
permeation coefficient by achieving the final concentration as indicated by the stars. Since 40 ng/L

was set as the upper bound of concentrations for all the seven PFAS in the recipient reservoir, the

longer testing time, the higher concentration in the source reservoir, and the thinner geomembrane
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helped to bring down the upper bound of the estimated permeation coefficient and drag the
estimation closer to the reality. Thus, the tests with the longest testing time (PFHxA in DC-1&2)
and with a thinner geomembrane and the highest source concentration (DS-4) were selected. PFBA
in the DS-4 was selected for simulation as PFBA was detected in the recipient reservoir. The
estimated permeation coefficient is listed in Table 2-2. Fick’s first law was also used to estimate
the permeation coefficients, which are also listed in Table 2-2. The estimated parameters were
compared to the parameters estimated by Di Battista et al. (2020) for PFOS to LLDPE
geomembrane and the parameters estimated by Park et al. (2012a) for toluene to HDPE
geomembrane.

The permeation coefficients estimated by the simulation or the Fick’s first law are within
one order of magnitude, indicating the reliability of the simulation. The permeation coefficient
estimated from the DC-1&2 is 53x higher than the permeation coefficient estimated from the DS-
4, as DS-4 used the elevated PFAS concentration and thin geomembrane, which accelerated the
diffusion of PFAS through and shortened the testing time. The actual PFHXA concentration in the
recipient reservoir in DC-1&2 may be much lower than 40 ng/L, but the concentration is too low
to be quantified, as indicated in Fig. 2-8 and Table 2-1. Therefore, the permeation coefficient
estimated by PFBA in DS-4 is closer to reality and recommended as the upper bound for the
permeation coefficient of all the evaluated seven PFAS to HDPE geomembrane, i.e., 3.4x10°'°
m?/s. The estimated parameters from DS-4 are consistent with the data reported by Di Battista et
al. (2020), as shown in Table 2-2. The estimated parameters are also much lower than the transport
parameters of toluene to HDPE geomembrane, suggesting that HPDE geomembrane is likely more

effective in containing PFAS than toluene.
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2.5 Practical Implication

PFAS transport through landfill composite liners (1.5 mm geomembrane over a 0.61m
CCL), as shown in Fig. 2-1, was simulated in the developed model to evaluate the effectiveness of
landfill composite liners in containing PFAS. PFAS concentration in landfill leachates was set as
1000 ng/L in the model to represent a typical PFAS concentration in MSW landfill leachates, and
PFAS concentration at the groundwater table (1.5 m below the CCL) was predicted. The estimated
transport parameters of PFAS to HDPE geomembrane from DS-4, as listed in Table 2-2, were used.
Effective diffusion coefficient of PFAS to CCL is listed in Table 2-3 based on Tan and Benson
(2024). Effective diffusion coefficient of PFAS to subgrade is set as 0.8x of the effective diffusion
coefficient to CCL, as PFAS is not expected to transport through the vapor phase in the partially
saturated subgrade. The factor, 0.8, is lower than the average unsaturated factor used by (Tan and
Benson 2024). but was used here for a simplified and conservative estimation.

Similar simulations were also carried out with the same model but utilizing the lowest
parameters from Di Battista et al. (2020) in Table 2-2 for a sensitivity analysis. Toluene, a common
VOC in landfill leachates and has been demonstrated to be effectively contained by the composite
liner, was also simulated for comparison by using the parameters listed in Tables 2-2 and 2-3.
Toluene concentration in the leachate was set as 100 mg/L per Park et al. (2012a,b).

The prediction in Fig. 2-11a shows that PFAS concentration at the groundwater table
gradually increases over time and only reaches 1.0x107 ng/L at 100 years. The predicted PFAS
concentration at 100 years is 390,000x lower than the MCL for PFAS (4 ng/L) and 98,000,000x
lower than the typical PFAS concentrations in landfill leachate (1000 ng/L). As the estimated
parameters, as listed in Table 2-2, are very conservative, PFAS concentrations in the groundwater

are expected to be even lower than 1.0x10 ng/L. For example, the lowest permeation coefficient
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of PFOS to LLDPE estimated by Battista et al. (2020) is 1.6x10°'® m?/s, predicting PFOS
concentration in groundwater lower than 2.1x10°8 ng/L, as the blue dash line showed in Fig. 2-11a.
The prediction suggests that the landfill composite liner with HDPE geomembrane is highly
effective in containing PFAS.

Toluene concentration in groundwater was predicted in Fig. 2-11b. Similar to PFAS, the
highest toluene concentration is predicted at 100 years at 0.025 mg/L. The predicted toluene
concentration at 100 years is 40x higher than the MCL of toluene (1 mg/L, (USEPA 2024)) and
4000x lower than the leachate concentration (100 mg/L). Comparing PFAS with toluene, landfill
composite liners with HDPE geomembrane are more effective in containing PFAS than toluene,
as the liner is more effective in decreasing PFAS concentration in groundwater than decreasing

toluene concentration (98,000,000x vs. 4000x).

2.6 Summary and Conclusions

Partition and diffusion of seven PFAS in HDPE geomembrane were investigated using
batch and double-compartment tests. The evaluated PFAS included five short-chain (PFBA, PFBS,
PFHxA, PFHxS, and PFHpA) and two long-chain (PFOA and PFOS) PFAS that are commonly
detected in MSW landfill leachates. The typical PFAS concentrations (400 to 1000 ng/L) in landfill
leachates were used to represent the leachate as practical as possible, a synthetic leachate R was
used to represent an extreme case with high PFAS concentrations, and PFAS concentrations up to
600,000 ng/L were used to accelerate the diffusion and shorten the testing time. A finite element
model was developed to estimate the partition and diffusion coefficients of PFAS to HDPE
geomembrane and evaluate the effectiveness of landfill composite liners in containing PFAS.

Based on the findings of this study, the following conclusions are drawn:
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PFAS partitioning to HDPE geomembrane is insignificant based on the results from the kinetic
batch tests. Partitioning of PFAS to geomembrane was not measurable within 45 days with a
relatively high geomembrane-to-liquid ratio (1~3). Long-chain PFAS is likely to have a higher
partition coefficient to HDPE geomembrane than short-chain PFAS, but all the evaluated seven
PFAS have partition coefficients lower than one. Methanol is likely to promote the partition of
PFAS to HDPE geomembrane and should be avoided in geomembrane tests.

PFAS diffusion through HDPE geomembrane is extremely slow based on the results from the
double-compartment tests. No significant PFAS loss was quantified in the PFAS source
reservoir, and PFAS were barely detected (< 40 ng/L) in the recipient reservoir for up to 985
days. Even extremely higher PFAS concentrations (up to 570,000 ng/L) and thin geomembrane
(0.38-mm-thickness) were used to accelerate the diffusion, and less than 40 ng/L PFAS were
detected in the recipient reservoir for up to 128 days.

HDPE geomembrane is highly effective in retaining the permeation of PFAS, as no clear trend
was obtained from the batch sorption and double-compartment diffusion tests. Only the upper
bounds of partition and diffusion coefficients of the seven PFAS to HDPE geomembrane were
estimated, i.e., partition coefficient < 1 and diffusion coefficient < 3.4x107!'> m?/s. The upper
bounds may decrease when more data will be generated in the future.

The predicted leakage of PFAS from landfill leachates to groundwater is very small based on
the developed finite-element model that utilized the estimated partition and diffusion
coefficients. The finite-element model simulated the diffusion of PFAS from landfill leachates
through composite liners (intact HDPE geomembrane over a CCL) and subgrade to
groundwater. PFAS concentration in groundwater is lower than 1.0x10 ng/L within 100 years.

The highest PFAS concentration in groundwater is 390,000x lower than the MCL for PFAS (4
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ng/L) and 98,000,000x lower than the PFAS concentration in landfill leachates (1000 ng/L).
The prediction suggests that HDPE geomembrane is highly effective in containing PFAS in
landfill leachates. The comparison with toluene also suggests that HDPE geomembrane is more
effective in containing PFAS than containing toluene. More research is necessary to predict

the leakage rate of PFAS through a composite liner with geomembrane defects.
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Table 2-1. Summary of double-compartment tests on HDPE geomembrane with initial
conditions, testing materials, testing time, and received PFAS concentration at the end of
test.

Apparatus | Test Initial Testing | Testing End of test
type No. Source Recipient | material | time Recipient

Solution PFAS Solution (d) PFAS | Conc.
(ng/L)

Type A | DC-1 | MSW PFHxA MSW TGM 985 N/Q* -

DC-2 DI PFHxA DI TGM 985 N/Q -

DC-3 | MSW PFHxA MSW Al 985 N/Q -

DC-4 | MSW PFOA MSW SGM 713 N/Q -

DC-5 DI PFOA DI SGM 713 N/Q -

DC-6 | MSW PFOS MSW SGM 700 N/Q -

DC-7 DI PFOS DI SGM 700 N/Q -

DC-8 | MSW PFOA MSW SGM 713 N/Q -

+ PFOS
TypeB | DS-1 | MSW 5PS MSW Thin 441 PFBA® 37

DS-2 MSW | Leachate-R MSW Thin 128 PFBA 27
DS-3 MSW | Leachate-R MSW SGM 128 PFBA 27
DS-4 MSW | Leachate-H MSW Thin 128 PFBA 27

AN/D indicates no PFAS concentration exceeds the limitation of quantification
Seven PFAS were analyzed, and only the PFAS with concentrations higher than the limitation of
quantification are reported.
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Table 2-2. Testing conditions and estimated upper bounds of PFAS permeation, partition, and
diffusion coefficients in HDPE geomembrane, in comparison to the testing conditions
and estimated parameters of PFOS in LLDPE geomembrane from Di Battista et al.
(2020) and toluene in HDPE geomembrane from Park et al. (2012).

DC-1&2 DS-4 Di Battista et Park et al.
al. (2020) (2012)
Organic Compound PFHxA PFBA PFOS Toluene
Initial Source Concentration 900~1100 81,000 22,700,000 1.0x108
(ng/L)
Geomembrane HDPE SGM HDPE Thin LLDPE HDPE SGM
(Thickness in mm) (1.5) (0.38) (0.1~0.75) (1.5)
Testing Time (d) 985 128 483 ~100
Final Recipient Concentration N/D 19 1000 N/R
Simulated Final Recipient 40 40 N/R? N/R
Concentration
Estimated Fick’s < 8.8x10°4 <1.5x10°1 N/R N/R
Permeation First law
Coefficient (m?/s) | Simulation <9.5x104 <3.4x10°1 <1.6~34x10'° 3.8x10°13
Estimated <1 <1 2.8~5.3 87
Partition Coefficient
Estimated <9.5x10°4 <3.4x10"° | <0.4~6.7x1016 3.3x10°13

Diffusion Coefficient

“N/R means not reported in the paper.




Table 2-3. Effective diffusion coefficient of PFAS and toluene in compacted clay liners and

partially saturated subgrade estimated by Tan et al. (2024).

Component Effective Diffusion Coefficient (m?/s)
CCL Partially Saturated Subgrade
PFAS 3.4x107!! 2.7x10° 1!
Toluene 6.1x10!! 4.9x10°!!
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\e.g., PFAS and VOCs

Geomembrane
(GM)

~— Groundwater

Fig. 2-1. Schematic showing the mechanisms of organic contaminants (e.g., PFAS and VOCs)
transport from landfill leachate through composite liners (intact geomembrane over
compacted clay liners) and subgrade and to groundwater (Modified from Edil (2003) and
Park et al. (2012b)).
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landfill leachates in the US reported by Lang et al. (2017) as shown in the whisker plots.
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Fig. 2-5. Relative PFOA concentration (C/Cp) as a function of time. C is the PFOA concentration
in the solutions with different methanol percentages from geomembrane batch tests, and
Co is the original PFOA concentration in the solutions.
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SECTION 3: LONG-TERM HYDRAULIC CONDUCTIVITY OF
GEOSYNTHETIC CLAY LINERS AND COMPACTED CLAY LINERS TO

MUNICIPAL SOLID WASTE LEACHATE WITH PFAS

Abstract: Hydraulic conductivity was evaluated for geosynthetic clay liners (GCLs) and
compacted clays permeated with synthetic municipal solid waste (MSW) leachates containing per-
and polyfluoroalkyl substances (PFAS) to determine whether PFAS in MSW leachates have
adverse impacts on hydraulic conductivity. Two sodium bentonite (NaB) GCLs, one bentonite-
polymer composite (BPC) GCL, and three compacted clays were evaluated to represent different
liners constructed in landfills. Three single PFAS (1000 ng/L) and one with multi-source PFAS
(240,000 ng/L) were evaluated to represent different PFAS species and concentrations in MSW
leachates. Control tests were conducted on the same GCLs and compacted clays with the same
MSW leachate or DI water without PFAS. Hydraulic conductivity tests were continued as long as
practical (0.4 to 3 years) to achieve hydraulic and chemical equilibrium. Results show that
hydraulic conductivity of GCLs and compacted clays to PFAS solutions was comparable to the
hydraulic conductivity of the same GCLs and compacted clays to the same solutions without PFAS.
Cation exchange between NaB and permeant solutions increased hydraulic conductivity of the
NaB GCL by up to 3x, whereas cation concentrations higher than several mg/L are necessary to
impact hydraulic conductivity. PFAS concentrations in MSW leachate are up to several pg/L,

which are unlikely to alter hydraulic conductivity of GCLs and CCLs.
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3.1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are emerging organic contaminants in
municipal solid waste (MSW) landfill leachates with concentrations exceeding the maximum
contaminant level (MCL). Leakage of leachates with contaminants from landfills to the
environment is limited by landfill clay liners. Landfill clay liners are often built with compacted
clay liners (CCLs) or geosynthetic clay liners (GCLs) due to their low hydraulic conductivity to
water, whereas the low hydraulic conductivity can be significantly increased when permeated with
the waste leachates that contain organic and/or inorganic chemicals. Concerns exist about whether
PFAS in landfill leachates increase the hydraulic conductivity of CCLs or GCLs.

PFAS are a group of several thousand organic chemicals and have been synthesized since
the 1950s due to their broad applications in industrial and consumer products (Schymanski et al.
2023). PFAS have been used in products to resist heat, grease, oil, and water, such as firefighting
foams, nonstick cookware, and food containers (Gliige et al. 2020). Many of the products
containing PFAS are ultimately disposed in landfills, bringing PFAS to landfills and accumulating
PFAS in landfill leachates, as PFAS are highly persistent to degradation (Lang et al. 2016 and
2017, Reinhart et al. 2023). PFAS concentrations in landfill leachates exceeding 1000 ng/L have
been reported (Liu et al. 2022), which is a hundred times higher than the United States
Environmental Protection Agency (USEPA) enforced MCLs for several PFAS in drinking water,
i.e., 4.0 ng/L (USEPA 2024).

Landfill clay liners are employed to minimize leachate and contaminant fluxes to the
environment due to their low hydraulic conductivity. CCLs are often constructed using local clay
sources and compacted in the field with a thickness of at least 0.6 m with hydraulic conductivity

lower than 1x10 m/s (Benson et al. 2018). Conventional GCLs are factory-manufactured clay



69

barriers consisting of sodium bentonite (NaB) clay sandwiched between two geotextiles that have
been widely used as landfill liners in lieu of CCLs. Conventional NaB GCLs typically have a small
thickness (~0.01 m) and very low hydraulic conductivity (< 5x107!° m/s) owing to the sufficient
swelling of NaB (Shackelford et al. 2000, Jo et al. 2005, Chen et al. 2018). Bentonite-polymer
composite (BPC) GCLs have been developed in lieu of conventional NaB GCLs when the leachate
suppresses the swelling of NaB and hydraulic conductivity of NaB GCLs becomes high (> 5x10°
19 m/s) (Scalia et al. 2011, 2014, and 2018, Scalia and Benson 2017, Chen et al. 2019, Tian et al.
2019, Yu et al. 2020, Zainab et al. 2021). Different clay liners are selected for landfills due to the
availability of liner material, the flexibility of construction time, and, most importantly, the
chemical compatibility between the liner and leachate.

Chemical compatibility between clay liners and leachates suggests that hydraulic
conductivity of CCLs and GCLs can be orders of magnitude higher when permeated with a
leachate than permeated with deionized (DI) water due to chemical interactions between clays and
inorganic and/or organic constituents in the leachate (Jo et al. 2001, 2004, and 2005, Lee and
Shackelford 2005, Lee et al. 2005, Katsumi et al. 2007, Benson et al. 2018, Chen et al. 2018, Zhou
et al. 2024). Inorganic constituents, such as divalent cations, suppress the swelling of clay and
increase hydraulic conductivity of GCLs (Jo et al. 2005). Organic constituents, such as organic
solvents with low dielectric constant, also suppress clay swelling and increase hydraulic
conductivity (Madsen and Mitchell 2005). Sufficient concentrations of the inorganic and organic
constituents seem to be necessary to increase the hydraulic conductivity of CCLs and GCLs, i.e.,
ion concentration higher than several mg/L or organic chemicals having more than 50% volume
percent (Shackelford et al. 2000, Tan et al., 2022, 2023). PFAS are probably the most dilute

chemicals (ng/L) that have ever been studied in landfill leachates. They are not expected to be
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concentrated enough to alter the hydraulic conductivity of CCLs and GCLs. However, no relevant
data have been generated to support this hypothesis and evaluate the performance of typical CCLs
and GCLs to MSW leachates that contain PFAS.

In this study, hydraulic conductivity of compacted clays and GCLs was measured with
MSW leachates containing PFAS (PFAS-MSW leachate) and compared to the MSW leachate
without PFAS to study the impact of PFAS. Hydraulic conductivity of the clays and GCLs to DI
water with or without PFAS (PFAS-DI solution or DI water) was also measured to study the impact
of inorganic constituents. Three clays, two NaB GCLs, and one BPC GCL was evaluated to
represent typical but a range of clay liners. Three single species of PFAS were evaluated by spiking
the PFAS to permeant solutions (MSW leachate or DI) at a typical PFAS concentration in landfill
leachate (1000 ng/L), including perfluorooctanesulfonic acid (PFOS), perfluorooctanoic acid
(PFOA), and perfluorohexanoic acid (PFHxA). A MSW leachate with multi-source PFAS
(Leachate R) was also evaluated to mimic a landfill leachate with extremely high PFAS
concentrations (240,000 ng/L total PFAS). Hydraulic conductivity tests were continued for as long
as practical (0.4~3 years) to examine the long-term effects of PFAS on hydraulic conductivity of
CCLs and GCLs. PFAS impacts on swell index of NaB GCLs and liquid limit of clay were also

evaluated to confirm PFAS impacts on hydraulic conductivity.

3.2 Background

3.2.1 PFAS in Landfill Leachates

PFAS are synthetic organic chemicals that have been used in various everyday products
due to their unique chemical properties. PFAS usually contain a hydrophobic carbon-fluorine chain
and a lipophobic functional group and, thus, are highly effective in resisting water, oil, and grease.

PFAS contains carbon-fluorine (C-F) bonds, which are one of the strongest single bonds in
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chemistry (Bentel et al. 2019, Huang and Jaffé¢ 2019), resulting in PFAS resistance to heat. The
strong C-F bond also renders PFAS resistance to natural degradation, resulting in bioaccumulation
of PFAS (Haukas et al. 2007, Lesmeister et al. 2021). In recent years, PFAS have been reported to
have health impacts at very low concentrations (Anderko and Pennea 2020, Garg et al. 2020). Six
PFAS, including PFOS and PFOA, are regulated by the USEPA in drinking water with a MCL of
4.0 ng/L in 2024 (USEPA 2024).

Landfills are the final disposal units for most of the products that contain PFAS. Tolaymat
et al. (2023) from the USEPA estimated that 7.5 metric tons of PFAS enter MSW landfills annually
and 11% of those PFAS end in landfill leachates. PFAS concentrations in landfill leachates vary
from site to site, but most of them are higher than the USEPA drinking water standards. In extreme
cases, PFAS concentrations can exceed 1000 ng/L (Bouazza 2021, Liu et al. 2022). Lang et al.
(2017) investigated 70 PFAS concentrations in 95 samples of leachates from 18 landfills in the US,
and the results of the seven of them in landfill leachates are shown in Fig. 3-1. 1000 ng/L is the

typical PFHXA concentration in landfill leachates and the nearly upper bound of PFOS and PFOA.

3.2.2 Hydraulic Conductivity of Landfill Clay Liners

CCLs, NaB GCLs, and BPC GCLs are the most common clay liners in landfills due to their
low hydraulic conductivity. The three types of liners achieve low hydraulic conductivity by
reducing the pore spaces and increasing tortuosity for fluid flow, whereas the mechanisms to
achieve low hydraulic conductivity are different. Low hydraulic conductivity of CCLs is mainly
achieved by compaction. Soil compaction compresses the pore spaces between clay particles and
increases the tortuosity in CCLs. Swelling of clay in CCLs after hydration also helps to compress
the pore spaces in CCLs. Low hydraulic conductivity of NaB GCLs is mainly achieved by the

sufficient swelling of NaB. Swelling of NaB fills the pore spaces between bentonite granules and
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increases the tortuosity in NaB GCLs. Low hydraulic conductivity of BPC GCLs is achieved by
holding polymers in the GCLs. Polymers clog the pore spaces between NaB granules, increasing
the tortuosity in BPC GCLs.

Hydraulic conductivity of the three types of clay liners has different sensitivities to leachate
chemistry. Swelling of NaB is sensitive to leachate chemistry, resulting in very different hydraulic
conductivity (up to six orders of magnitude) of NaB GCLs to different leachates (Jo et al. 2001
and 2004). Swelling of clay in CCLs is also affected by leachate chemistry, whereas the majority
of pore spaces in CCLs have been compressed by compaction. Thus, hydraulic conductivity of
CClLs is less sensitive to leachate chemistry than NaB GCLs (Benson et al. 2018, Chen et al. 2018).
The variation of hydraulic conductivity of a CCL to different leachates is usually within two orders
of magnitude (Benson et al. 2018). Swelling of NaB in BPC GCLs helps to reduce the pore spaces
between NaB granules and retain polymers within the GCL. Thus, hydraulic conductivity of BPC
GCLs varies from leachate to leachate and depends on the used polymers (Chen et al. 2019, 2023,

and 2024, Li et al. 2020).

3.2.2.1 Compacted Clay Liners

Benson et al. (2018) measured the hydraulic conductivity of eight compacted clays
permeated with five coal combustion product (CCP) leachates. The CCP leachates have ionic
strength varying from 41.7 to 746 mM, representing the CCP leachates from dilute to concentrated
ionic concentrations. Hydraulic conductivity of the compacted clays permeated with the CCP
leachates is low (4.2x107!'! to 3.0x10” m/s) and comparable to hydraulic conductivity of the same
clays permeated with DI water, regardless of the leachate concentrations. Only two exceptions
were observed on a more plastic clay, which was 10 to 19 times more permeable with concentrated

CCP leachates than with DI water. Concentrated cations are able to compress the swelling of clay,
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opening the pore spaces in compacted clay for the flow of leachates. The connected pore spaces
result in an increase in hydraulic conductivity compared to the hydraulic conductivity of the clay
permeated with DI water. Elevated stress is able to compress the pore spaces for leachate flow and,
thus, is reported to decrease the hydraulic conductivity of the compacted clay by up to 184x when
the effective stress increased from 28 to 450 kPa. Benson et al. (2018) also evaluated the
relationship between hydraulic conductivity and liquid limit of compacted clay. Generally, clay
with a higher liquid limit has higher hydraulic conductivity to water, which is consistent with the
observation by Tan et al. (2023).

Madsen and Mitchell (2005) summarized the organic chemical effects on the fabric and
hydraulic conductivity of compacted clay. Some organic chemicals have lower dielectric constant
than water. Those chemical molecules can replace water molecules in the clay and, thus, compress
the swelling of the clay or induce flocculation of clay particles. The compressed swelling and
flocculation of clay particles open the pore spaces for fluid flow, resulting in an increase in
hydraulic conductivity. However, the increased hydraulic conductivity of compacted clay due to
organic chemicals was only observed in concentrated organic solutions. Dilute solutions of
organics have essentially no effect on hydraulic conductivity of clay. Shackelford (1994) also
observed that organic chemicals with concentrations less than 80% volume percent have no

significant effect on the hydraulic conductivity of compacted clay.

3.2.2.2 Sodium-Bentonite Geosynthetic Clay Liners

Jo etal. (2001) evaluated the hydraulic conductivity of a NaB GCL permeated with several
single-species salt solutions having various concentrations to assess the effects of cation valences
and concentrations on hydraulic conductivity. Hydraulic conductivity of the NaB GCL permeated

with concentrated salt solutions were up to five orders of magnitude higher than the same GCL
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permeated with DI water, i.e., 10 vs. 10'! m/s. The GCL permeated with multivalent cation
solutions had higher hydraulic conductivity than the GCL permeated with monovalent cation
solutions at the same cation concentrations. Hydraulic conductivity of NaB GCLs is strongly
related to the swelling of bentonite in the GCL. Concentrated multivalent cations are more
effective in constraining the swelling of bentonite, resulting in open pore spaces in the GCL for
liquid flow and high hydraulic conductivity. Thus, swell index is recommended as an indicator for
the hydraulic conductivity of NaB GClLs, i.e., higher swell index, lower hydraulic conductivity.
Nevertheless, sufficient cation concentrations are necessary to generate measurable impacts on the
swelling and hydraulic conductivity of NaB GCLs. Even the divalent or trivalent cation solutions
yielded low and comparable hydraulic conductivity (10'' m/s) to DI water when the cation
concentrations were lower than 0.01 M. Similar results have been reported by (Jo et al. 2004 and
2005, Kolstad et al. 2004, Tan et al. 2022).

Shackelford et al. (2000) summarized the impacts of several factors on hydraulic
conductivity of NaB GCLs, including organic compounds in the permeant liquids. Similar to the
effects on CCLs, organic compounds with low dielectric constant compress the swelling of
bentonite in the GCL, resulting in high hydraulic conductivity. Non-polar organic liquids also
compress the swelling of bentonite, resulting in cracking and high hydraulic conductivity of GCLs.
Again, they concluded that organic compounds < 50% volume percent have no adverse impacts

on the hydraulic conductivity of NaB GCLs.

3.2.2.3 Bentonite-Polymer Composite Geosynthetic Clay Liners
BPC GCLs were developed to contain the leachates that are too permeable to be contained

by NaB GCLs alone. Scalia et al. (2014) permeated NaB and BPC GCLs with DI water and

calcium chloride (CaCl) solutions with various concentrations that were expected to compress the
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swelling of bentonite in the GCLs. Hydraulic conductivity of the NaB GCL was higher than 1x10
7 m/s when permeated with concentrated CaCl, solutions (> 0.05 M), whereas hydraulic
conductivity of the BPC GCL remained low (< 9x10°!! m/s) to CaCl, solutions with concentration
up to 0.5 M. Hydraulic conductivity of BPC GCLs was not related to the swelling of BPC in the
GCL, as the BPC GCL was able to maintain low hydraulic conductivity (< 1071° m/s) with low
swelling (< 10 mL/2g). BPC GCLs seem more resilient to leachate chemistry than NaB GCLs, but
the resilience depends on the polymers used in the GCLs. Hydraulic conductivity of BPC GCLs
higher than 10® m/s has been reported with concentrated leachates (Chen et al. 2024, Chen et al.
2023). Nevertheless, no BPC GCL has been reported to have high hydraulic conductivity (> 101

nm/s) to dilute inorganic or organic solutions.

3.3 Materials

3.3.1 Compacted Clay Liners

Three clays evaluated in this study were selected from the University of Wisconsin-
Madison (UW) soil bank. The soil bank contains barrier soils from more than 40 contaminant
facilities in North America (Benson and Gurdal 2013). The three clays were selected to represent
typical clays used for landfill liners but have different plasticity. The plastic chart in Fig. 3-2 shows
the three selected liner clays with the clays in the soil bank. The clays are classified as low
plasticity clay (CL), high plasticity clay (CH), and moderately plasticity organic clay (OL-OH)
based on the Unified Soil Classification System (USCS) per ASTM D2487 (ASTM 2017c). The
CL and CH are two ASTM referred clays for landfill liners (Benson and Yesiller 2016). The OL-
OH (shorted as OH herein) is a moderately plastic organic clay that was used for a landfill liner in

Dane Country, Wisconsin, USA. The OH is known as Kamm clay, with an organic matter content

0f 0.46% (Park et al. 2012).
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Compaction, index properties, and mineralogical compositions of the selected clays are
summarized in Table 3-1, which were measured following the ASTM methods as indicated in the
table. Particle size distributions of the clays were measured after washing on a No. 200 sieve (0.075
mm) per ASTM D6913 (ASTM 2017b) and ASTM D7928 (ASTM 2021a). The results are shown
in Fig. 3-2. All three clays meet the minimum compositional requirements for clay liners per
Daniel (1990) and Benson et al. (1994): liquid limit (LL) > 20, plasticity index (PI) > 7, fines
content > 30%, clay content (<2 pum) > 10%, and gravel content < 30%. The three clays have clay
mineral (smectite, illite, and kaolinite) contents higher than 20% (Table 3-1). CL has nearly no
smectite, whereas CH and OH have more than 15% smectite, indicating the potential reactivity
with permeant solutions. The high smectite content is consistent with the high LL and PI of CH

and OH. The other main mineral in the three clays is quartz, with a fraction higher than 27%.

3.3.2 Geosynthetic Clay Liners

Two NaB GCLs and one BPC GCL were evaluated to represent different GCLs used in
landfill liners. The two NaB GCLs are commonly used in North America and manufactured by
different companies (Tan et al. 2024), referred to as CG and FG GCLs. Both GCLs have NaB
granules encapsulated between a woven and a nonwoven geotextile bound by needlepunching. The
CG GCL contains coarser NaB granules with Dso = 1 mm, and the FG GCL contains coarser NaB
granules with Dso = 0.5 mm. Granule size distributions of the NaB in the GCLs were measured
using the dry sieve method, as shown in Fig. 3-3. The physical-geochemical and mineral properties
of the used GCLs are summarized in Table 3-2. The two bentonites contain predominantly Na-
montmorillonite.

The BPC GCL is analogous to the CG GCL, as both GCLs are manufactured by the same

company and contain the same bentonite granules. The BPC GCL includes 4% linear polymers to
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enhance chemical compatibility. The properties of BPC GCL are also summarized in Table 3-2.
Granule size distribution of the BPC GCL is also shown in Fig. 3-3. The other properties of the

polymer are proprietary to the GCL manufacturer and were not divulged to the investigators.

3.3.3 Municipal Solid Waste Leachate and PFAS

The typical synthetic MSW leachate characterized by Bradshaw and Benson (2014) was
evaluated to represent typical MSW leachate in the US. Bradshaw and Benson (2014) identified
the typical MSW leachate based on an extensive review of the inorganic geochemistry of MSW
leachates from MSW landfill cells in the US. The typical MSW leachate represents the average
ionic concentration and monovalent-to-divalent cation ratio in MSW leachate. lonic concentration

is described by ionic strength (/):

I =

N| =

n
z C; z? (3-1)
i=1

where C; is the molar concentration of the i ion in solution, and z' is the valence of the i ion
(Chen et al. 2019, Kolstad et al. 2004). The monovalent-to-divalent cation ratio is described by the
relative abundance of monovalent and polyvalent cations (RMD):

My

A (3-2)

M 1s the total molarity of the monovalent cations and Mp is the total molarity of the polyvalent

RMD =

cations (Kolstad et al. 2004). The synthetic MSW leachate has an ionic strength of 0.06 M and
RMD of 0.36 M%, The synthetic MSW leachate was prepared by dissolving reagent-grade salts
into DI water following the procedures in Jo et al. (2001) and Benson et al. (2022). The used salts

include 1.70 g/L of sodium chloride, 0.41 g/L of calcium chloride, 0.49 g/L of magnesium chloride,
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and 0.33 g/L of potassium chloride (Bradshaw and Benson 2014). The synthetic MSW leachate
has an electrical conductivity (EC) of 0.56 S/m and pH 7.4.

The MSW leachates containing single or multi-source PFAS were evaluated, as shown in
Fig. 3-1, considering the PFAS concentrations in landfill leachates, as reported by Lang et al.
(2017). PFOA, PFOS, and PFHxA were selected to represent the most common long-chain (8 or
more carbons) and short-chain (less than 8 carbons) PFAS in MSW leachates. A concentration of
1000 ng/L was used for each PFAS to represent a typical or slightly high PFAS concentration in
MSW leachates. The multi-source PFAS leachate, referred to as Leachate-R, was used to mimic
the PFAS concentration in the leachate from a landfill that received extensive PFAS. Leachate-R
is expected to represent the extremely high PFAS concentrations in MSW leachates (240,000 ng/L
total PFAS).

The MSW leachate that contains PFAS (short as PFAS-MSW leachate) was prepared by
diluting concentrated PFAS solutions into the synthetic MSW leachate. Two groups of
concentrated PFAS solutions were used. The first PFAS solutions were purchased from Wellington
Laboratories (Guelph, Ontario, Canada) at a concentration of 50 mg/L. Those PFAS were pre-
dissolved in methanol to facilitate the solubility. Thus, the prepared PEFAS-MSW leachate contains
0.002% of methanol. The second group of PFAS solutions was prepared by dissolving PFAS
standards (SynQuest Laboratories, Inc., Alachua, FL) into DI water to create methanol-free
concentrated PFAS solutions. The prepared seven methanol-free PFAS solutions had
concentrations varying from 17.3 to 34.7 mg/L based on the water solubility of each PFAS.

In addition to PFAS-MSW leachate, DI water containing PFAS (referred to as PFAS-DI
solution) was also prepared by diluting the concentrated PFAS solutions into DI water. Three

PFAS-DI solutions with single PFAS (PFOS, PFOA, and PFHxA) at a concentration of 1000 ng/L
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were also evaluated to study the effects of PFAS on hydraulic conductivity of CCLs and GCLs

and exclude other factors.

3.4 Methods

3.4.1 Clay Compaction

Test specimens of compacted clays were prepared following the procedures in Benson and
Yesiller (2016). They evaluated the reproducibility of hydraulic conductivity measurements on
fine-grained soils for the Institute for Standards Research of ASTM International. Their evaluated
soils included CL, CH, and ML (silt). The prepared specimens had a coefficient of variation (COV)
for water content less than 1% and dry unit weight less than 0.5%, indicating the reproducibility
of specimen preparation.

The procedure to prepare compacted clays includes 5 steps: 1) Each clay was air-dried and
crushed to pass the No. 4 sieve (4.75 mm) per ASTM D698 (ASTM 2021b). 2) The clay that
passed the sieve was moistened with tap water (pH = 7.2 and EC = 0.08 S/m at 25 °C) using a
spray bottle to the target water content and thoroughly mixed using a trowel. The target water
content was 1% wet of the optimum water content from standard Proctor, which is common for
CCL construction (Benson et al. 1994, Benson and Trast 1995). 3) The moistened clay was sealed
in a plastic bag for at least 24 h for moisture equilibrium. 4) The moistened clay after the
equilibration period was compacted in a short steel compaction mold (51 mm in height and 152
mm in diameter) using a standard Proctor hammer. The number of blows was adjusted to achieve
the dry unit weight corresponding to the standard Proctor effort. 5) The compacted clay specimen
was extracted from the mold using a hydraulic jack, sealed in a plastic bag, and stored in a room
with 100% humidity prior to hydraulic conductivity testing. All specimens were set up in a

permeameter within 24 h of compaction.
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3.4.2 Hydraulic Conductivity

Hydraulic conductivity tests were conducted in flexible-wall permeameters following the
falling headwater-constant tailwater method in ASTM D7100 (ASTM 2020b) for compacted clays
and the method in ASTM D6766 (ASTM 2020a) for GCLs. All the tests were conducted at an
average effective stress of 20 kPa to simulate the stress in a landfill with the first lift of waste
placed. No back pressure was applied to minimize the alterations in geochemistry that would not
be observed in the field (e.g., Le Chatelier principle). All the tested specimens were directly
permeated with the permeant solution. Specimens were consolidated in the permeameter at the
initial stress for at least 48 h with the permeant solution applied from the influent line with the
effluent line closed (i.e., no flow). Permeant solutions included the PFAS-MSW leachates, MSW
leachate, PFAS-DI solutions, and DI water to evaluate the potential impact of PFAS on hydraulic
conductivity. High-density polyethylene (HDPE) tubes were used in the permeameters to create a
PFAS-free environment for hydraulic conductivity testing and minimize potential PFAS
adsorptions to the tubes during the long-term testing (0.4~3 years).

Compacted clays were tested by placing the clay from the standard Proctor compaction
into the permeameter and sandwiching by two heavy nonwoven geotextiles (0.3 kg/m?) to
distribute flow as recommended in Scalia et al. (2014). Average hydraulic gradients of 25 or lower
were used to minimize consolidation during the test. Upward (bottom to top) flows were triggered
to facilitate the saturation of the specimen. The tests were continued to achieve hydraulic
equilibrium following the criteria in ASTM D7100 (ASTM 2020b): hydraulic conductivity (k) was
steady (+25% for k£ > 1071% m/s or £50% for k < 107'° m/s), the ratio of incremental outflow to
inflow (Qou/Qin) Was between 0.8 to 1.2. Chemical equilibrium per ASTM D7100 was expected

(ASTM 2020b), as indicated by the EC and pH of the effluents that were within 20% of the pH
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and EC of the influent (i.e., 0.8 to 1.2 of ECou/ECin and pHouw/pHin) and PFAS concentrations in
the effluent that were within 20% of the concentrations in the influent (i.e., 0.8 to 1.2 of
PFASou/PFASiy). For the specimens permeated with DI water and DI-PFAS, it will take years to
achieve EC and pH equilibrium due to the elute of soluble cations and anions from the clays. The
elution of soluble cations and anions is unlikely to affect hydraulic conductivity of clay, and thus,
EC and pH equilibrium are not expected to be established in those tests.

GCLs were tested by placing a GCL disk into the permeameter and were sandwiched by
two heavy and nonwoven geotextiles. The GCL disk was prepared by cutting a 150-mm-diameter
GCL disk from a GCL roll provided by the manufacturer using a razor knife. DI water was applied
along the perimeter of the GCL to prevent loss of bentonite during operation. Geotextile fibers
along the perimeter were trimmed with a scissor to minimize the risk of preferential flows along
the fibers. The trimmed GCL was applied with NaB or BPC pastes along the perimeter to prevent
sidewall leakage. The perimeters of the heavy nonwoven geotextiles were also sealed with NaB or
BPC pastes to prevent sidewall leakage. The NaB and BPC pastes were created by hydrating the
same NaB or BPC from the evaluated GCL roll with DI water to a water content around their liquid
limits. Average hydraulic gradients of the NaB GCL tests ranged from 75 to 125, depending on
the hydraulic conductivity of the GCLs (Shackelford et al. 2000). Average hydraulic gradients of
the BPC GCL were set around 125. All the NaB GCLs were tested using upward flows to facilitate
saturation, whereas the BPC GCLs were tested using downward flows (top to bottom) to avoid the
block of polymer elution by the GCLs. Similar hydraulic and chemical equilibria for the compacted
clays were achieved following the criteria in ASTM D6766 (ASTM 2020a), as indicated by the

steady hydraulic conductivity, and 0.8~1.2 Qout/Qin, pPHout/pHin, ECou/ECin, and PFASou/PFASin.
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3.4.3 PFAS Quantification

PFAS concentrations in both the influents and effluents from the hydraulic conductivity
tests were tracked by periodic sampling to determine the chemical equilibrium. The same method
was used to prepare the influent and effluent samples for PFAS quantification. For the single PFAS
solutions with a concentration of 1000 ng/L or lower, 5 mL of sample was collected from the
influent or effluent line and mixed with 5 mL of methanol. The mixed solution was shaken using
an analog vortex mixer (Fisher Scientific, USA) at 3200 rpm for at least 2 min and then filtered by
a 0.22 polypropylene syringe filter. The first 6 mL that passed the filter was discarded, and the rest
of the mixture was collected for PFAS quantifications using a liquid chromatography-tandem mass
spectrometry (LC-MS/MS, Agilent 1260+ Agilent 6460, Santa Clara, CA). For the multi-source
PFAS solutions with elevated concentration, 0.5 mL of sample was collected and mixed with 4.5
mL of DI water and 5 mL of methanol before filtration and quantification. PFAS concentration
quantified by LC-MS/MS was scaled back to the PFAS concentration in the influents or effluents
based on the dilution factor. PFAS concentrations from the BPC GCL tests were not analyzed due
to the difficulty of removing eluted polymers in the effluents, and the polymers clogged the

analytical column in the LC-MS/MS.

3.4.4 Swell Index

Swell index of the NaB from the GCLs was measured with each permeant solution
following the procedure in ASTM D5890 (ASTM 2019b) to evaluate the potential impact of ionic
strength and PFAS on the swelling of NaB. NaB was extracted from the GCL rolls and oven-dried
at 10545 °C for 8 h to remove free water. Then, the dried NaB (10~20 g) was crushed by grinding
using a motorized grinder (Retsch RM200, Haan, Germany) until more than 2 g of NaB passed the

No. 100 sieve (0.150 mm) and at least 65% passed the No. 200 sieve (0.075 mm). The ground NaB
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was oven-dried at 105+5 °C for 8 h again to remove free water. Two grams of ground and dry NaB
were gradually added into a graduated cylinder containing approximately 90 mL of the permeant
solution in 0.1-g increments. Between each increment, at least 10 min gap is required, allowing
the NaB to wet, settle, and hydrate. After all the NaB was added, the cylinder was filled to 100 mL
with the permeant solution. Swell index was recorded at the volume of the NaB settled at the
bottom of the cylinder after hydration for at least 24h. Swell index of the BPC GCL was not
measured as swell of BPC is not directly correlated to the hydraulic conductivity of BPC GCLs
(Chen et al. 2019, 2024a,b, Tian et al. 2019, Gustitus and Benson 2021, Norris et al. 2022 and

2023).

3.4.5 Liquid Limit

Liquid limits of clays were measured with each permeant solution following the multipoint
method in ASTM D4318 (ASTM 2017a) to determine the potential impact of ionic strength and
PFAS on the liquid limit of clay. Air-dried clay was crushed to pass a No. 40 sieve (0.425) using
a mortar and pestle. The crushed clay was moistened with the permeant solution to a water content
that was slightly lower than the liquid limit. The moistened clay was sealed into a plastic bag to
equilibrate for at least 16 h. After equilibrium, the clay was placed in the cup of a liquid limit
device and separated using a spatula. The cup with separated clay was left and dropped at a rate of
1.9 to 2.1 drops per second until the two separated clays came in contact along a distance of 13
mm. The number of drops (N) was recorded, and the water content of the contacted clay in the cup
(W) was measured by oven-drying at 10515 °C for at least 8 h per ASTM D2216 (ASTM 2019a).
The procedures were repeated after adding the permeant solution into the clay to adjust the water
content. Liquid limit of the clay was determined as the water content at 25 drops based on the

relationship between W and log(N) from linear regression. Liquid limit tests were also conducted
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on oven-dried clay (1055 °C for 8 h) hydrated with MSW leachate or PFAS MSW leachate to
minimize the potential effects of hygroscopic moisture in the clay on porewater chemistry and

liquid limits.

3.5 Results and Discussion

3.5.1 Hydraulic and Chemical Equilibrium

Table 3-3 summarizes the results of hydraulic conductivity and swell index tests of GCLs,
and Table 3-4 summarizes the results of hydraulic conductivity and liquid limit tests of compacted
clays. Hydraulic conductivity tests on the GCLs and compacted clays were continued for 0.4 to
2.8 years, in order to achieve both hydraulic and chemical equilibrium. Fig. 3-4 shows the
hydraulic conductivity, Qou/Qin, EC, and pH of FG NaB and CH permeated with PFOS-MSW
leachate as a function of permeation time. The two tests were used as examples to illustrate how
to determine the hydraulic and chemical equilibrium. Hydraulic conductivity of FG NaB initially
decreased due to the saturation of the GCL, and then remained low and steady hydraulic
conductivity after 40 days. At that time, Qou/Qin fell into the 0.8~1.2 range, as shown in Fig. 3-4a,
indicating the establishment of hydraulic equilibrium. In addition, ECou/ECin and pHouw/pHin also
fell into the 0.8~1.2 range, as shown in Fig. 3-4b and 3-4c¢, indicating the EC and pH equilibrium
was also established after 40 days per ASTM D 6766 (ASTM 2020a). Nevertheless, hydraulic
conductivity of the GCL gradually increased after 200 days and remained steady after 500 days.
The results indicate that chemical reaction between the GCL and permeant solution still existed
after establishing EC equilibrium per ASTM D6766 (ASTM 2020a).

Bradshaw and Benson (2014) report the same phenomenon on NaB GCLs permeated with
MSW leachates. They concluded that slowly cation exchange between NaB in the GCL and the

permeant solution occurred after the EC equilibrium, and the cation exchange continued for more
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than 3.5 years. The conclusion was supported by tracking the major cation concentrations in the
effluents. However, it is not practical for most hydraulic conductivity tests to last several years to
achieve a real chemical equilibrium. They still recommend staying on the EC equilibrium per
ASTM D6766 (ASTM 2020a), as the increase in hydraulic conductivity due to the continued cation
exchange was within one order of magnitude. Tian et al. (2016) observed the same phenomenon
on NaB GCLs permeated with low-level radioactive waste leachates. Our results are consistent
with Bradshaw and Benson (2014) and Tian et al. (2016), as hydraulic conductivity of the FG GCL
increased approximately 3 times due to the continued cation exchanges after the EC equilibrium
and then remained steady.

All the GCLs permeated with MSW or PFAS-MSW leachates established both hydraulic
and EC equilibrium, as indicated by the Qou/Qin and ECou/ECin at the end of test in Table 3-3.
ECouw/ECin was high for the GCLs permeated by DI or PFAS-DI solutions due to the elution of
ions. Most GCL tests have not established pH equilibrium as the original PFAS solutions were
slightly acidic, whereas the effluents were slightly alkaline. The difference was minor as both the
influents and effluents were close to neutral (5< pH <9).

In Fig. 3-4, hydraulic conductivity of CH initially decreased due to saturation and then
achieved steady hydraulic conductivity after 20 days. Qou/Qin fell into the 0.8~1.2 range after 150
days, indicating the establishment of hydraulic equilibrium. EC of the effluent was continually
increased until 500 days, indicating the establishment of EC equilibrium. Hydraulic conductivity
of CH remained steady after the hydraulic equilibrium was established. This result suggests that
chemical reactions with the permeant solutions do not dramatically impact CH, which is consistent

with Benson et al. (2018) as they reported that compacted clays are less sensitive to permeant
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chemistry, compared to NaB GCLs which are very sensitive to permeant chemistry (Chen et al.
2018).

According to Table 3-4, all the compacted clays in this paper established hydraulic
equilibrium. All the compacted clay permeated with PFAS-MSW or MSW leachates established
EC equilibrium. Similar to GCLs, pH equilibrium was not established on most compacted clay
tests due to the slightly alkaline effluents. CL is an exception and unusual, as the pH of the effluents
from all the evaluated leachates remained low (2~4).

Relative PFAS concentration between the effluent and influent is reported in Tables 3-3
and 3, as an indicator for chemical equilibrium between the clay and PFAS in the permeant solution.
Variations of PFAS concentrations in the influent were observed due to the potential PFAS
adsorption to geotextiles and clays. PFAS concentrations at equilibrium in the influent line were
used to calculate the relative PFAS concentration. In Tables 3-3 and 3-4, most of the tests
established PFAS equilibrium, as PFASou/PFASi, fell into the 0.8~1.2 range.

Relative PFAS concentrations in the multi-source PFAS Leachate R tests were shown in
Fig. 3-5 as an example to illustrate the cumulation of PFAS in the effluent. In the GCL tests, short-
chain PFAS established equilibrium around one PVF and remained at a consistent concentration
in the effluent. Long-chain PFAS took more PVF to established. Compared to long-chain PFAS,
short-chain PFAS had fewer adsorptions to organic compounds and clays and was more mobile in
free water (Cappelli et al. 2024), and thus showed up earlier in the effluents. PFAS concentrations
in the compacted clay tests follows the same trend observed in the GCL tests. PFAS equilibrium
was established for the compacted clays when the paper is prepared due to low PVF (< 1). The

single PFAS tests established PFAS equilibrium around 2 PVF (Tables 3-3 and 3-4), and no
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dramatic hydraulic conductivity change was observed. No dramatic hydraulic conductivity change

is expected in the clays permeated with multi-source PFAS Leachate R.

3.5.2 Impact of PFAS

Fig. 3-6 shows the hydraulic conductivity of seven FG GCLs permeated with PFAS-MSW
or MSW leachate as a function of PVF. Those GCLs show similar hydraulic conductivity and
temporal behavior, regardless of PFAS types and concentrations: hydraulic conductivity decreased
initially due to GCL saturation, remained steady after hydraulic equilibrium, and gradually
increased during the continual permeation. The GCL permeated with multi-source PFAS leachate
R is an exception. Hydraulic conductivity of FG GCL with leachate R remained low for 3 PVF
and was about 2 to 4 times lower than the hydraulic conductivity of other GCLs at the same PVF.
No consistently higher hydraulic conductivity was observed on FG GCLs permeated with PFAS-
MSW leachates compared to the GCL permeated with MSW leachate.

Fig. 3-7 compared the hydraulic conductivity of GCLs and compacted clays to the same
solutions (MSW or DI water) with or without PFAS. The 2 to 4x bands in the figure indicate
comparable hydraulic conductivity, as the 2 to 4x are the limits of repeatability of hydraulic
conductivity measurements on GCLs (Daniel et al. 1997) and CCLs (Benson and Yesiller 2016).
Hydraulic conductivity of GCLs or compacted clays to the solutions with PFAS is comparable to
the hydraulic conductivity of the same GCLs or compacted clays to the same solutions without
PFAS, as 75% (30 out of 40) of the hydraulic conductivity falls into the 2x band and 22.5% of the
hydraulic conductivity falls into the 4x band. Only one hydraulic conductivity, i.e., CH permeated
with PFOA-MSW leachate, has 4.3x lower hydraulic conductivity than CH permeated with MSW

leachate. No consistently higher or lower hydraulic conductivity was observed on the evaluated
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GCLs and compacted clays due to the presence of PFAS, even for Leachate R having multiple
PFAS and extremely high PFAS concentrations (240,000 ng/L total PFAS).

Fig. 3-8 compares the swell index of NaB from the GCLs that are hydrated in the same
MSW or DI water with or without PFAS. No distinguishing difference was observed in the swell
index due to the presence of PFAS. Similarly, liquid limits of the compacted clays hydrated with
solutions with or without PFAS are compared in Fig. 3-9, and no consistently higher or lower
liquid limit was identified due to the presence of PFAS. The comparable swell index and liquid
limit are consistent with the comparable hydraulic conductivity of GCLs and compacted clays to
the solutions with or without PFAS. Those results indicate that PFAS in MSW leachate is unlikely
to alter 1) thickness of bonded water on clay surfaces, 2) swelling of clays and NaB, and 3)

hydraulic conductivity of compacted clays and GCLs.

3.5.3 Impact of Inorganic lonic Strength

Fig. 3-10 compares the hydraulic conductivity of FG NaB permeated with PFOS-MSW
leachate (ionic strength = 0.06 M) or PFOS-DI solution. FG NaB was used as an example to
illustrate the impact of inorganic ionic strength on hydraulic conductivity of NaB GCL. Hydraulic
conductivity of FG NaB permeated with PFOS-DI solution remained low and steady after
establishing hydraulic equilibrium. Hydraulic conductivity of FG NaB to PFOS-MSW leachate
after established hydraulic and EC equilibrium was slightly higher than the hydraulic conductivity
of FG NaB to PFOS-DI solution, and then gradually increased due to the continued cation
exchange between the NaB and permeant solution. At the end of the test, hydraulic conductivity
of FG NaB to PFOS-MSW leachate is 5.0x higher than hydraulic conductivity of the GCL to

PFOS-DI solution.
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Fig. 3-11 shows the comparison between hydraulic conductivity of the GCLs and
compacted clay to MSW leachates with the same GCLs and clays to DI solutions. MSW leachates
and DI solutions containing the same PFAS were compared to minimize the effects of PFAS. In
this figure, the 2 to 4x bands indicate comparable hydraulic conductivity, and the 10x band
suggests significantly higher hydraulic conductivity with MSW leachates than with DI solutions.
Hydraulic conductivity of GCLs to MSW leachates is comparable to or higher than the GCL to DI
solutions. For FG NaB, hydraulic conductivity to MSW leachates was 5~11x higher than the
hydraulic conductivity to DI solutions. For CG BPC, hydraulic conductivity to MSW leachates
was 1~5x higher than the hydraulic conductivity to DI solutions. Hydraulic conductivity of all CG
NaB was comparable (within 2x higher or lower) to the hydraulic conductivity of the GCL to DI
solutions within the limit of PVF (4.7~14.8). The high hydraulic conductivity of FG GCL (> 1 x
101 m/s) was due to the increase of hydraulic conductivity after the long-term geochemical
reaction with MSW leachates, as illustrated in Figs. 3-6 and 3-10. Divalent cations in the MSW
leachates can replace Na* on the bentonite surface, suppressing the swelling of NaB, leaving more
pore spaces between NaB granules, and increasing hydraulic conductivity.

The suppressed swelling of bentonite is demonstrated by swell index, as shown in Fig. 3-
12, which compares the swell index of NaB from the GCLs that were hydrated in MSW leachates
or DI solutions. Similarly, the MSW leachates or DI solutions that contained the same PFAS were
compared. Swell index of NaB from CG or FG NaB GCLs in MSW leachates was 18 to 23 mL/2g
lower than the same NaB in DI solutions, indicating the suppressed swelling of NaB in MSW
leachates. The suppressed swelling of CG NaB indicates that hydraulic conductivity of CG GCLs
to MSW leachates may also gradually increase in the continual permeation, like FG GCLs.

Hydraulic conductivity CG BPC was low to MSW leachates and less sensitive to ionic strength
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compared to FG GCLs. Comparing to the results in Figs. 3-8 and 3-12, cations in MSW leachates
were more effective in compressing the swelling of NaB in GCLs than PFAS. Thus, inorganic
ionic strength has more impact on hydraulic conductivity of NaB GCLs than PFAS, as illustrated
in Figs. 3-7 and 3-11.

In Fig. 3-11, hydraulic conductivity of most compacted clays permeated MSW leachates
was only 2x higher than the clays permeated with DI solutions. One CL and CH with MSW
leachates had 2~3x higher hydraulic conductivity than with DI solutions. Only two clays had lower
hydraulic conductivity within 2x with MSW leachates than with DI solutions. The results suggest
that the compacted clays are not highly sensitive to the ionic strength of MSW leachates. The less
sensitivity in hydraulic conductivity was consistent with the less sensitivity in liquid limit of the
clays, as shown Fig. 3-13, where liquid limits of the same clay hydrated in MSW leachates or DI
solutions were compared. Most liquid limits of the clays in MSW leachates were randomly lower
or higher than the liquid limits of the same clays in DI solutions. The similar liquid limit suggests
that the cations in MSW leachates do not significantly affect the affinity of water and do not
compress the bonded water on the clay surface, leading to no measurable hydraulic conductivity
with MSW leachates or DI solutions (Fig. 3-11). These results are consistent with the steady
hydraulic conductivity of compacted clay during the permeation as shown in Fig. 3-4, and also
consistent with less sensitive hydraulic conductivity of compacted clays to more concentrated CCP

leachates as reported by Benson et al. (2018).

3.6 Practical Implications
PFAS are emerging contaminants with strict regulations and very low MCLs. As an
ultimate destination of PFAS, concerns exist whether landfills are able to contain PFAS. Those

concerns are challenging every component in landfill liners, including the hydraulic conductivity
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of clay liners. Previous experience suggests that chemical compositions in landfill leachates can
dramatically increase the hydraulic conductivity of clay liners due to geochemical reactions,
whereas few data exist to demonstrate the potential impact of PFAS on hydraulic conductivity of
clay liners. This work provides sufficient and long-term data to demonstrate that PFAS in landfill
leachate are unlikely to have an adverse impact on the hydraulic conductivity of clay liners,
including CCLs and GCLs.

Cation exchange between clays and permeant solutions is the core reaction that alters the
hydraulic conductivity of clay liners. CCLs with a lower smectite content (<60%) are less sensitive
to the cation exchange and are able to maintain steady and low hydraulic conductivity during long-
term service. BPC GCLs are typically less sensitive to cation exchange as long as they can retain
sufficient polymers in the pore spaces. In contrast, NaB GCLs with a higher smectite content
(>60%) are highly sensitive to cation exchange, especially for the permeant solutions containing
polyvalent cations. Nevertheless, sufficient cation concentrations are necessary to impact
hydraulic conductivity of NaB GCLs, which must be higher than several mg/L. PFAS
concentrations in landfill leachate are typical at the level of ng/L to pug/L, which is unexpected to
change hydraulic conductivity of CCLs and GCLs from the perspective of cation exchange.
Similarly, the nmol/L to umol/L PFAS in landfill leachate are not able to change the dielectric
constant of permeant solutions, and thus are not unlikely to affect hydraulic conductivity of CCLs

and GCLs like some pure organic solvents.

3.7 Conclusions
Hydraulic conductivity of two NaB GCLs, one BPC GCL, and three compacted clays was
measured with DI water and synthetic MSW leachate with or without PFAS to evaluate the

potential impact of PFAS in landfill leachates on hydraulic conductivity of clay liners. The selected
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GCLs are commercially available and widely used in MSW landfills in North America. The

selected clays can represent typical CCLs used in MSW landfills in North America based on the

University of Wisconsin-Madison (UW) soil bank with different plasticity. Three common PFAS

in landfill leachates, PFOS, PFOA, and PFHxA, were used to prepare single PFAS solutions with

a typical PFAS concentration (1000 ng/L) in landfill leachates. Both DI water and MSW leachate

were spiked with the single PFAS. In addition, a MSW leachate was spiked with seven PFAS to

240,000 ng/L to represent the landfill leachates with extremely high PFAS concentrations. Most

of the tests were continued as long as practical (0.4 to 2.8 years) to achieve hydraulic and chemical

equilibrium. Swell index of NaB GCLs and liquid limits of clays were also measured to interpret

the hydraulic conductivity results.

Based on the findings of this study, the following conclusions are drawn:

PFAS in MSW landfill leachates are unlikely to have adverse impacts on the hydraulic
conductivity of CCLs and GCLs. Hydraulic conductivity of GCLs and compacted clays to
PFAS-MSW leachates or PFAS-DI solutions was randomly higher or lower than the hydraulic
conductivity of the same GCLs or compacted clays to the same solutions without PFAS. The
difference between the hydraulic conductivity of GCLs and compacted clays to the PFAS
leachates or solutions was within 4-fold, which is the reproducibility of hydraulic conductivity
measurements on GCLs and compacted clays.

Hydraulic conductivity of all the evaluated GCLs and compacted clays with PFAS meets the
design requirement for landfill liners, i.e., hydraulic conductivity of GCLs < 5x1071° m/s and
hydraulic conductivity of CCLs < 1x10” m/s.

PFAS in MSW leachates have no dramatic impacts on the swelling of NaB and on the water

affinity to clay. Swell index of NaB and liquid limit of compacted clays hydrated with PFAS
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solutions were comparable to those hydrated with the solutions without PFAS. The results
were consistent with the comparable hydraulic conductivity with or without PFAS.

e Hydraulic conductivity of compacted clay was not sensitive to permeant chemistry in MSW
leachate, as clays with a low smectite content (<60%) are not reactive with the chemical
constituents in the permeant. BPC GCLs remained low hydraulic conductivity to MSW
leachate and DI water (< 10712 m/s), regardless of the presence of PFAS.

e Permeant chemistry is the key factor to impact hydraulic conductivity of NaB GCLs. Hydraulic
conductivity of FG NaB gradually increased from 2x10!! to 1x107'° m/s due to the long-term
cation exchange with the permeant solutions. Cations, especially polyvalent cations, in the
permeant solutions, can replace Na* on the surface of bentonite and compress the swelling of
bentonite, yielding open pore spaces for fluid flow and high hydraulic conductivity. Sufficient
cation concentrations (> mg/L) are necessary to trigger impact on hydraulic conductivity. This
is consistent with no adverse impact of PFAS on hydraulic conductivity of NaB GCLs, as

PFAS concentrations in MSW leachate are typical at the level of ng/L to pg/L.
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Table 3-1. Properties of evaluated clays for CCLs.

Properties Method CL | CH | OH
Specific gravity ASTM D854 | 2.68 | 2.72 | 2.72
(ASTM 2023)

Atterberg Limits | Liquid limit ASTM D4318 | 32 55 48
Plasticity Index (ASTM 2017a) | 12 33 27

Particle size Gravel ASTM D6913 0 0 0

fractions (%) Sand (ASTM 2017b) | 11 2 11
Fines ASTM D7928 | 89 | 98 89
Clay (ASTM 2021a) | 34 | 47 | 30

Mineralogy (%) | Quartz ASTM D934 53 27 | 51.6
Smectite (ASTM 2022a) | -2 56 | 154
Plagioclase 1 7 15.5
K-feldspar 1 4 7.3
[llite/mica 24 1.5 5.8
Kaolinite 16 2 1.6
Dolomite - 2 2.6
Chlorite - - 0.2
Calcite - 0.5 -
Gypsum 0.5 - -
Siderite 0.5 - -
Mixed-Layered Illite/Smectite 4

Standard Proctor | Optimum water content (%) ASTM D698 | 17.6 | 23.6 | 19.3

Compaction Maximum dry unit weight (kN/m?) | (ASTM 2021b) | 17.1 | 153 | 17.4

a9

means not detected



Table 3-2. Properties of evaluated CCLs.

Properties Method CGNaB | FGNaB | CG BPC
D50 (mm) ASTM D6913 1.0 0.5 0.8
(ASTM 2017b)
Dry Nab mass per unit area (kg/m?) | ASTM D5993 3.6 3.7 3.7
(ASTM 2022b)
Hygroscopic moisture content (%) ASTM D2216 8.5 8.1 7.0
(ASTM 2019a)
Mineralogy of Montmorillonite | ASTM D934 75 81
NaB (%) Cristobalite (ASTM 2022a) 16 1
Tridymite 3 -2
Oligoclase 3 -
Quartz 1 7
Calcite 1 1 4
Gypsum 1 - %
Illite - 7 =
Microcline - 1 =3
Albite - - 8
Siderite - - Z
Cation exchange capacity of NaB ASTM D5703 94.2 85.6 ov)
(cmol*/kg) (ASTM 2018)
Exchange Na* 38.5 34.6
Complex of NaB | K* 2.1 1.4
(cmol*/kg) Ca*" 28.2 26.8
Mg 18.6 59

a9

means not detected
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Table 3-3. Summary of hydraulic conductivity and swell index tests of GCLs.

GCL Permeant liquid Testing | PVF | ECow/ECin | pHouw/pHin | PFASou/PFASiy Hydraulic Swell Index
Time (d) Conductivity (m/s) (mL/2g)
CG DI 411 15.9 14 1.08 NA® 2.5x10°!! 43.0
NaB PFHxA-DI 209 9.3 618 1.42 1.10 2.1x10°! 42.8
PFOS -DI 523 15.5 741 1.49 0.85 2.2x10°!! 42.5
PFOA -DI 508 15.0 680 1.48 1.15 2.0x10°!! 43.0
MSW 212 10.9 1.02 1.08 NA 1.8x10°!! 20.3
PFHxA -MSW 424 4.9 1.07 1.37 1.19 3.0x10°!! 20.9
PFOS-MSW 486 14.8 1.04 1.26 0.80 3.6x10°!! 20.7
PFOA-MSW 501 10.3 1.05 1.34 1.05 1.8x10°!! 21.9
Multi-source leachate R 143 5.0 1.43 0.32 0.71~0.97 1.9x10°!! 21.0
FG DI 683 17.5 845 1.06 NA 1.4x10°!! 36.2
NaB PFHxA-DI 838 24.2 471 1.37 1.14 1.9x10°!! 37.2
PFOS -DI 523 18.1 807 1.58 0.96 2.4x10°!! 35.2
PFOA -DI 508 14.6 1027 1.49 1.16 2.2x10°!! 35.0
MSW 436 14.6 0.96 0.98 NA 1.6x1071° 15.9
PFHxA -MSW 753 23.5 1.02 1.19 1.15 1.2x1071° 16.5
PFOS-MSW 508 23.7 1.06 1.17 0.85 1.2x10710 17.0
PFOA-MSW 508 25.3 1.05 1.15 1.12 1.1x10°1° 16.8
Multi-source leachate R 143 2.8 1.11 1.20 0.73~1.00 9.9x10!12 16.4
CG DI 560 3.7 2005 1.04 NA 2.2x10712 -
BPC PFHxA-DI 1029 1.9 4432 1.54 -b 1.0x1012 -
PFOS -DI 703 6.6 1594 1.62 - 2.9x10712 -
PFOA -DI 569 9.7 1315 1.47 - 7.6x10712 -
MSW 560 9.8 1.01 0.94 NA 5.4x10°12 -
PFHxA -MSW 1028 9.4 1.03 1.31 - 4.9x1012 -
PFOS-MSW 703 133 1.03 1.33 - 9.6x10°12 -
PFOA-MSW 569 10.2 1.01 1.30 - 7.9x10°12 -

2 “NA” means no PFAS

b ¢ 9

means not measured
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Table 3-4. Summary of hydraulic conductivity and liquid limit tests of compacted clays.

Clay Permeant liquid Testing | PVF | ECow/ECin | pHouw/pHin | PFASou/PFASiy Hydraulic Swell Index
Time (d) Conductivity (m/s) (mL/2g)
CL DI 722 52 194 0.45 NA® 2.0x10710 32
PFHxA-DI 749 8.9 214 0.52 1.16 3.7x10°1° 34
PFOS -DI 678 6.3 398 0.40 0.05 2.1x10710 34
PFOA -DI 523 7.4 545 0.39 0.25 2.4x10710 35
MSW 722 9.9 1.07 0.33 NA 4.5x10°1° 35(38)°
PFHxA -MSW 749 11.0 1.02 0.38 1.10 3.9x10°1° 38(36)
PFOS-MSW 678 7.9 1.04 0.39 0.04 2.7x10710 35(39)
PFOA-MSW 508 8.7 1.09 0.35 0.26 2.8x1071° 33(37)
Multi-source leachate R 143 1.4 1.43 0.32 0.01~0.64 1.4x101° 38(37)
CH DI 719 1.6 893 1.11 NA 2.2x10°M! 56
PFHxA-DI 753 3.2 620 1.30 1.12 4.4x10!! 57
PFOS -DI 682 1.5 516 1.42 0.02 2.7x10°!! 56
PFOA -DI 561 1.1 863 1.34 0.57 1.6x10°!! 57
MSW 719 54 0.96 1.03 NA 6.5x10°!! 58(56)
PFHxA -MSW 753 23 0.97 1.18 0.91 3.1x10°!! 59(56)
PFOS-MSW 682 2.7 1.00 1.13 0.01 5.0x10°!! 57(56)
PFOA-MSW 561 1.5 0.97 1.22 0.68 2.7x10°!! 58(57)
Multi-source leachate R 143 0.28 0.72 1.09 0.01~0.54 1.5x10°!! 59(56)
OH DI 713 1.1 907 1.07 NA 1.2x10°!! 38
PFHxA-DI 759 2.6 526 1.39 1.14 4.1x10!! 37
PFOS -DI 666 2.8 395 1.39 0.69 3.0x10°!! 39
PFOA -DI 613 2.0 575 1.33 0.71 2.7x10°!! 38
MSW 713 1.3 0.87 0.97 NA 1.6x10°!! 39(37)
PFHxA -MSW 759 3.54 1.04 1.19 0.98 4.3x10!! 38(41)
PFOS-MSW 666 2.0 0.87 1.25 0.10 2.0x10°!! 37(36)
PFOA-MSW 613 23 0.97 1.21 0.77 2.9x10°!! 40(39)

2 “NA” means no PFAS
b Value in brackets () is from oven-dried clay, value without brackets () is from air-dried clay

L0T




108

10° E T T T T T T
- ¢ Single V  Multi-Source Leachate-R
10° L v -
v v
o Y v v
S 10* b 3
c
- v
5 T
.0
= 10° 1 ol 1 T — o -
=
c
2 T 1
O
O
10" L J .
10° 1 1 1 1 1 1

PFBA
PFBS
PFHxA
PFHxS
PFHpA
PFOA
PFOS

Fig. 3-1. PFAS concentrations evaluated in this study with the average PFAS concentrations in
landfill leachates in the US reported by Lang et al. (2017).
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Fig. 3-11. Hydraulic conductivity of GCLs and compacted clays permeated with MSW leachates
with or without PFAS versus hydraulic conductivity of the same GCLs and compacted
clays permeated with DI solutions with or without PFAS.
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SECTION 4: ADVECTIVE-DIFFUSIVE TRANSPORT OF PER- AND
POLYFLUOROALKYL SUBSTANCES (PFAS)THROUGH LANDFILL COMPOSITE

LINER

Abstract: Advection and diffusion of per- and polyfluoroalkyl substances (PFAS) through landfill
composite liners on an unsaturated subgrade were simulated using a finite-element program to
predict the potential for groundwater contamination. Typical transport parameters were obtained
from experimental measurements or literature. Data from bench scale composite liner experiment
and literature were used for model validations. Validations show a good agreement between the
predicted and measured concentrations. The model predicted very low PFAS concentrations at the
groundwater (GWT) below both the compacted clay liner (CCL) and geosynthetic clay liner (GCL)
composite liners with intact geomembranes (up to 3.7x10 and 8.8x10 ng/L). Geomembrane
defects increase the PFAS concentration at the GWT. The PFAS concentration directly below the
geomembrane defect in the CCL composite liner exceeds the maximum contaminant level, i.e.,
11.6 ng/L vs. 4.0 ng/L, whereas the elevated PFAS concentrations are limited within a small area
(radius < 1 m) directly below the defect. The average PFAS flux is only 0.0028 ng/m?/yr below a
typical CCL composite liner with 5 defects per hectare geomembrane. PFAS concentration below
the GCL composite liner with a geomembrane defect is still low, up to 9.3x10° ng/L. The
prediction suggests that landfill composite liners, including CCL and CCL composite liners, are
highly effective in containing PFAS, and are likely to be more effective than containing a volatile
organic compound, e.g., toluene. Recommendations were provided for engineering practice to
reduce the potential of groundwater impact due to PFAS based on the sensitivity analysis of

transport parameters.
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4.1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are emerging contaminants recently regulated
by the federal and local governments with very low allowable concentrations (ng/L) in drinking
water. PFAS products have been disposed in municipal solid waste (MSW) landfills for decades,
resulting in PFAS concentrations in landfill leachates exceeding the regulated concentrations. Thus,
landfills have been identified as potential sources of PFAS contamination (Lang et al. 2016, Coffin
et al. 2023). Concerns exist about whether landfill liners are able to contain PFAS. In addition,
technical suggestions are needed for the industry regarding how to construct and maintain landfill
liners to be more effective in containing PFAS.

PFAS are a group of organic chemicals that have been extensively synthesized since the
1950s due to their broad applications in consumer and industrial products (Gliige et al. 2020, Evich
et al. 2022). Nearly 7.5 metric tons of PFAS are disposed in landfills annually (Tolaymat et al.
2023), as landfills are the final destinations of many PFAS products (Lang et al. 2016, Liu et al.
2022, Capozzi et al. 2023, Coffin et al. 2023). PFAS are resistant to degradation (Huang and Jafté
2019, Joudan and Lundgren 2022, Verma et al. 2023), and thus, PFAS in MSW end in landfill
leachates. PFAS concentrations in landfill leachates vary from several to several thousand ng/L
(as shown in Fig. S1-1 in Section 1) (Lang et al. 2017), much higher than the maximum
contaminant level (MCL) in drinking water reinforced by the United States Environmental
Protection Agency (USEPA) in 2024 (USEPA 2024), i.e., 4.0 ng/L for perfluorooctanoic acid
(PFOS) and perfluorooctanesulfonic acid (PFOA), 10 ng/L for perfluorohexanesulphonic acid
(PFHxS), perfluorononanoic acid (PFNA), and GenX Chemicals. The high concentration gradient
between landfill leachates and the environment indicates the propensity of PFAS migration from

landfill leachates to the environment.
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Landfill composite liners are designed to cut off the leakage path of contaminants in landfill
leachates to the environment (Rowe 2020, Chen et al. 2024, Williams et al. 2024). Modern landfill
composite liners include a geomembrane over a clay liner. Geomembranes, typically manufactured
with high-density polyethylene (HDPE) in North America, are nearly impermeable and thus serve
as a primary barrier to cut off leachate flow (Gulec et al. 2004, Rowe et al. 2008, Rowe et al. 2019).
Clay liners, including compacted clay liners (CCLs) and geosynthetic clay liners (GCLs) with low
hydraulic conductivity (< 10° m/s) (Bradshaw and Benson 2014, Benson et al. 2018, Tan et al.
2022 and 2023, Hou et al. 2023), are constructed below the geomembrane to impede any flow
through geomembrane defects that are inevitably formed during liner construction.
Geomembranes and clay liners work synergistically to minimize leachate and contaminant flux to
the environment (Rowe 2020), which have been validated in engineering practice to be highly
effective in containing both inorganic and organic contaminants (Foose et al. 2001, Foose et al.
2002, Edil 2003, Rowe et al. 2023).

Organic contaminants raise more concerns about the leaking risks as some organic
contaminants can diffuse through geomembranes, due to the small molecular structure of the
organic contaminants and the similarity between the contaminants and polymer resins in
geomembrane, such as volatile organic compounds (VOCs) (Park et al. 1996, 2012a, and 2012b,
Kim et al. 2001, McWatters and Rowe 2015, Eun et al. 2017 and 2018, Pu et al. 2018, Arif and
Abdelaal 2023). For example, toluene, a common VOC in landfill leachates, can partition to high-
density polyethylene (HDPE) geomembranes and diffuse through HDPE geomembranes and
increase the leakage rate (Park et al. 2012a), as illustrated by the dash-line arrows in Fig. 4-1.
Concern exists about whether the emerging organic contaminants, PFAS, can diffuse through

landfill composite liners similarly and may result in groundwater contaminants. Laboratory
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experiments have demonstrated that HDPE geomembranes are thousands of times more effective
in slowing down the permeation of common PFAS than toluene (3.4x1071 vs.3.3x10"!! m?%/s
permeation coefficient) (Park et al. 2012a), the concern still exists as the MCLs of PFAS are also
orders of magnitude lower than the MCL of toluene (4 ng/L vs. 1,000,000 ng/L). Research is
needed to evaluate the effectiveness of landfill composite liners in containing the diffusive
transport of PFAS.

Contaminants can also leak through landfill composite liners associated with the advection
of leachates through geomembrane defects (Foose et al. 2001, Rowe and Abdelatty 2013, Rowe
and Fan 2021, Tan and Benson 2023), as illustrated by the solid-line arrows in Fig. 4-1.
Contaminants in leachates typically transport faster through advection than diffusion in landfill
liners, including PFAS. Thus, advective transport raises more concerns about the effectiveness of
landfill liners in containing PFAS. Although landfill composite liners have been demonstrated to
be effective barriers to contaminant advection, the low MCLs of PFAS still challenge the liners
because such low MCLs have never been enforced for other existing contaminants. Research is
needed to evaluate the performance of landfill composite liners in constraining PFAS advection.

Numerical simulations are the most common tools to map contaminant transport and
evaluate the effectiveness of landfill composite liners in containing the contaminant. (Barakat and
Rowe 2025, Rowe and Barakat 2021, Taskesti and Bouazza 2023) developed numerical models to
evaluate the performance of landfill composite liners specific for PFAS, whereas the challenges
include 1) validating the models with laboratory data and 2) the uncertainly of PFAS transport
parameters. Sensitivity analysis is necessary to examine the extreme cases that may occur in the

field and identify the key factors that strongly affect the leakage rate of PFAS. The identified key
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factors can be used as guidelines in engineering practice to reduce the leakage rate of PFAS during
liner construction and services.

In this study, finite-element models were developed to evaluate the effectiveness of landfill
composite liners in containing PFAS. Advective-diffusive PFAS transport through a landfill
composite liner was simulated by solving the partial differential equations that govern the transport.
Transport parameters were derived from laboratory experiments or obtained from the literature.
Bench scale composite liner experiments were conducted to mimic PFAS transport through
composite liners and generate data to validate the simulation. Sensitivity analyses were performed
on the critical transport parameters to represent the extreme cases that may occur in the field and
identify the key factors that impact PFAS leakage rates. Transport of PFAS was also compared to
the transport of toluene, a compound that has been demonstrated to be safely contained in landfills

by composite liners.

4.2 Transport Theory
Fig. 4-1 illustrates the advective-diffusive transport of PFAS through a landfill composite
liner, which was described by Kim et al. (2001) and simplified as follows:

ac 9’C d*C ac ocC
=D (4-1)

at - \ax "oy ) Ve ey
where C is the PFAS concentration (M/L?), ¢ is elapsed time (7)), D is the diffusion coefficient of
PFAS (L?/T), v is the velocity of flow (L/T), and x and y are the directions of transport (L).

Velocity of flow can be calculated using Darcy’s law:
v=k(—+—=— (4-2)

where £ is hydraulic conductivity of the media (L/T), and 4 is the hydraulic head (L).



126

For PFAS transport through a geomembrane, flow velocity through an intact geomembrane is
negligible. Thus, Equation 4-1 can be applied:

0c, _ 96, 0%,
ot 9% ox ay

(4-3)

where C, is the PFAS concentration in the geomembrane (M/L?), and Dy is the diffusion coefficient
of PFAS in the geomembrane (L?/7).
Partitioning of PFAS to geomembranes is assumed to follow a linear isotherm according

to Di Battista et al. (2020), and Park et al. (1996 and 2012a):

K—Cg 4-4
g_CL (-)

where K; is the partition coefficient of PFAS between the geomembrane and leachate
(dimensionless), and Cr. is the PFAS concentration in the leachate (M/L%).

Permeation coefficient of PFAS to the geomembrane, Py ((L?/T)), can be used to describe
PFAS transport through the geomembrane by combining equations 4-3 and 4-4:

o0, _, 9%C, N 9%C, 4-5)
ar (o ay) )

Permeation coefficient can be calculated by:
Py =ky Dy (4-6)
For PFAS transport through porous media, including CCLs, GCLs, and subgrade soils, the

advective-diffusive transport can be described by:

ac. 0%Cs 09%C dCs 0C.
s _ e< S s) _ S S (4-7)

9t -\ ax Tay )T Vax ey
where Cs is the PFAS concentration in the pore water (M/L?). D. is the effective diffusion

coefficient of PFAS in the soil (L?/T), which can be calculated by:



127

D, = f(S;)nt,Dy (4-8)
where the dimensionless f{:S;) is the function of degree of saturation that describes the relationship
between unsaturated effective diffusion coefficient (Deu) and saturated effective diffusion
coefficient (Des) per Lim et al. (1998), n is the porosity of the soil (dimensionless), 7. is the apparent
tortuosity of the soil (dimensionless), Dy is the molecular diffusion coefficient of the PFAS in
water (L*/T). PFAS adsorptions to CCL, GCL, and subgrade are ignored as the negligible affinity
of PFOS and PFOA to bentonite is reported (Barakat et al. 2024). The ignored PFAS adsorption
to the geotextiles in GCLs and to the soils and organic matters in the subgrade results in
conservative prediction of concentrations in groundwater. In addition, vapor-phase advection and

diffusion were assumed to be negligible.

4.3 Methods

4.3.1 Finite-Element Simulation

A finite-element tool, the COMSOL Multiphysics software package, was used to solve the
partial differential equations described above to govern the PFAS transport in landfill composite
liners and subgrades. Fig. S4-1 illustrates the simulated domain of a typical CCL composite liner,
and Fig. S4-2 illustrates a typical GCL composite liner. A one-dimensional (1D) model was built
to simulate the diffusive transport of PFAS through composite liners with intact geomembrane (v
= 0). Two-dimensional (2D) symmetrical models were built to simulate the advective-diffusive
transport of PFAS through the composite liners with a 5-mm-diameter defect (half of a 10-mm-
diameter defect) created on the left corner of the geomembrane, as illustrated in Fig. S4-3 for CCL
composite liners and similar for GCL composite liners. Symmetrical hydraulic and concentration

boundaries were applied to the left of the domine. The 2D composite liners were simulated for 10



128

m wide, as the no-flux boundary applied to the right of the domain is sufficiently far to have
negligible impact on PFAS advection through the defect based on sensitivity analysis.
The applied concentration boundary conditions included 1) a constant PFAS concentration
at the top of the geomembrane:
C,(leachate,t) = Cy(t) (4-9)
where (o is the constant concentration of PFAS in the leachate (M/L?).
2) a zero-concentration gradient at the bottom of the domain:

aC,

3y (bottom,t) =0 (4-10)
This boundary condition was set 0.7 m below the GWT, which sensitivity analysis showed
was sufficiently far so that the boundary had negligible impact on concentrations at the
groundwater table (GWT), as demonstrated in Fig. S4-4.
The applied hydraulic boundary conditions included 1) a constant pressure head at the top
of the geomembrane:

Y(leachate, t) = Py(t) (4-11)
where y is the pressure head of the leachate above the geomembrane (M), and y is the constant
pressure head of the leachate (M).

2) a zero-pressure head at the GWT:
Y(GWT,t) =0 (4-12)
The initial conditions included zero PFAS concentration throughout the domain:
C(domain,0) =0 (4-13)
and zero pressure head throughout the domain:

Y(domain,0) =0 (4-14)
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The initial and boundary conditions described in Equations 4-9 to 4-14 were applied to the
domains illustrated in Figs. S4-1, S4-2, and S4-3 to solve the advective-diffusive equations as
described in Equations 4-2, 4-5, and 4-7 in COMSOL. The CCL composite liner included a 1.5-
m-height unsaturated subgrade, which is typical in engineering practice. The CCG and GCL
composite liners kept the same distance between the leachate and GWT for a fair comparison. The
unsaturated subgrade was divided into layers for 0.3 m each to adjust the unsaturated effective
diffusion coefficient (Dcu) based on the saturated effective diffusion coefficient (Des) and the
decreased degree of saturation (S;) from the groundwater to the top of the subgrade per Lim et al.
(1998). The CCL and GCL were assumed to be saturated in the simulation for a conservative
prediction. The relative unsaturated to saturated effective diffusion coefficient profiles are also
shown in Figs. S4-1 and S4-2. Conservation of mass was applied at the interfaces between the
subgrade layers, CCLs, GCLs, and geomembrane per Park et al. (2012b). An idealized interface
with perfect contact between the GM and CCL/GCL was evaluated. PFAS concentrations at the

GWT were predicted, and the service time of the landfill was set at 100 years.

4.3.2 Transport Parameters

Table 4-1 summarizes the typical transport parameters of PFAS through HDPE
geomembrane, CCLs, GCLs, and subgrade. Table 4-1 also summarizes the typical leachate
properties as boundary conditions. Sources of the parameters were listed in Table 4-1 as
justifications for the appropriate selections. Sensitivity analyses were also conducted on the
selected parameters to address their uncertainty.

PFAS concentration in leachate was set at 1000 ng/L to represent a relatively high PFAS
concentration in MSW leachate (Lang et al. 2017). Free solution diffusion coefficient of PFOS

was selected to represent the diffusibility of PFAS, because PFOS is the most common PFAS in
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MSW leachates and the regulated PFAS by the USEPA. Permeation coefficient of PFAS to
geomembrane was adopted from the upper bound of seven PFAS to HDPE geomembrane based
on the results in Section 2, which is higher than the permeation coefficient estimated by Di Battista
et al. (2020), i.e., 3.4x10°" vs. 0.031~3.4x10""5 m?/s. The higher permeation coefficient also
contributes to a conservative prediction. Hydraulic conductivity of geomembranes was applied
with a small value (1.0x107'¢ m/s) to represent the very low permeability of the geomembrane.
Permeation coefficient and hydraulic conductivity of the geomembrane defect were applied with
large values (0.1 m?/s and 0.1 m/s) to allow the easy transport of PFAS and leachate through the
defect. The same porosity (0.24) and apparent tortuosity (0.3) were assigned to the CCL and
subgrade for a conservative estimation (Tan and Benson 2024), as CCLs typically have lower
tortuosity due to compaction and swelling of clay minerals. The estimated effective saturated
diffusion coefficient of GCLs is very close to the estimated diffusion coefficient of PFAS to
sodium-bentonite GCLs by Barakat et al. (2024) based on more than one-year laboratory diffusion
tests, i.e., 2.0x10!! vs. 18~3.5x10°!! m?/s. A relatively large hydraulic conductivity, i.e., 1x107

m/s, was assigned to the whole unsaturated subgrade for a conservative estimation.

4.3.3 Bench Scale Composite Liner Experiment for Model Validation

Bench scale composite liner experiments were conducted using the setup shown in Fig. S4-
5 following the procedure given by Park et al. (2012b). Table 2 lists the properties of evaluated
MSW leachate with PFAS, geomembranes, compacted clays, GCLs, and subgrade soils. PFHxA
at 1000 ng/L was used to represent a relatively high PFAS concentration in MSW leachates,
according to Lang et al. (2017). A leachate with elevated and multi-source PFAS was also
evaluated to accelerate the diffusion of PFAS through the composite liner. In addition to

commercially available HDPE geomembrane, a thin HDPE geomembrane was manufactured
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specifically for this research to reduce the difficulty of PFAS penetration. Both CCL and GCL
composite liners were mimicked in the experiments using the same compacted clays and GCLs in
Section 3. A compacted silt was used as a permeable subgrade (k = 4x10°® m/s) below the GCL
composite experiments.

The experiments lasted for up to 548 days. PFAS concentrations in the source reservoir
and the porewater extracted from the upper sampling port were periodically measured using a
liquid chromatography-tandem mass spectrometry (LC-MS/MS, Agilent 1260+ Agilent 6460,

Santa Clara, CA) following the method described in Section 2.

4.3.4 Sensitivity Analysis

The transport parameters listed in Table 4-1 are typical parameters based on experimental
measurements, the best estimation of laboratory data, the literature, and the summary of relevant
research. The parameters may vary from field to field. For example, the permeation coefficient of
the geomembrane is the upper bound for seven PFAS to HDPE geomembranes, whereas the actual
permeation coefficient of commercial HDPE geomembrane may be two orders of magnitude lower
than the “typical” value in Table 4-1. Sensitivity analysis was conducted by altering one of the
parameters within a reasonable range and keeping the others fixed at the typical quantities in Table
4-1 to investigate the uncertainty of each parameter and simulate the extreme (not typical) cases

that may occur in the field.

4.4 Results and Discussion

4.4.1 Model Validation
Fig. 4-2 shows the PFAS concentration in the source reservoir and in the porewater

extracted from the sampling upper port (Port A, 35 mm below the geomembrane) at a specific
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sampling time relative to the initial PFAS concentration in the source reservoir. PFAS
concentrations of the leachate in the source reservoir remained nearly constant, and no PFAS was
detected in the porewater below the geomembrane (< 10 n/L).

The bench scale composite liner experiments were simulated in COMSOL by applying the
geometry to the modeling. Equations 4-5 and 4-7 were solved using the finite element tools using
the typical transport parameters in Table 4-1. Different from the composite liner simulation using
a constant PFAS concentration as a boundary condition (equation 4-9), initial PFAS concentrations
were applied to the domain of the source reservoir:

C(Source,0) = Csg (4-15)
PFAS concentrations in the source reservoir (Csr) range from 1000 to 10,000 ng/L, according to

Table 1. No flux boundary was applied to the aluminum walls:
aC( llt)—ac IL,t)y=0 4-16
5 (wall, —ay(wa,)— (4-16)

Velocity of the leachate was set as zero:
v=0 (4-17)

PFAS concentrations in the source reservoir and porewater 35 mm below the geomembrane
were predicted for 300 days, as shown in Fig. 4-2. The predictions are consistent with the bench
scale experiments, as PFAS concentrations in the source reservoir remain constant and PFAS
concentrations in the pore water are lower than 1 ng/L.

Nevertheless, the model validations shown in Fig. 4-2 need to be more precise, as the
variations of PFAS quantitation are much higher than the actual change of PFAS concentration in
the experiments. Thus, the simulation only matches the variations of PFAS quantitation but does

not necessarily catch the actual PFAS transport.
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To further validate the model, toluene transport through a bench-scale composite liner
evaluated by Park et al. (2012b) was predicted. We used the same experimental setup as Park et
al. (2012b) but evaluated different chemicals with different sampling locations. Toluene is more
diffusive through HDPE geomembrane, and thus Park et al. (2012b) measured significant toluene
(up to 35 mg/L) in the porewater. The model we developed for PFAS transport was used to
simulate toluene transport but applied with the toluene transport parameters reported by Park et al.
(2012a and 2012b), as listed in Table 3. The predicted toluene concentrations that are 60 and 90
mm below the geomembrane are shown in Fig. 4-3. The predicted concentrations are in good
agreement with the toluene concentration measured by Park et al. (2012b). The coefficient of
determination (R?) between the measurements and predictions is 0.996 for both sampling locations,
indicating the developed model is able to predict the contaminant transport through landfill

composite liners.

4.4.2 Diffusive Transport of PFAS

4.4.2.1 PFAS concentration in groundwater (intact geomembrane)

The typical parameters listed in Table 1 were applied to the 1D model to predict the PFAS
concentration at the GWT by simulating the 1D domain shown in Figs. S4-1 and S4-2. The service
life of landfills for 100 years was simulated. The predicted PFAS concentrations at the GWT for
the CCL and GCL composite liners as a function of time are shown in Fig. 4-4. PFAS concentration
at the GWT gradually increases with time and reaches the highest concentration at 100 years for
both CCL and GCL composite liners. The highest PFAS concentration at the GWT below the CCL
composite liner is only 3.8x10° ng/L, 100,000x lower than the MCL of PFAS (4ng/L). The
predicted PFAS concentration at the GWT below the GCL composite liners is even lower, i.e.,

450,000x lower than the MCL of PFAS. The extra unsaturated subgrade helps the GCL composite
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liner more effectively contain PFAS diffusion. The prediction suggests that landfill composite

liners effectively contain PFAS when the geomembrane is intact.

4.4.2.2 Sensitivity analysis (intact geomembrane)

Fig. 4-4 shows that PFAS concentrations at the GWT reach the highest concentration at
100 years. Thus, the highest concentration was discussed in the following sensitivity analysis.
When the highest concentration does not exceed the MCL, PFAS concentration at the GWT will
be lower than the MCL all the time. Sensitivity analysis was conducted by varying one of the

parameters from the typical value but keeping other parameters the same in Table 1.

4.4.2.2.1 Impact of PFAS concentration in MSW leachates

Fig. 4-5 shows the predicted PFAS concentrations at the GWT at 100 years as a function
of PFAS concentrations in landfill leachates. The evaluated PFAS concentrations in MSW
leachates range from 100 to 10,000 ng/L. A single PFAS concentration at 10,000 ng/L is higher
than the highest PFAS concentrations investigated with 95 leachate samples by Lang et al. (2017),
which is high enough to represent the landfills with extremely high PFAS concentrations.
Prediction shows that the PFAS concentration at the GWT at 100 years linearly decreases with the
decrease of the PFAS concentration in leachates. The highest PFAS concentration is approximately
10,000x lower than the MCL. PFAS concentrations below the GCL composite liner are
consistently lower than the concentration below the CCL composite liner. As most landfill
leachates have single PFAS concentrations lower than 1000 ng/L, PFAS concentrations at GWT

are unlikely to exceed the MCL when geomembranes are intact.

4.4.2.2.2 Impact of geomembrane permeation coefficient
Fig. 4-6 shows the predicted PFAS concentrations at the GWT at 100 years as a function

of the permeation coefficient of the geomembrane. The evaluated permeation coefficients range
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from 3.4x10°'7 to 3.4x10°'* m?/s, which covers the permeation coefficient ranges used by Barakat
and Rowe (2025) for transport simulation, i.e., 4.3x10"'7 to 1.4x10°'® m?/s. Prediction shows that
PFAS concentration at the GWT at 100 years sharply decreases with the decrease of the
geomembrane permeation coefficient. Even when the large permeation coefficient (3.4x10°'* m?/s)

was applied, the predicted concentration at the GWT is still ~12,000x lower than the MCL.

4.4.2.2.3 Impact of diffusion coefficient of clay liners

Fig. 4-7 shows predicted PFAS concentrations at the GWT at 100 years as a function of
the saturated effective diffusion coefficient of CCLs or GCLs. The evaluated effective saturated
diffusion coefficient of CCLs ranges from 8.5x107'? to 1.6x107!® m?/s, which can be affected by
various soil types, compaction energy, and swelling of clay minerals. The evaluated effective
saturated diffusion coefficient of GCLs ranges from 4.9x10°!? to 7.9x10"!! m?/s, which can be
affected by the swelling of bentonite, chemical compatibility between the GCL and leachate, and
the addition of polymers. Prediction shows that the PFAS concentration at the GWT at 100 years
decreases with the decrease of the effective saturated diffusion coefficient of CCLs. For GCLs,
however, the PFAS concentration at the GWT was predicted to be insensitive to the change of the
effective saturated diffusion coefficient of GCLs. This difference in sensitivity is due to the
difference in thickness between CCLs and GCLs. The simulated CCL is 600 mm thick, an effective
barrier to attenuating PFAS diffusion. The simulated GCL is 10 mm thick, which is not as effective
as CCL in attenuating PFAS diffusion. Thus, the predicted PFAS concentration below the CCL
composite liner can be lower than the GCL composite liner when the effective saturated diffusion
coefficient of CCL is lower than 9x10°!! m?/s. The results suggest that CCL composite liners can
more effectively attenuate PFAS diffusion by applying high compaction energy and selecting clays

that achieve low porosity and more tortuosity.
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4.4.2.2.4 Impact of subgrade saturation

Fig. S4-6 illustrates the subgrades with different water retention capacities, yielding
different unsaturated effective diffusion coefficients per Tan and Benson (2024). The highest
profile corresponds to a subgrade with the highest propensity to retain water and maintain the
highest saturation among the three profiles in Fig. S4-6. The lowest profile corresponds to a
subgrade with the lowest ability to retain water and maintain the lowest saturation. Fig. 4-8 shows
the predicted PFAS concentrations at the GWT at 100 years for the three subgrades. Prediction
shows that PFAS concentration at the GWT at 100 years decreases with the decrease of subgrade
saturation. PFAS concentration below the CCL composite liner is close to the concentration below
the GCL composite liner with the highest saturated subgrade, whereas the GCL composite liner
has 43x lower PFAS concentration at the GWT than the CCL composite when the subgrade has
the lowest saturation. The results suggest that unsaturated subgrades are important to retain PFAS

diffusion. No PFAS concentration at GWT exceeds the MCL.

4.4.2.2.5 Impact of subgrade thickness

Fig. 4-9 shows the predicted PFAS concentrations at the GWT at 100 years as a function
of the thickness of the subgrade below the CCL or GCL composite liners. For the CCL composite
liner, PFAS concentration at the GWT decreases 11 orders of magnitude when the subgrade
increases from 0 (no subgrade meaning the GWT is directly below the liner) to 3 m. PFAS
concentration at the GWT at 100 years reaches 3.2 ng/L, exceeding the MCL. PFAS concentration
at the GWT below the GCL composite liner follows the same trend below the CCL composite
liner. The highest concentration (27.3 ng/L) was predicted below the GCL without subgrade. PFAS
concentration at GWT below the GCL is higher than the concentration below the CCL when the

composite liners have the same subgrade. The CCL is thicker than the GCL (600 vs. 10 mm),
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yielding longer transport distance, smaller concentration gradient, and lower PFAS concentration
at the GWT. For the CCL and GCL composite liners having an equivalent transport distance, like
the concentration shown in Fig. 4-4, PFAS concentration below the GCL composite liner is lower
than the concentration below the CCL composite liner, as the unsaturated subgrade has lower
diffusion coefficients and more effective to attenuate PFAS. The results confirm the findings in
Figs. 4-7 and 4-8: unsaturated subgrades are critical in retaining PFAS diffusion and protecting
groundwater. In addition, degree of saturation decreases with the increase of subgrade thickness.
The thicker subgrade has a lower degree of saturation and lower effective diffusion coefficient,
which is more effective in retaining PFAS diffusion.

In short, landfill composite liners with intact geomembranes seem highly effective in
containing PFAS, and unsaturated subgrades are essential. All the evaluated cases have orders of
magnitude lower PFAS concentration at GWT than PFAS MCL. The only exception is the CCL
and GCL composite liner without subgrade, which reaches 5.6 and 27.3 ng/L PFAS at GWT at

100 years.

4.4.3 Advective-Diffusive Transport of PFAS

4.4.3.1 PFAS concentration below a geomembrane defect

The typical parameters listed in Table 1 were applied to the 2D model to predict the PFAS
concentration at the GWT by simulating the domain illustrated in Figs. S4-1 and S4-2 with a
geomembrane defect created at the left end of the geomembrane, as shown in Fig. S4-3. Diameter
of a typical geomembrane defect is 10 mm, and thus, half of the defect (5 mm) was applied to the
symmetrical simulation. The PFAS concentrations at the GWT directly below the defect are shown
in Fig. 4-10 as a function of time. For CCL composite, predicted PFAS concentrations below the

defect gradually increase over time, exceed the MCL after 77 years, and reach 11.6 ng/L at 100
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years. Predicted PFAS concentrations below the GCL composite liner with a geomembrane defect
remain low, only reaching 9.3x107 ng/L at 100 years.

At 100 years, PFAS in the groundwater reaches the highest concentrations, which is of
most concern. Thus, PFAS concentration distribution below the CCL composite liner at 100 years
is shown in Fig. 4-11 as an example. The red color was used to indicate high PFAS concentrations,
and the blue color was used to indicate low PFAS concentrations. In Fig. 4-11, a hot spot is
predicted below the geomembrane defect, indicating the leaking of PFAS. However, the PFAS hot
spot is still limited below the defect and has not reached the GWT at 100 years. Most parts of the
groundwater and subgrade below the liner are protected by the intact geomembrane with low PFAS
concentration (blue).

Fig. 4-12 shows the predicted PFAS concentrations along the groundwater at 100 years as
a function of the horizontal distance to the defect center. For the CCL composite, the highest
concentration is predicted at GWT, where it is directly below the defect, and PFAS concentration
at this point exceeds the MCL, i.e., 11.6 > 4.0 ng/L. Nevertheless, PFAS concentrations at the
GWT rapidly decrease with the distance from the center of the defect. PFAS concentration
decreases to 4 ng/L (MCL) at the GWT, where it is 0.7 m away from the center of the defect, and
levels out within 3 m to the PFAS concentrations protected by the intact geomembrane, as
indicated by the blue dash line in Fig. 4-12. For the GCL composite liner, PFAS concentration at
the GWT at 100 years follows the same trend but is much lower than the concentration below the
CCL composite liner. The maximum PFAS concentration below the GCL composite liner at 100
years is directly below the defect and much lower than the MCL (9.3x10°° vs. 4 ng/L). The GCL

has lower hydraulic conductivity than the CCL, i.e., 10"'" vs. 10° m/s. The low hydraulic
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conductivity of the GCL reduces the flow rate of the whole domain, i.e., it is effective in

attenuating PFAS leachate advection.

4.4.3.2 Sensitivity analysis (intact geomembrane)

Figs. 4-11 and 4-12 show that the GWT directly below the defect has the highest PFAS
concentration (referred to as PFAS peak concentration, Cpeax), with the risk of exceeding the MCL.
Thus, the peak concentration was discussed in the following sensitivity analysis by varying one of

the parameters from the typical value but keeping other parameters the same in Table 1.

4.4.3.2.1 Impact of PFAS concentration in MSW leachates

Fig. 4-13 shows the predicted PFAS peak concentrations at the GWT at 100 years as a
function of PFAS concentration in landfill leachates. The PFAS peak concentration also linearly
decreases with the decrease of the PFAS concentration in leachates. For the CCL composite liner,
the PFAS peak concentration is lower than the MCL when the PFAS concentration in leachate is
lower than 300 ng/L. For the GCL composite liner, PFAS peak concentration is still lower than
MCL even when the PFAS concentration in the leachate exceeds 10,000 ng/L. The results suggest
that reducing PFAS concentration in leachate will reduce the potential to exceed the MCL in

groundwater, especially for the CCL composite liners with geomembrane defects.

4.4.3.2.2 Impact of hydraulic conductivity of clay liners

Fig. 4-14 shows the predicted PFAS peak concentrations at the GWT at 100 years as a
function of the hydraulic conductivity of CCLs and GCLs. The hydraulic conductivity ranges of
compacted clays for GGLs and GCLs measured in Section 3 were used in the simulation, i.e.,
5x10!" to 1x10” m/s for CCLs and 5x107'? to 1x10°!° m/s for GCLs. CCLs are required to have
hydraulic conductivity lower than 1x10® m/s. The predictions show that the PFAS peak

concentration dramatically decreases due to the decrease in the hydraulic conductivity of the clay
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liner. The results are consistent with the results shown in Figs. 4-11 and 4-12, i.e., PFAS peak
concentrations are dominated by PFAS leachate advection through the geomembrane defect.
Leachate advections can be largely reduced by the hydraulic conductivity of clay liners. Leachate
advection can be largely reduced by the hydraulic conductivity of clay liners. Therefore, the PFAS
peak concentration decreases orders of magnitude due to the decrease of hydraulic conductivity of
GCLs or CCLs. When the GCL has the same hydraulic conductivity as the CCL, the PFAS peak
concentration below the GCL composite is more than two orders of magnitude higher than the

peak concentration below the CCL, as the CCL is thicker than the GCL (600 vs. 10 mm).

4.4.3.2.3 Impact of leachate depth above geomembrane

Fig. 4-15 shows the predicted PFAS peak concentrations at the GWT at 100 years as a
function of leachate depth above the geomembrane. The investigated leachate depth ranged from
0.1 to 0.6 m. Subtitle D requires a leachate depth of less than 0.3 m. The leachate depth of 0.6 m
was investigated to examine the extreme cases due to the clogging of leachate collection systems,
which is unlikely to maintain such a high leachate head for more than months in the field. The
results show that the PFAS peak concentration decreases due to the decrease in leachate depth.
The decreased leachate depth decreases the hydraulic gradient between the leachate and the GWT,
slowing the advection and decreasing the PFAS concentration at GWT. For the CCL composite
liner, PFAS peak concentration is only 0.04 ng/L when the leachate depth remains at 0.1 m. For
the GCL composite liner, PFAS peak concentration is 19,000x lower than the MCL, even with 0.6
leachate depth. The results suggest that reducing leachate depth above liners is an effective way to
reduce the potential of groundwater impact due to PFAS. This is consistent with Barakat and Rowe
(2025) recommendations. They recommend double liners with one more geomembrane and

drainage layer above the single composite liner (geomembrane over clay liners). Double liners
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seem to be effective for landfills with the risk of built-up leachates because double liners are

effective in reducing the leachate depth above the lower layer of the geomembrane down to zero.

4.4.3.2.4 Impact of subgrade thickness

Fig. 4-16 shows the predicted PFAS peak concentrations at the GWT at 100 years as a
function of the thickness of the subgrade. The PFAS peak concentration decreases with the
decrease in subgrade thickness. A thick subgrade decreases the hydraulic gradient between the
leachate and the GWT, reduces the flow rate of leachate, and thus reduces the PFAS concentration
at GWT. The prediction indicates that the PFAS peak concentration is lower than the MCL when
the CCL composite liner has more than 1.7 m subgrade, and the GCL composite liner has more
than 0.8 m subgrade. The results suggest sufficient subgrades are necessary to protect the GWT
from PFAS in landfills.

In short, advection is dominant in PFAS transport through landfill composite liners below
geomembrane defects. The maximum PFAS concentration at GWT directly below the defect can
exceed the MCL. Nevertheless, the impact of geomembrane is limited within a small area (< Im).
The majority part of groundwater is protected by intact geomembrane and ends in very low PFAS
concentrations. GCL composite liners are more effective to reduce the flow rate of leachate
through geomembrane defects, leading GCL composite liners more effective to reduce the PFAS

peak concentration compared to CCL composite liners in most of the evaluated cases.

4.5 Practical Implications

4.5.1 PFAS vs. Toluene
Toluene, a common VOC in landfill leachate, has been studied for decades regarding the

risk of leaking through landfill composite liners. Research has demonstrated that landfill composite
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liners are able to contain toluene (Arif and Abdelaal 2023, Edil 2003), and toluene leaking from
landfills through composite liners is rarely reported. Toluene transport through landfill composite
liners was simulated, in comparison to PFAS transport. The same 2D model and boundary
conditions were used to simulate both PFAS and toluene transport through the composite liners
with a geomembrane defect. The typical transport parameters listed in Table 1 were used for PFAS
simulation, and the parameters listed in Table 3 were used for toluene simulation. PFAS
concentration in landfill leachate was still set at 1000 ng/L, and toluene concentration was set as
100 mg/L per Park et al. (2012b). PFAS and toluene concentrations at the GWT at 100 years were
predicted, and the relative concentration between the predicted concentration to the MCL (4 ng/L
for PFAS and 1 mg/L for toluene per EPA National Primary Drinking Water Regulations (USEPA
2024)) is shown in Fig. 4-17. Similar trends are predicted for PFAS and toluene. For the CCL
composite liner, both PFAS and toluene concentrations at the GWT at 100 years exceed the MCL
directly below the geomembrane defect, rapidly decrease below the MCL within 0.8 m, and then
level out to the concentrations below intact geomembrane away from the defect. A sharper
decrease is predicted for the PFAS than toluene, as intact geomembrane is more effective to retain
the diffusion of PFAS than toluene (3.4x107"° vs. 3.3x10"!! m?/s geomembrane permeation
coefficient). For the GCL composite liner, both PFAS and toluene are lower than the MCL all the
time. The relative concentration between PFAS at GWT and PFAS MCL is consistently lower than
the relative concentration between toluene at GWT and toluene MCL at most of the GWT. The
results suggest that landfill composite liners are more effective in containing PFAS than toluene.

Landfill composite liners are likely to contain toluene and, thus, are more likely to contain PFAS.
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4.5.2 PFAS Flux

The maximum PFAS flux (at 100 years) below a 20-m diameter CCL composite liner with
a geomembrane defect in the center is predicted at 0.018 ng/m?/yr. The maximum PFAS flux (at
100 years) below a CCL composite liner with intact gecomembrane is predicted at 7.2x10°® ng/L/yr.
Equation 4-15 is used to calculate the average PFAS flux below a hectare composite liner:

n-m-r?-Fy+ (10000 —n -7 -r2)F,
F., = 4-18
H 10000 (4-19)

where Fy is the average flux per hectare (M/L?*/T), n is the number of defects per hectare
(dimensionless), Fp is the average flux below the liner with a geomembrane defect (M/L?/T), r is
the radius liner with geomembrane defect (L), F1 is the average flux below the liner with intact
geomembranes (M/L*/T).

Typically, a well-engineered geomembrane has 5 defects per hectare. Thus, the average
PFAS flux below a hectare CCL composite is only 0.0028 ng/m?/yr. For the GCL composite liner,
the average PFAS flux is 7.3x10"® ng/m?/yr. The results suggest that PFAS flux below the CCL

and GCL composite liners is low, even due to the presence of geomembrane defects.

4.5.3 Liner Construction and Maintenance

The sensitivity analysis identified several factors that have strong impacts on PFAS
concentrations in groundwater. Those factors can be considered as suggestions for liner
construction and post-construction maintenance to reduce the potential of PFAS impacts on
groundwater. The suggestions include: 1) The number of defects on geomembranes should be
minimized during liner construction; 2) Sufficient subgrades are necessary for both CCL and GCLs
composite liners; 3) GCL composite liners are likely to be more effective than the CCL composite

liners due to the low hydraulic conductivity of GCLs; 4) Building up leachate head above the liner
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has an adverse impact on containing PFAS. Clogging of the leachate collection system should be
avoided. Double liners are likely to be more effective in containing PFAS, but it may not be
necessary if the leachate head is in control.

The sensitivity analysis is likely to cover the extreme cases that may happen in the field.
In some of the analyses, PFAS concentration at the GWT exceeds the MCL due to an extreme
factor. If this extreme factor is identified in a field, it is not necessary to suggest PFAS
contamination in groundwater, as the other factors in this field may be more favorable to contain
PFAS than the typical parameters used in Table 1. Site-specific analysis is highly recommended

for the sites with concerns.

4.6 Summary and Conclusions

Advective-diffusion transport of PFAS from landfill leachates through landfill composite
liners (geomembrane + clay liners) on an unsaturated subgrade to groundwater was simulated
using a finite model to evaluate the effectiveness of landfill composite liner in containing PFAS.
Typical transport parameters were obtained from experimental measurements or published
literature. Toluene transport through the liner was also simulated for comparison using the same
model by applying the toluene transport parameters. The model was validated using data from
bench-scale composite liner experiments, with good agreement between the predicted and
measured concentrations (R? = 0.996). The validated model was used to predict PFAS
concentration at the GWT for 100 years.

Based on the findings of this study, the following conclusions and recommendations are
drawn:
e Composite liners, including CCL and GCL composite liners, are highly effective in containing

PFAS when the geomembrane is intact. The maximum predicted PFAS concentration at the
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GWT, i.e., concentration at 100 years, is 100,000x lower than the PFAS MCL (4 ng/L) below
the CCL composite liner and 450,000x lower than the MCL below the GCL composite liner.
Although the sensitivity analysis evaluated the extreme cases that may barely occur in the field,
no PFAS concentration at the GWT exceeds the MCL. The only exception is the GCL
composite liner without subgrade, which is unlikely in engineering practice.

Geomembrane defects may result in the PFAS concentration at GWT exceeding the MCL
below CCL composite liners due to leachate advection through the defect. Nevertheless, the
elevated PFAS concentrations are limited within a small area (radius < 1 m) directly below the
defect. The majority part of the groundwater is still protected by intact geomembranes with
low PFAS concentrations. For a typical CCL composite liner with 5 defects per hectare
geomembrane, the average PFAS flux is only 0.0028 ng/m?*/yr.

PFAS concentrations below GCL composite liners are unlikely to exceed the MCL. The
average PFAS flux through a typical GCL composite liner with 5 defects per hectare
geomembrane is 7.3x10° ng/m?/yr. GCL composite liners tend to be more effective than CCL
composite liners in containing PFAS due to the low hydraulic conductivity of GCLs and
constrained leachate advection.

Landfill composite liners, both CCL and GCL composite liners, seem to be more effective in
containing PFAS than toluene. Toluene concentration at GWT can be 100x lower than the
MCL of toluene, whereas PFAS concentrations at GWT are mainly 100,000x lower than the
MCL of PFAS. This is because HDPE geomembranes are more effective diffusive barriers for
PFAS than toluene, as the permeation coefficient of PFAS to geomembrane is much lower than

the permeation coefficient of toluene to geomembrane (3.4x1071° vs. 3.3x10°!! m?/s).
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e In liner construction and maintenance, a couple of strategies can significantly reduce the
potential of groundwater impact due to PFAS, including 1) minimize geomembrane defects, 2)
include sufficient subgrade, 3) use clay barriers with low hydraulic conductivity, and 4) prevent

the build-up leachates in leachate collection systems.
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Table 4-1. Typical PFAS transport parameters and leachate characteristics.
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Component Property Value Source
Leachate Concentration, Cr, (ng/L) 1000 Liang
Hydraulic head (m) 0.3 Requirement
PFOS free solution diffusion 4.7 x10°1° Pereira et al. 2014
coefficient, (m?/s)

Intact Permeation Coefficient, P,, (m?/s) | 3.4x10°1 Section 2
geomembrane | Hydraulic Conductivity, (m/s) 1.0x10-!¢ Small value
Geomembrane | Permeation Coefficient, Py, (m?/s) 0.1 Large value

defect Hydraulic Conductivity, (m/s) 0.1 Large value

CCL Porosity, (-) 0.24 Typical value

Apparent Tortuosity, (-) 0.3 Typical value
Effective Saturated Diffusion 3.4x10!! Equation 4-8
Coefficient, Des 1 (m?/s)

Hydraulic Conductivity, (m/s) 1x10” Section 3

GCL Porosity, (-) 0.06 Typical value

Apparent Tortuosity, (-) 0.7 Typical value

Effective Saturated Diffusion 2.0x10 ! Equation 4-8

Coefficient, Des 1 (m?/s)

Hydraulic Conductivity, (m/s) 1x10!! Section 3
Subgrade | Porosity, (-) 0.24 Typical value

Apparent Tortuosity, (-) 0.3 Typical value

Effective Saturated Diffusion 3.4x10!! Equation 4-8

Coefficient, Des 1 (m?/s)

Hydraulic Conductivity, (m/s) 1x107 Large value




Table 4-2. Testing conditions of bench scale composite liner experiment.
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Testing condition CCL GCL GCL GCL
Composite-L. | Composite-L. | Composite-LT | Composite-H
Leachate with | Species PFHxA PFHxA PFHxA PFBA
PFAS PFHxA
PFHpA
PFOA
PFOS
Concentration 1000 1000 1000 10,000 of each
(ng/L) PFAS
HDPE Thickness (mm) 0.38 0.38 1.5 0.38
geomembrane [ gyrface Smooth Smooth Smooth Smooth
Clay Liner Compacted clay CL NA NA NA
GCL NA FGNaB GCL | CGNaB GCL | CG NaB GCL
Subgrade NA Compacted silt | Compacted silt | Compacted silt
Testing time (d) 548 548 548 533
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Table 4-3. Typical toluene transport parameters and leachate characteristics (data mainly from

Park et al. 2012a,b).

Component Property Value

Leachate Chemical Toluene
Concentration (mg/L) 100

Geomembrane Partition coefficient (-) 86.7
Diffusion coefficient (m?/s) | 3.8x10!3
Permeation coefficient 3.3x10°!!
(m?/s)

Compacted Clay | Porosity, (-) 0.24
Apparent Tortuosity, (-) 0.3
Effective Saturated 6.1x10!!
Diffusion Coefficient, Des 1
(m?/s)

Testing time (d) 369
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Fig. 4-1. Schematic showing PFAS advection and diffusion through landfill composite liners on
an unsaturated subgrade.
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Fig. 4-2. Relative PFAS concentrations in the bench scale composite liner experiments to the
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open symbols show the relative concentrations of the leachate in the source reservoir, and
the closed symbols show the relative concentrations of the porewater in the soil below the
geomembrane. The red solid lines show the predicted leachate concentration, and the blue
dashed lines show the predicted porewater concentration.
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Fig. 4-3. Relative toluene concentrations in the bench scale composite liner experiments to the
original toluene concentrations in the source reservoir (Cso) as a function of time. Orange
squares show the relative concentrations of the porewater that were 60 mm below the
geomembrane, and blue triangles show the relative concentrations of the porewater that
were 90 mm below the geomembrane. Data is reported by Park et al. 2012b. The dashed
lines show the predicted leachate concentrations.
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Fig. 4-9. Predicted PFAS concentration at the GWT at 100 years below the GCL and GCLs on a

subgrade with different thicknesses.
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Fig. 4-10. Predicted PFAS concentration at the GWT below the GCL or CCL composite liners
with a geomembrane defect as a function of time.
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Fig. 4-11. Predicted PFAS concentration profile at 100 years of a typical CCL composite liner.
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Supplemental Figures

Fig. S4-1. Schematic profile of CCL composite liner over an unsaturated subgrade (left) and graph
of effective diffusion coefficient in unsaturated subgrade (D..) relative to effective
diffusion coefficient of saturated subgrade (Des) (right).

Fig. S4-2. Schematic profile of GCL composite liner over an unsaturated subgrade (left) and graph
of effective diffusion coefficient in unsaturated subgrade (D..) relative to effective
diffusion coefficient of saturated subgrade (Des) (right).

Fig. S4-3. Schematic profile of GCL composite liner over an unsaturated subgrade with a
geomembrane defect.

Fig. S4-4. Predicted PFAS concentration at the GWT below the typical CCL composite liner as a
function of time.

Fig. S4-5. Schematic shows the setup of the bench scale composite liner experiment (Adopted
from Park et al. (2012b)).

Fig. S4-6. Effective diffusion coefficient in unsaturated subgrade (Deu) relative to effective
diffusion coefficient of saturated subgrade (D.s) for three types of subgrades as a function

of distance above GWT.
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Fig. S4-4. Predicted PFAS concentration at the GWT below the typical CCL composite liner as a
function of time. Difference distances between the bottom boundary (Equation 4-10) to the GWT
were simulated. When the bottom boundary was set at the GWT, PFAS was accumulated at the
GWT, resulting in high PFAS concentration at the GWT. When the bottom boundary is
gradually away from the GWT, PFAS concentration gradually away from the GWT, PFAS
concentration at the GWT gradually decreased. When the bottom boundary is 0.7 m or more
below the GWT, the boundary has negligible impact on concentrations at the GWT.
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SECTION 5: SUMMARY AND CONCLUSIONS

This research combined laboratory experiments and computer transport models to evaluate
the effectiveness of landfill composite liners in containing per- and polyfluoroalkyl substances
(PFAS). Laboratory experiments were conducted to measure the diffusion coefficients of seven
common PFAS in high-density polyethylene (HDPE) geomembranes, the partitioning coefficient
for the PFAS with HDPE geomembranes, and the hydraulic conductivity of compacted clays and
geosynthetic clay liners (GCLs) to municipal solid waste (MSW) leachates containing PFAS. The
evaluated PFAS included the most common and regulated PFAS in MSW leachates. They are
PFOA (8 carbons), PFOS (8 carbons), PFHpA (7 carbons), PFHxA (6 carbons), PFHxS (6 carbons),
PFBA (3 carbons), and PFBS (3 carbons). The measured transport parameters were applied to the
developed computer transport models to predict PFAS concentrations at the groundwater table
(GWT). Bench-scale composite liner experiments were conducted to generate transport data to
validate the models.

Based on the findings of this study, the following conclusions and recommendations are
drawn:

e HDPE geomembranes are highly effective in restraining the diffusion of PFAS. Negligible
PFAS were detected (< 40 ng/L) to diffuse through HDPE geomembranes for up to 985 days,
even with elevated PFAS concentration gradients to accelerate the diffusion. The actual
diffusion coefficient of PFAS in HDPE geomembranes was too low to measure within a couple
of years. Only the upper boundary was estimated for the evaluated seven PFAS,
i.e., <3.4x101 m?%s.

e PFAS partitioning with HDPE geomembrane is insignificant. PEAS solutions were mixed with

geomembranes at high geomembrane-to-liquid ratios (1~3) for up to 45 days. Control tests
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were also conducted with PFAS solutions and the containers without PFAS. Negligible PFAS
loss was measured in the PFAS solutions due to the presence of the geomembrane. For the
evaluated seven PFAS, their partition coefficients constrained HDPE geomembrane are very
low (< 1).

PFAS in MSW landfill leachates are unlikely to have adverse impacts on the hydraulic
conductivity of CCLs and GCLs. Hydraulic conductivity of compacted clays and GCLs to
PFAS solutions was comparable to the hydraulic conductivity of the same compacted clays
and GCLs to the same solutions without PFAS. The difference between the hydraulic
conductivity was within 4-fold, which is the reproducibility of hydraulic conductivity
measurements on compacted clays and GCLs.

Composite liners, including CCL and GCL composite liners, are highly effective in containing
PFAS when the geomembrane is intact. The predicted maximum PFAS concentration at GWT
at 100 years is 100,000x lower than the PFAS maximum contaminant level (MCL = 4 ng/L)
below a typical CCL composite liner and 450,000x lower than the MCL below a typical GCL
composite liner.

Geomembrane defects may result in the PFAS concentration at GWT exceeding the MCL
below CCL composite liners due to leachate advection through the defect. Nevertheless, the
elevated PFAS concentrations are limited within a small area (radius < 1 m) directly below the
defect. The majority part of the groundwater is still protected by intact geomembranes with
low PFAS concentrations. For a typical CCL composite liner with 5 defects per hectare
geomembrane, the average PFAS flux is only 0.0028 ng/m?*/yr. PFAS flux below a typical
GCL composite liner with 5 defects per hectare geomembrane is even lower, only 7.3x10%®

ng/m?/yr.
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In the future, more research is desired to investigate the PFAS reactions with soils in
subgrades and clay in the liners. In addition, PFAS interactions with other geosynthetic materials
used in landfills would be of interest. Applying of the PFAS transport model to more broad
environments, such as PFAS-contaminated sites and farmlands, will provide practical suggestions

for PFAS remediations.



