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ABSTRACT

Title of Document: DETECTION AND QUANTITATION OF
PER- AND POLYFLUOROALKYL
SUBSTANCES (PFAS) IN BALTIMORE
HARBOR USING ANION-EXCHANGE
MEMBRANE-BASED PASSIVE
SAMPLERS.

Margaret Therese Siao, M.S. of Science, 2025

Directed By: Professor Lee Blaney, Department of Chemical

Biochemical and Environmental Engineering
(CBEE)

Per- and polyfluoroalkyl substances (PFAS) are synthetic chemicals commonly used
in consumer and industrial products. For over 60 years, PFAS have contaminated
water supplies; however, long-term, average concentrations in most water resources
remain unknown. The objective of this thesis was to develop and validate the
performance of a novel passive sampling device that employs anion-exchange
membranes to measure time-averaged concentrations of over 20 PFAS in water. We
evaluated the impacts of pH, salinity, and dissolved organic matter content on the
selective uptake of PFAS with variable physicochemical properties (e.g., chain

length, head group) using batch reactors. Selectivity coefficients, the key calibration



parameter for the passive samplers, were calculated by measuring PFAS and chloride
concentrations in water and membrane phases. Trends between selectivity
coefficients and PFAS properties were identified. Selectivity coefficients varied with
pH for PFAS with sulfonamide moieties, but a speciation-based model was
successfully fit to the experimental data. Dissolved organic matter served as a
competing anion but did not affect measured selectivity coefficients, suggesting
negligible impacts on passive sampler calibration. Samplers were field-validated at
four locations in and around Baltimore Harbor. They were deployed for two, three,
and four weeks, with grab samples collected at deployment and retrieval. Using the
universal calibration, selectivity coefficients were derived from site-specific water
quality parameters to determine PFAS concentrations in the water. The calculated
PFAS concentrations demonstrated reasonable agreement with grab samples. The
outcomes of this study highlight the development of passive samplers with universal

calibrations for PFAS measurement in diverse water sources.
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Chapter 1: Introduction and Background

1.1. Motivation and Specific Aims

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic chemicals
invented in the mid-1900s for use in nonstick, waterproof, and stainproof consumer
products [1], [2] The development and use of PFAS increased when they were
incorporated into aqueous film-forming foams to train for and combat jet fuel fires at
military bases, airports, and other locations [3]. Due to the strong carbon-fluorine
bonds, PFAS are resistant to degradation in the natural environment and engineered
water/wastewater treatment processes, leading to PFAS being coined "forever
chemicals" [4], [5], [6]. Given their widespread use and persistent nature, PFAS have
been detected in air, soil, wastewater, surface water, groundwater, and drinking water
[7], [8], [9]. Low concentrations of PFAS cause adverse human health effects,
including liver damage, disruption of reproductive and immune systems, and cancer
[6,7]. The Environmental Protection Agency (EPA) recently established new
maximum contaminant levels for five individual PFAS in drinking water: 4 ng L™!
PFOA; 4 ng L"! PFOS; 10 ng L' PFHxS; 10 ng L' PFNA; and 10 ng L' HFPO-DA
[2], [12]. Note, the full names of each PFAS referenced are provided in Appendix A:
Abbreviation Glossary. These levels are among the lowest published regulations for

any chemical contaminants.

PFAS monitoring has typically been conducted through grab sampling, which
involves collecting discrete samples into bottles at specific locations and times. While

helpful, the collection of grab samples is time- and labor-intensive and only informs



contaminant concentrations at certain times. Passive sampling is an alternative
approach, wherein devices are placed in the environment for an extended time,
accumulate contaminants, and are then collected and analyzed to back-calculate the
average contaminant concentration during the deployment period [13]. Previous
studies have used polyethylene-based samplers to measure conventional, hydrophobic
pollutants like polychlorinated biphenyls [14]. Due to their hydrophilic head groups,
PFAS require a different approach. Recent studies have shown that anion-exchange
resins exhibit high selectivity for PFAS during drinking water treatment [10-12]. The
reaction between PFAS and anion-exchange membranes is given by Rxn. 1.1. The
relative affinity of the passive sampler for PFAS over a background ion is defined as
the selectivity coefficient (KEEAS ; Eq. 1.1), which was calculated using the [PFAS™]

and [CI"] measured in the aqueous and membrane phase..
R —Cl~ + PFAS™ @ R—PFAS™ + CI™ Rxn. 1.1

PF_AS_ — [PFAS_]mem [Cl_]aq
cl [C1™ T mem [PFAS ™ |q Eq. 1.1

The objective of this project was to develop, calibrate, and validate novel passive
samplers that employ anion-exchange membranes to quantify time-averaged
concentrations for over 20 PFAS at levels as low as 1 ng L™!. I hypothesize that
samplers equipped with anion-exchange membranes will accumulate PFAS according
to Rxn. 1.1, enabling PFAS quantitation via Eq. 1.1. The proposed passive sampler

needs to be (i) calibrated for variable water quality conditions and (ii) validated in



real waters to confirm the accuracy, precision, and sensitivity of PFAS analysis.

These performance gaps inform my specific aims (Figure 1.1):

Aim 1: Determine the impacts of solution pH, salinity, and dissolved organic
matter (DOM) content on the uptake and selectivity for 22 PFAS with
variable physicochemical properties (e.g., chain length, head group) by
the anion-exchange membrane and develop a universal calibration for the

passive samplers.

Aim 2: Validate passive sampler performance for PFAS analysis via deployments
at 10 locations in and around Baltimore Harbor, optimize the sampler
design, determine the required deployment time, and compare the
measured concentrations to those recorded from grab samples to ensure

appropriate use of the universal calibration developed in Aim 1.
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Figure 1.1. Graphical representation of specific aims and expected outcomes to report
for the project. The universal calibration constructed in Aim 1 will be validated by



conducting field deployments in and around the Baltimore Harbor (Aim 2) to assess the
extent of contamination and provide relevant information to surrounding local communities.

1.2. Prior research on PFAS monitoring with passive samplers

The increasing interest in PFAS has led to extensive research on various aspects of
their occurrence, fate, and transport in the environment. PFAS analysis is key to these
studies. In recent years, sampling methodologies have shifted from traditional grab
sampling to passive sampling due to its practical advantages related to time and
resource management [13]. However, a significant challenge associated with passive
sampling is the need for rigorous calibration to ensure the accuracy and reliability of
calculated concentrations. Passive samplers often require extensive and complex
calibration to provide precise and representative measurements in different water
sources. The performance of many passive samplers is influenced by environmental
factors (e.g., flow rate, pH, salinity, DOM, temperature) that affect the extent and/or
rate of PFAS uptake [17], [18]. Therefore, thorough calibration and validation under
variable field conditions are essential to ensure the reliability of passive sampling
approaches to PFAS monitoring. Tailored calibrations for a specific site limit the
utility of passive samplers, increase the potential for inaccurate back-calculations,
affect the ease of deployments, and require additional time. As a result, new passive

sampling strategies that involve universal calibration are needed.

Equilibrium and kinetic (integrative) samplers are the two primary categories of
passive samplers used to monitor environmental contaminants. Equilibrium passive
samplers function by accumulating contaminants until thermodynamic equilibrium is

reached between the sampler and the surrounding environment (e.g., water, air,



sediment). The key calibration parameter is the equilibrium constant for the
partitioning reaction, which is typically determined by the contaminant concentration
in the sampler and water as a partition constant (Kq) [19], [20]. For conventional
equilibrium samplers, water quality affects the K4 value, mandating calibration in
each water source for accurate results. Integrative samplers, on the other hand,
accumulate contaminants according to a specific sampling rate (Rs), which is the key
calibration parameter. These samplers do not reach equilibrium during deployment
but rather rely on a constant Rs to estimate time-averaged concentrations over the
exposure period [17], [19], [21], [22]. PFAS uptake by the sampler depends on
various factors, including the target analytes and environmental conditions, such as
flow velocity and temperature [23]. These environmental conditions can potentially
fluctuate greatly during deployment, making the accurate determination of R

difficult.

Multiple studies have demonstrated passive sampling for PFAS using both
equilibrium and integrative samplers in both surface water and sediment pore water.
A study by Medon et.al. used a cylindrical HDPE equilibrium sampler containing a
receiving solution (e.g., MilliQ water), with a polycarbonate membrane filter
covering the opening, to measure PFAS in laboratory studies and field deployments.
Laboratory experiments focused on PFAS sorption onto the sampler’s materials, as
well as bench-scale deployments to determine the PFAS mass transfer coefficient
across the rate-limiting barrier. Sampler performance was evaluated through
deployments at four locations around Lake Niapenco (Hamilton, Ontario),

specifically near the water-sediment and air-water interfaces. [24]. Medon et.al.



obtained PFAS concentrations within a factor of two of concentrations measured in
corresponding grab samples by accounting for temperature fluctuations and
biofouling according to performance reference compound (PRC) loss rates. PRCs are
isotopically-labeled compounds added to samplers prior to deployment to determine
the extent of equilibrium. By tracking the depletion of PRCs over time, Medon et.al.
could estimate the mass transfer coefficients for the target PFAS analytes. For
deployments where full equilibrium was not reached, the remaining PRC
concentrations were used to estimate the PFAS concentrations at equilibrium. This
method involved calculating the fraction of PRC remaining in the sampler and using
it to adjust the measured PFAS concentrations, thereby providing an estimate of the
actual environmental concentrations [25], [26]. The effectiveness of PRCs depends on
a number of factors, including regular calibration and validation, which can be labor-
intensive and time-consuming. Other limitations range from cost and availability to

degradation and compatibility issues [27].

A study conducted by the Norwegian Geotechnical Institute employed a polar organic
chemical integrative sampler (POCIS) to monitor PFAS emissions from the paper
industry and found that environmental conditions significantly influenced Rs [28].
Under static laboratory conditions, a calibration for Rs was constructed, but the
authors found that the following environmental parameters affected the calibration:
temperature increased Rs due to changes in PFAS diffusion across the membrane;
higher flow rates increased Rs by enhancing mass transfer across the membrane;
lower solution pH increased Rs due to changes in PFAS speciation and membrane

interactions; but DOM content exerted minimal impacts on PFAS uptake [28], [29],



[30]. Although these effects were observed, no models or corrections were proposed
to account for changes in water quality in the field. Field deployments were
conducted with the laboratory-derived R calibration, but the actual field conditions

were not fully represented by the calibration.

Many studies on POCIS sampling rates indicate that environmental factors (e.g., flow
rate, temperature, pH, DOM) impact Rs. However, these factors are rarely corrected
for in-field calibrations [30], [31], [32]. In general, past work has shown that
increased temperature, faster flow rates, and lower pH tend to enhance Rs; the
corresponding impacts of equilibrium samplers are equally complex. DOM exerted a
minimal impact on R and did not require corrections for integrative samplers [33],
[34], but the effects of DOM on equilibrium samplers are widely reported [30], [35],
[36]. Although these effects are well recognized, calibrations often rely on laboratory-
derived R or K4 values without adjustments for actual field conditions. Rather than
developing mathematical models, researchers typically use empirical adjustments

(e.g., PRCs) and in situ calibrations to account for site-specific variations [27], [37].

To overcome the challenges with applying conventional equilibrium and integrative
samplers for PFAS monitoring, the passive sampler reported in this thesis operates on
an equilibrium-based framework designed to enable universal calibration for
application in any water body. Notably, no previous studies have utilized ion-
exchange membranes with selectivity coefficients as passive samplers for PFAS

detection.



1.3. PFAS contamination concerns in Baltimore Harbor

Baltimore Harbor, situated at the heart of Maryland's largest city, has been a
cornerstone of economic and cultural development for centuries. Since its early days
as a colonial trading post, the harbor has evolved into a thriving hub of commerce and
industry. Its strategic location on the Patapsco River, with access to the Chesapeake
Bay and the Atlantic Ocean, made it an ideal site for the export of tobacco, grain, and
other agricultural products [38], [39], [40]. As the city grew, so did the harbor's
importance, becoming a major entry point for immigrants and a center for

shipbuilding, steel production, and manufacturing.

Today, Baltimore Harbor is a vibrant blend of history and modernity. While the
Harbor continues to serve as a significant economic center, the location has also
transformed into a popular destination for tourism and recreation. The Inner Harbor,
once a bustling industrial area, is now a thriving waterfront district filled with shops,
restaurants, and cultural attractions [38]. However, the Harbor has faced many
environmental challenges, including pollution from industrial activities and
unintended sewage inputs [41]. As Baltimore continues to evolve to be accessible for
everyone, the urge to improve water quality and address contaminants of emerging

concern, such as PFAS, grows [41], [42], [43].

Regional research on PFAS contamination has primarily focused on drinking water
treatment plants and military installations. However, organizations such as the U.S.
Geological Survey (USGS), Chesapeake Bay Program, Maryland Department of the

Environment (MDE), and Department of Defense (DoD) have recently expanded



investigations to assess PFAS contamination more broadly within the Chesapeake
Bay watershed [44], [45], [46], [47]. Current studies are focused on PFAS
bioaccumulation in local fish species present in the Harbor [48], but further research
is needed to comprehensively understand the extent of PFAS contamination in the
Chesapeake Bay ecosystem and the potential ecological and human health
implications. The goal of this project is to employ our passive samplers to investigate
PFAS contamination in key locations of Baltimore Harbor and surrounding areas to
provide Maryland agencies and residents with more accurate and relevant information

regarding water quality.



Chapter 2: Constructing the universal calibration for PFAS in anion-

exchange membrane-based passive samplers

2.1. Introduction

Due to the pervasiveness of trace concentrations of per- and polyfluoroalkyl
substances (PFAS) in the environment, reliable sampling methods are urgently
needed to inform the occurrence and long-term levels of PFAS in water sources. This
chapter aims to establish a universal calibration for anion-exchange membrane-based
passive samplers. To achieve this goal, fundamental expressions were incorporated
into Eq. 2.1 to quantify the effects of key water quality parameters, such as solution
pH, salinity, and dissolved organic matter, on the selectivity coefficient for PFAS in
diverse water sources. These studies were conducted through a series of controlled

bench-scale experiments conducted between Spring 2023 and Spring 2024.
R — Cl~ + PFAS™ 2 R—PFAS~ + CI™ Rxn. 2.1

PF_AS_ — [PFAS_]mem[Cl_]aq
“ [C1"Tmem [PFAS 1

Eq. 2.1

2.2. Materials and Methods

2.2.1 Chemical reagents

PFAS certified standards, surrogates, and internal standards were obtained from
Wellington Laboratories (Ontario, Canada). Bulk PFAS options were purchased from
Fisher, Sigma, or Caymanchem, and the actually concentrations were determined
with the certified standards. In total, 22 bulk PFAS, including 11 perfluorocarboxylic
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acids (i.e., H-PFBA, H-PFPeA, H-PFHxA, H-PFHpA, H-PFOA, H-PFNA, H-PFDA,
H-PFUdA, H-PFDoA, H-PFTrDA, H-PFTeDA), five perfluorosulfonate salts or
perfluorosulfonic acids (i.e., K-PFBS, Na-PFPeS, H-PFHxS, Na-PFHpS, Na-PFOS),
three fluorotelomer sulfonate salts (i.e., Na-4:2 FTS, Na-6:2 FTS, Na-8:2 FTS), and
three perfluoroalkane sulfonamide or sulfonamido acetic acids (i.e., H-PFOSA, H-N-
MeFOSAA, H-N-EtFOSAA) were employed in laboratory experiments. 28 certified
PFAS standards, along with nine mass-labeled surrogates (i.e., H-M3PFBA, H-
M4PFHpA, H-MS8PFOA, H-MPFNA, H-MPFDoA, Na-MPFHxS, Na-M8PFOS, H-
MSFOSA-I, H-d5-NEtFOSAA), and 15 mass-labeled internal standards (i.e., H-
MPFBA, H-M5PFPeA, H-MPFHxA, H-MPFOA, H-MPFDA, H-MPFUdA, H-
M2PFTeDA, Na-M3PFBS, Na-M3PFHxS, Na-MPFOS, Na-M2-4:2FTS, Na-M2-6:2
FTS, Na-M2-8:2FTS, H-M3HFPO-DA, H-d3-NMeFOSAA) were used for tracking
the performance of the entire analytical procedure. The full names of each PFAS
standard and mass-labeled surrogate/internal standard, along with salient chemical

properties, are provided in Appendix A: Abbreviation Glossary.

Other chemical reagents were procured from Fisher Scientific (Hampton, NH, USA).
HPLC grade methanol (MeOH), acetonitrile, and ammonium acetate (NHsAc) were
employed during solid-phase extraction (SPE) and solvent extraction of PFAS in
water and membrane samples, respectively. Small volumes of 1 M hydrochloric acid
(HCI) and 1 M sodium hydroxide (NaOH) were used to set and maintain the pH of
batch reactors during laboratory experiments. Salts, including sodium chloride
(NaCl), potassium chloride (KCl), magnesium chloride (MgCl,), calcium chloride

(CaClp), sodium sulfate (Na>SOs4), and sodium bicarbonate (NaHCO3), were added to
11



experimental solutions to investigate the impacts of salting out effects on PFAS
interactions with anion-exchange membranes. Suwannee River natural organic matter
(NOM), fulvic acids (FA), and humic acids (HA) were purchased from the
International Humic Substances Society (Denver, CO, USA) to determine whether
dissolved organic matter (DOM) affected PFAS uptake or selectivity. Nitric acid
(HNO3) was applied to assist with digestion of membranes from field sampling
campaigns that employed passive samplers with protective copper mesh screens. LC-
MS grade water, MeOH, and NH4Ac were used during liquid chromatography with
tandem mass spectrometry (LC-MS/MS). Deionized water was generated by a Neu-
Ion System (Baltimore, MD, USA) for use during laboratory experiments and field

sample processing.

2.2.2 Anion-exchange membrane specifications

FAD-PET-75 anion-exchange membranes were purchased from the FuelCell Store
(Bryan, TX, USA) for use as passive samplers in laboratory experiments and field

campaigns. Select properties of the FAD-PET-75 membranes are reported in Table
2.1.

Table 2.1. Physicochemical properties of the FAD-PET-75 anion-exchange
membranes.

Ion-exchange capacity = Mass per area Standard
Membrane 1 ) .
(IEC) (meq g) (mg cm™) thickness (num)
FAD-PET-75 2.15+£0.15 7.75+0.75 70 £10
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2.1.3. Experimental design of batch sorption studies

Batch experiments were conducted to generate sorption isotherms for PFAS uptake
by anion-exchange membranes. The corresponding data were used to calculate the
apparent selectivity coefficients for PFAS over chloride (C17) under various water
quality conditions (Table 2.2.). The specific water quality parameters were selected to
replicate conditions in the Chesapeake Bay. In particular, 1x1 cm? FAD-PET-75
coupons were added to 100-mL solutions that contained (i) 1-1000 ug L' of
individual PFAS or (ii) mixtures of 22 PFAS at 100 ug L™ (each), along with the
variable water quality conditions listed in Table 2.2. Initial samples were collected
before adding the membrane coupons. The temperature for all experiments was
maintained at 22 £+ 2 °C. All experiments were performed in triplicate. High-density
polyethylene (HDPE) and polypropylene (PP) bottles and pipets were used during all
laboratory experiments to minimize PFAS losses to containers [49].

Table 2.2. Batch sorption experimental design overview. Three variables were
studied for a mix of 22 PFAS to determine the impact on K¢S .

Salt DOM
Variable Solution pH  Salt type concentration concentration
(mM) (mg L)
Control 7 NaCl 10 -
Solution pH 2-12 NacCl 10 -
KCI, MgCly,
Sj:cﬁf;ﬁi CaClo, NaSOs, 1,10, 100 i
NaHCO;
DOM 7 NaCl 10 1, 10
Mixed effects 3-10 NaCl 1,10, 100 -

The batch reactors were shaken on an orbital mixer 250 rpm for at least five days to

ensure equilibrium. Then, the membranes were removed from the reactors and
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processed to quantify the membrane-phase PFAS™ and CI™ concentrations via LC-
MS/MS (section 2.2.5) and ion chromatography (section 2.2.6), respectively.
Similarly, the aqueous-phase PFAS were measured from the solutions remaining in
the batch reactors (sections 2.2.4 and 2.2.6). The membrane- and aqueous-phase

PFAS™ and CI” concentrations were used to calculate the apparent selectivity

coefficient (KEF—AS_ app) for the specific water quality condition using Eq. 2.1. For

experiments with variable pH, salt concentration, and DOM content, the apparent
selectivity coefficients were modeled using acid-base speciation (Eq. 2.2), salting out
(Eq. 2.3-Eq. 2.4), and competitive adsorption (Rxn. 2.2) relationships. The
fundamental parameters included in Eq. 2.2-Eq. 2.4 were used to develop an a priori

universal calibration for passive sampler deployment in any water.

KPFAS™ =(1+ 107P¥a - KH-PFAS | 107PH +1 B KPFAS™ Eq.2.2
" lapp 10-PH c 10-PKa - o
_ s _
KEFAST| = 10(+KSlsalt)gpEAS™| | Eq. 2.3
PFAS™ _ 1PFAS™ +KS[salt]-10"1 KS
KC]_ salt ~ CI7 1071 M NacCl 10( ) Eq' 2.4

“R;N*CI- + DOM~ = —R;N*DOM- + CI- Ren. 2.2

In Eq. 2.2-Eq. 2.4, pKa is the negative value of the log-transformed acid dissociation
constant for the PFAS, KEEFAS s the selectivity coefficient for the neutral form of
PFAS, and the K is the Setschenow constant that quantifies the salting-out effects on

PFAS in experimental solutions.
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2.2.4. Aqueous sample processing

Aqueous-phase PFAS™ concentrations were determined by first transferring 10 mL of
solution from each batch reactor into a 15-mL HDPE centrifuge tube. Then, each
sample was spiked with 50 uL of a 50 pg L' mixture of nine mass-labeled surrogates.
Solid-phase extraction was conducted using 0.1% NH4Ac in MeOH (HPLC) to
condition the WAX cartridge, 50% MeOH in DI water to rinse the WAX cartridge,
and 5% NH4Ac in acetonitrile was used to elute the PFAS from the cartridge. The
extracts were dried to completeness in a nitrogen evaporator and reconstituted for LC-
MS/MS analysis with 50 uL of a 50 ug L' mixture of 15 mass-labeled internal

standards, 200 pL of 20 mM NHsAc in MeOH, and 250 pL of DI water.

The aqueous-phase CI™ concentrations were determined by mass balance using the
ion-exchange capacity (IEC) of the FAD-PET-75 membrane and the initial C1~

concentration from the experimental design (Table 2.2) using Eq. 2.5-Eq. 2.6.

qc- = IEC — z dPFAS Eq. 2.5

[Salt]aq = [Salt]aq,initial + z AqPFAS,, Eq. 2.6

In Eq. 2.5-Eq. 2.6, qc¢- is the remaining CI™ concentration on the membrane (meq g
1, dpras, is the PFAS™ concentration on the membrane (meq g™!). The [Salt] ag,initial
and [Salt],4 represent the initial and final aqueous salt concentrations respectively

(meq L.
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2.2.5. Membrane sample processing

Once batch reactors were removed from the orbital shaker, the 1x1 cm? membrane
coupons were collected, rinsed with DI water, and air-dried. The dry weight was
recorded for each membrane. Then, the membranes were transferred to 15-mL HDPE
centrifuge tubes for digestion with 10 mL MeOH [50]. Samples were vortexed,
placed in a sonicator for 15 min at 50 °C to ensure the release of PFAS from the
membrane, and centrifuged for 10 min at 5,000 rpm. Samples were then diluted 10%
and 100x with 50 uL of a 50 pug L' mixture of 15 mass-labeled internal standards, 50
uL supernatant, and 400 pL. 10 mM NHsAc in 40% MeOH. The following two-step
process was employed for the 100x dilution: (i) 50 pL supernatant + 400 uL. 10 mM
NH4Ac in 40% MeOH; and (ii) 50 pL of 50 pg L-1 mix 15 mass-labeled internal

standards + 50 pL working solution + 400 pL 10 mM NHsAc in 40% MeOH.

2.2.6. Analytical methods

PFAS concentrations in reconstituted extracts from the water and membrane samples
were measured by LC-MS/MS (Agilent Series 1290 LC, 6470A triple quadrupole
mass spectrometer) using our standard methods [51]. Briefly, 20 uL of sample was
injected onto a Waters XBridge BEH C18 (2.1x5 mm, 2.5 um) guard column, and the
28 PFAS analytes were separated along a Waters XBridge BEH C18 column
(2.1x150 mm, 2.5 pm). The column compartment temperature was maintained at 40
°C. The mobile phase was composed of (A) 10 mM NHsAc in LC-MS grade water
and (B) 10 mM NHsAc in MeOH, and the gradient elution method was as follows: 0
to 3 min, 55% A, 45% B; ramp to 85% B for 6 min; ramp to 45% B for 1 min; and

isocratic at 45% B for 6 min to re-equilibrate the column to initial conditions. The
16



mobile phase flow rate was set to 0.2 mL/min. The total method run time was 16 min.
Negative mode electrospray ionization was applied for all targeted PFAS. Parent and
fragment ions were scanned by dynamic multiple reaction monitoring with at least 15
scans acquired across the chromatographic peak for each PFAS. Results were
analyzed through using the Agilent MassHunter Quantitative Analysis for QQQ

software.

Dissolved organic carbon (DOC) concentrations were measured as non-purgeable
organic carbon by a Shimadzu TOC-L analyzer (Shimadzu; Kyoto, Japan) calibrated
with potassium hydrogen phthalate. Grab samples were diluted 50% and 100x to 20

mL with DI water before injection into the TOC-L analyzer.

2.3. Results and Discussion

Sorption isotherms were developed for PFAS uptake by the FAD-PET-75 membrane
in solutions that replicated conditions in the Chesapeake Bay. Membrane coupons
were added to 100-mL solutions that contained (i) 1-1000 pg L' of individual PFAS
and (ii) mixtures of over 20 PFAS at 100 ug L' (each). For both cases, PFAS uptake
was measured in solutions with (a) pH 5, 7, and 9, (b) 1, 10, and 100 mM of various
salts, and (c) 1, 10, and 100 mg L™! DOM (Table 2.2). All experiments were
performed in triplicate at 20 °C. The batch reactors were run for at least five days in
HDPE bottles to reach equilibrium and minimize PFAS interactions with the
container [49]. Then, PFAS and chloride concentrations were measured in the water

and membrane phases and used to calculate selectivity coefficients using Eq. 2.1.
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Based on prior work (not shown), temperature did not have a significant impact on

the selectivity coefficients [51].

2.3.1. Impact of solution pH

Selectivity coefficients were calculated for each PFAS using Eq. 2.1. In Figure 2.1a,
the selectivity coefficients are plotted against chain length, and the results revealed
that selectivity coefficients increase as chain length increased. This trend was
observed for all experimental conditions and attributed to the concomitant
enhancement in hydrophobicity that accompanies an increase in the perfluoroalkyl
chain length. The increased hydrophobicity of long-chain PFAS results in more
hydrophobic-hydrophobic interactions with the polymer phase of the membrane,
favoring sorption. The perfluoroalkane sulfonates (PFSA) exhibited greater
selectivity than the perfluorocarboxylates (PFCA) and fluorotelomer sulfonates
(FTS). PFSAs exhibited greater selectivity due to increased electrostatic and
hydrophobic interactions with the fixed positively charged sites on the anion-
exchange membrane. The sulfonate head group (SO3") is more hydrophilic and more
negatively charged compared to the carboxylate group (COQO™), allowing for stronger

electrostatic interactions to occur [16], [52].
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Figure 2.1. Selectivity coefficients for PFAS~ over CI™ plotted as a function of (a)
head group and chain length and (b) solution pH. Experimental conditions: 1x1
cm? FAD-PET-75 coupons initially in Cl~ form; 100 mL solution with 10 mM NaCl
and PFAS at initial concentrations of 50, 100, 250, 500, and 1000 pg L' (each); and
20 °C.

To determine the effect of solution pH on PFAS uptake by the membrane, batch tests
were conducted at pH 5, 7, and 9. The selectivity coefficients measured at pH 5 and 9
were similar to those determined at pH 7 (Figure 2.1b). As a result, no significant
differences were identified for the selectivity coefficients of perfluorocarboxylates,
perfluoroalkane sulfonates, or fluorotelomer sulfonates at these pH levels. This
outcome was explained by the speciation chemistry of PFAS, which primarily exist as
anions in environmental water sources due to their low acid dissociation constants
(i.e., pKa values) [53], [54]. This speciation chemistry was a major consideration in

our decision to explore the use of anion-exchange membranes as passive samplers for

the targeted PFAS.

Unlike the perfluorocarboxylates, perfluoroalkane sulfonates, and fluorotelomer

sulfonates, the selectivity coefficients for PFAS with sulfonamide and sulfonamido
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acetic acid moieties, namely PFOSA, N-MeFOSAA, and N-EtFOSAA, varied with
pH (Figure 2.2). The pK, values for these PFAS are environmentally relevant and
range from 4 to 6 [54]. As a result, these compounds include neutral and anionic
forms. At solution pH below the pK, value, the protonated, neutral form of these
PFAS is dominant. This pH-dependent speciation has implications for PFAS
interactions with anion-exchange membranes. We hypothesized that the anionic form
(K& ) would exhibit higher selectivity than the neutral species (KgE ). Batch
experiments were conducted at pH 2—12 to evaluate the hypothesis, and the

corresponding date were fit to Eq. 2.2 by solving for the pK,, KEFFAS and

KEFS”
parameters. The model fits matched the experimental data (Figure 2.2), reinforcing
the speciation-based corrections for selectivity coefficients of PFAS with
environmentally relevant pK, values. The solved parameters are listed in the figure.
The calculated pK. values were within range of previously reported values for
PFOSA and slightly higher than estimates made from structure-based algorithms for
N-EtFOSAA and N-MeFOSAA [54]. As the calculated pKa of PFOSA was within the
range of reported literature values, the speciation-based model was considered to be
appropriate for implementing pH-based corrections for the selectivity coefficients for
PFOSA and other compounds. For PFOSA, N-MeFOSAA, and N-EtFOSAA, Eq. 2.2

will be used in Eq. 2.1 to account for speciation effects on PFAS uptake by the

passive sampler.
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Figure 2.2. Selectivity coefficients for (a) PFOSA, (b) N-MeFOSAA, and (c¢) N-
EtFOSAA over CI- at pH 2-12. The apparent selectivity coefficients were fit to Eq.
2.2. The calculated pK, values were within the range of previously reported values for
PFOSA but slightly higher than estimates from structure-based algorithms for N-
EtFOSAA and N-MeFOSAA.

2.3.2. Impact of salt type and concentration

Real waters contain dissolved salts. This water quality parameter is especially
important in the Chesapeake Bay estuary, which consists of freshwater in the upper
reaches and seawater near the mouth [55], [56], [57]. To determine the impact of salt
type and concentration on the selectivity coefficients of PFAS™ over CI”, experiments
were conducted with sodium chloride (NaCl), sodium sulfate (Na>SO4), magnesium
chloride (MgCl,), calcium chloride (CaCl,), potassium chloride (KCl), and sodium

bicarbonate (NaHCO:3). Select data are included in this proposal to demonstrate the

workflow and outcomes.

The selectivity coefficients measured in the presence of NaCl are shown in Figure
2.3. The compounds are arranged in order of hydrophobicity, according to the LC
retention time on a C18 column. For hydrophilic, short-chain PFAS, the selectivity

coefficients measured in solutions with 0.1-100 mM NacCl exhibited minor variations.
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However, major differences were observed for the selectivity coefficients of the more
hydrophobic, long-chain PFAS. This trend was observed for all salts, signifying the
manifestation of salting-out effects on PFAS partitioning between the water and

membrane phases.
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Figure 2.3. Selectivity coefficients for PFAS~ over CI- measured in the presence
of variable NaCl. Experimental conditions: 1x1 cm? FAD-PET-75 coupons initially
in C1- form; 100 mL solution with nominal initial concentrations of 100 ug L PFAS;
pH 7; and 20 °C.

The salting-out phenomenon is a process that increases the organization of water
molecules in the system at high salt concentrations. As the salt concentration
increases, the organization of water molecules around the salt ions increases the
energetic costs of creating a cavity for other solutes. As a result, the equilibrium shifts
toward the membrane phase, as the solute preferentially partitions into the membrane
to compensate for the higher thermodynamic cost of dissolution [58], [59]. This
phenomenon can be quantified by calculating Setschenow constants (K®) for each

PFAS-salt combination by fitting selectivity coefficients measured for variable salt
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concentrations to Eq. 2.3-Eq. 2.4 (Figure 2.4a-b). The Setschenow constants can then
be used to calculate the apparent selectivity coefficient as a function of salt
concentration (Figure 2.4c). In brackish and saline waters, Eq. 2.4 will be used in Eq.

2.1 to account for salting-out effects on PFAS uptake by the passive sampler.

PFAS™ — 10(+KS[salt]) PFAS~ Eq. 2.3
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Figure 2.4. Solving for Setschenow constants: (a) calculated vs. measured
selectivity coefficients for PFAS™ over Cl7; (b) calculated Setschenow constants
for PFAS of concern; and (c) apparent selectivity coefficients for
perfluoroalkane sulfonates (as representatives) as a function of NaCl
concentration.

Selectivity coefficients recorded in the presence of 10 mM MgCl, and 10 mM CaCl,
are plotted against those measured in solutions with 10 mM NaCl in Figure 2.5a. No
significant differences were observed for the selectivity coefficients at this salt
concentration, regardless of salt composition. Nevertheless, the selectivity
coefficients differed at higher salt concentrations, and the impacts of those differences

were captured by the corresponding Setschenow constants (Figure 2.5b). The
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Setschenow constants for PFAS in solutions with MgCl, and CaCl, were
considerably greater than those for solutions with NaCl. This outcome suggests that
PFAS uptake by the anion-exchange membranes will be more selective in
groundwaters containing high Mg?" and Ca?" concentrations, compared to surface

water systems dominated by Na".
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Figure 2.5. The (a) measured selectivity coefficients and (b) calculated
Setschenow constants for PFCAs, PFSAs, and FTSs. Data aligned with the 1:1 line
in (a) indicate that salt type did not affect the apparent selectivity coefficients at salt
concentrations of 10 mM; however, the data in (b) confirm that CaCl, and MgCl,
exerted stronger salting-out effects than NaCl in more saline waters.

2.3.3. Impact of pH and salt concentration on the sulfonamide/o PFAS

As real waters may have variable pH and salinity, batch experiments were conducted
to observe the combined effects of these two variables on the apparent selectivity
coefficients for PFOSA, N-MeFOSAA, and N-EtFOSAA. Solutions with variable pH
(i.e., 2-11) and salt concentration (i.e., 1, 10, and 100 mM NaCl) were tested in

triplicate. The aqueous- and membrane-phase concentrations of PFAS™ and CI™ were
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determined, used to calculate the apparent selectivity coefficients (Eq. 2.1), and fit to

Eq. 2.2 (Figure 2.6).

Similar to the results in Figure 2.2, speciation effects were evident from the observed
effects of pH on the selectivity coefficients in Figure 2.6. In particular, the apparent
selectivity coefficient was 1-3 orders of magnitude lower at pH < 3 than at pH > 7 for
PFOSA, N-MeFOSAA, and N-EtFOSAA. This result stemmed from the lower
prevalence of PFAS anions at acidic pH, preventing ion-exchange reactions with the
fixed positive charges in the anion-exchange membrane. In addition, Figure 2.6
confirms the impact of salt concentration on the selectivity coefficients of the neutral
(KEEFASY and anionic (KEFAS ) PFAS molecules. This outcome agrees with findings
from Figure 2.3, wherein salting-out phenomena increased the apparent selectivity
coefficient in solutions with higher salt concentrations. Given the dual effects of pH

and salt content, the aggregate data from Figure 2.6 were fit to Eq. 2.7 by solving for

S,H-PFAS
)

the "true" pK, value and specific Setschenow constants for the protonated (K2,

S,PFAS™

and deprotonated species (K,

); these parameters are summarized in Table 2.3.
The selectivity coefficients calculated from Eq. 2.7 were plotted against measured
values in Figure 2.7, and the good fit of the modeled values to experimental data

reinforced the universal calibration for PFAS uptake by the passive sampler in

variable water quality conditions.
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Figure 2.6. Apparent selectivity coefficients for (a) PFOSA, (b) N-MeFOSAA,
and (c) N-EtFOSAA over CI™ as a function of solution pH and salt concentration.
Model curves were created by fitting the experimental data to Eq. 2.2. Experimental
conditions: 1x1 cm? FAD-PET-75 coupons initially in Cl~ form; 100 mL solution
with 10 mM NaCl and PFAS at initial concentrations of 50, 250, and 500 ug L!
(each) for 100 pg L' (in triplicate) for 1, 10, and 100 mM NaCl; and 20 °C.
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Table 2.3. Summary of the calculated "true" pKa values and Setschenow
constants for protonated and deprotonated PFAS used in Eq. 2.7.

Parameter PFOSA N-MeFOSAA N-EtFOSAA
K3 PEAS 16.56 10.63 16.10
K RFAST 0.00 16.83 24.35
pK, 6.49 5.66 4.75
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Figure 2.7. Selectivity coefficients for (a) PFOSA, (b) N-MeFOSAA, and (c¢) N-
EtFOSAA over CI calculated from Eq. 2.7 plotted against experimentally
measured values. Experimental conditions: 1x1 cm? FAD-PET-75 coupons initially
in CI” form; 100 mL solution with 10 mM NaCl and PFAS at initial concentrations of
50, 250, and 500 ug L' (each) for 100 pg L™! (in triplicate) for 1, 10, and 100 mM
NaCl; and 20 °C.

2.3.4 Impact of DOM type and content

DOM is a complex mixture of organic compounds that tend to display anionic
characteristics in aquatic systems [60]. Therefore, DOM may compete with PFAS for
binding sites on the anion-exchange membranes [35]. To investigate these effects,
batch tests were conducted at initial DOM concentrations of 1 and 10 mg L™ using
natural organic matter (NOM) and two of the most abundant DOM subfractions,
fulvic acids (FA) and humic acids (HA). FA molecules are smaller and more
chemically reactive than HA compounds due to the greater proportion of oxygen-

containing functional groups [61].

The selectivity coefficients for PFAS™ over CI” measured in the presence of NOM,
FA, or HA and 10 mM NacCl are plotted against those measured in solutions with only
10 mM NaCl in Figure 2.1. No significant differences were observed for the

selectivity coefficients measured in the presence of 1-10 mg L™! NOM. In contrast,
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Figure 2.8b-c suggested a notable decrease in selectivity coefficients for long-chain
PFAS for the experimental solutions that contained 1-10 mg L™! FA and HA. This
observation was attributed to mass depletion of long-chain PFAS in these solutions,
resulting in low aqueous-phase concentrations. The lower availability of these
compounds increased the uncertainty associated with the calculated selectivity

coefficients. [62], [63], [64].

To further assess the competition between DOM and PFAS, membrane-phase PFAS
concentrations in the 10 mg L' DOM solution were plotted against those from the 1
mg L' DOM test (Figure 2.9). No significant differences were observed for the
membrane-phase PFAS concentrations for solutions containing NOM and FA. In
contrast, Figure 2.9c revealed that the membrane-phase PFAS concentrations
decreased at higher HA concentrations, suggesting competitive adsorption effects or
other mechanisms. For example, large HA may compete with PFAS from interacting
with the quaternary amine ion-exchange sites [35], [65], [66], leading to lower PFAS

uptake than expected in the absence of HA.
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attributed to mass depletion of long-chain PFAS in the solution, increasing the

uncertainty of the calculated selectivity coefficients.. All solutions contained 10 mM
NaCl.
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Figure 2.9. Membrane-phase PFAS concentrations for solutions with 1 and 10
mg L' (a) DOM, (b) FA, and (c¢) HA. Data aligned with the 1:1 line indicate that the
DOM content did not significantly affect the selectivity coefficient.

The above experiments were conducted to determine how individual water quality
parameters affect the selectivity coefficient. From the preliminary results, we
conclude: (i) pH has no effect on PFAS uptake for perfluorocarboxylates,
perfluoroalkane sulfonates, and fluorotelomer sulfonates; (i1) the pH-dependent
selectivity coefficients of PFAS with sulfonamide or sulfonamido acetic acid
functional groups can be modeled using species-specific selectivity coefficients; (iii)
selectivity coefficients increase in solutions with higher salt concentrations, and
Setschenow constants can quantify these impacts; and (iv) DOM has negligible
impacts on PFAS uptake, but waters with high HA content should be carefully

evaluated before deployment of passive samplers. These findings were used to

construct universal calibrations for our passive samplers.
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2.4. Conclusions

The objectives of this chapter were to (1) measure the selectivity coefficients for
PFAS™ over Cl” and (2) develop models to accurately calculate selectivity coefficients
for any water source. By conducting batch sorption experiments, varying solution pH,
salt concentration, salt type, DOM concentration, and DOM type, we constructed a
universal calibration that can be applied to accurately represent the selectivity
coefficients for PFAS in any water type. The main findings for each water quality
parameter are reported below. The overall universal calibration approach will be
validated in the next chapter, which involves field deployment of our passive

samplers in and around Baltimore Harbor.

We concluded that pH had a negligible impact on the selectivity coefficient for most
PFAS due to the low pK, values, which ensure the predominant presence of anionic
species at environmentally relevant pH (i.e., pH 5-9). For PFAS with environmentally
relevant pKa values (e.g., PFOSA, N-MeFOSAA, and N-EtFOSAA), solution pH was
a key parameter. Lower solution pH caused some of the PFAS to exist in neutral
form, which interacted less favorably with the fixed positive charges in the anion-

exchange membrane.

Salt concentration and salt type resulted in salting-out phenomena that exerted a
strong influence on the magnitude of the selectivity coefficient, especially for long-
chain PFAS. As salinity increased, the observed selectivity coefficient increased.
These effects were quantified by calculating and applying Setschenow constants.

Monovalent salts tended to exhibit similar Setschenow constants, suggesting NaCl
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could serve as an appropriate surrogate. The Setschenow constants for divalent salts
tended to be greater than those for NaCl, indicating the need for careful consideration

of salting-out phenomena in hard water.

Minor impacts of DOM type and concentration were noted with respect to the
selectivity coefficients of long-chain PFAS, but PFAS accumulation in the ion-
exchange membranes did not significantly vary when the DOM concentration was
varied. The observed differences in calculated selectivity coefficients for long-chain
PFAS in the presence of DOM were attributed to mass depletion effects that
increased uncertainty of the aqueous-phase PFAS concentrations at equilibrium.
Importantly, negligible effects were observed for selectivity coefficients and
membrane-phase PFAS concentrations in the presence of Suwannee River NOM;

therefore, no adjustments were made to the universal calibration to account for DOM.
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Chapter 3: Passive sampler field deployments to measure PFAS

concentrations in and around Baltimore Harbor

3.1. Introduction

Major sources of per- and polyfluoroalkyl substances (PFAS) contamination include
runoff from military bases that used aqueous film-forming foam (AFFF) and eftfluent
from wastewater treatment facilities [7], [67]. While Maryland has initiated efforts to
study PFAS within the state, data on PFAS levels in Baltimore Harbor remain scarce.
As the Chesapeake Bay supports numerous communities that rely on its waters for
sustenance, subsistence fishers are particularly vulnerable to PFAS exposure through
the consumption of contaminated fish. In response to this risk, the Maryland
Department of the Environment (MDE) issues fish consumption advisories for PFAS
contamination when necessary [48]. With ongoing efforts to open Baltimore Harbor
for public recreation, PFAS levels must be accurately quantified to assess potential

risks to human health and environmental quality [68].

With assistance from Blue Water Baltimore, a non-governmental organization
dedicated to restoring the quality of Baltimore’s rivers, streams, and harbor, we
conducted a sampling campaign at ten sites in Summer 2024. Through discussions
with the Baltimore City Department of Public Works and a referral from Blue Water
Baltimore to the Waterfront Partnership of Baltimore, we deployed passive samplers
at a regional wastewater treatment plant and three trash wheels in Fall 2024 to (i)
optimize and validate passive sampler performance and (ii) measure time-averaged

PFAS concentrations at key locations in and around Baltimore Harbor. These tasks
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required the use of the universal calibrations, reported in Chapter 2, that employ
selectivity coefficients (modified versions of Eq. 3.1) to calculate time-averaged

PFAS levels at the deployment sites.

—-R3N*Cl- + PFAS™ & -R3N*PFAS- + CI” Rxn. 3.1
PFAS __ [PFAS_]mem [Cl_]aq Eq‘ 3.1
@ T [C7 ]mem [PFAS™ |5

3.2. Materials and Methods

3.2.1. Chemical reagents

PFAS certified standards, surrogates, and internal standards were obtained from
Wellington Laboratories (Ontario, Canada). Bulk PFAS options were purchased from
Fisher, Sigma, or Caymanchem, and the actual concentrations of stock solutions were
determined against the certified standards. In total, 19 bulk PFAS, including 11
perfluorocarboxylic acids (i.e., H-PFBA, H-PFPeA, H-PFHxA, H-PFHpA, H-PFOA,
H-PENA, H-PFDA, H-PFUdA, H-PFDoA, H-PFTrDA, H-PFTeDA), five
perfluoroalkane sulfonate salts or perfluoroalkane sulfonic acids (i.e., K-PFBS, Na-
PFPeS, H-PFHxS, Na-PFHpS, Na-PFOS), three fluorotelomer sulfonate salts (i.e.,
Na-4:2 FTS, Na-6:2 FTS, Na-8:2 FTS), and three perfluoroalkane sulfonamide or
sulfonamido acetic acids (i.e., H-PFOSA, H-N-MeFOSAA, H-N-EtFOSAA) were
employed in laboratory experiments. Mixtures of nine mass-labeled surrogates (i.e.,
H-M3PFBA, H-M4PFHpA, H-M8PFOA, H-MPFNA, H-MPFDoA, Na-MPFHxS,
Na-M8PFOS, H-M8FOSA-I, H-d5-NEtFOSAA), and 15 mass-labeled internal

standards (i.e., H-MPFBA, H-M5PFPeA, H-MPFHxA, H-MPFOA, H-MPFDA, H-
33



MPFUdA, H-M2PFTeDA, Na-M3PFBS, Na-M3PFHxS, Na-MPFOS, Na-M2-
4:2FTS, Na-M2-6:2 FTS, Na-M2-8:2FTS, H-M3HFPO-DA, H-d3-NMeFOSAA)
were used to measure recovery efficiency and correct matrix effects, respectively.
The full names of each PFAS standard and mass-labeled surrogate and internal
standard are provided in Appendix A: Abbreviation Glossary along with salient

physicochemical properties of each compound.

Other chemical reagents were procured from Fisher Scientific (Hampton, NH, USA).
HPLC grade methanol (MeOH), acetonitrile, and ammonium acetate (NHsAc) were
employed during solid-phase extraction (SPE) and solvent extraction of PFAS in
water and membrane samples, respectively. Nitric acid (HNO3) was applied to assist
with digestion of membranes from field sampling campaigns involving passive
samplers with copper mesh protective screens. LC-MS grade water, MeOH, and
NHsAc were used during liquid chromatography with tandem mass spectrometry
(LC-MS/MS). Deionized water was generated by a Neu-Ion System (Baltimore, MD,

USA) for use during laboratory experiments and field sample processing.

3.2.2. Passive samplers

FAD-PET-75 anion-exchange membranes were purchased from the FuelCell Store
(Bryan, TX, USA) for use as the active materials in the passive samplers deployed in
laboratory experiments and field campaigns. Select properties of the FAD-PET-75

membranes are reported in Table 3.1.

Table 3.1 Physicochemical properties of the FAD-PET-75 anion-exchange membranes.
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Ion-exchange capacity Mass per area Standard

Memb
embrane (meq g) (mg cm?) thickness (um)

FAD-PET-75 2.15+£0.15 7.75+0.75 70 £ 10

For field deployment, the FAD-PET-75 membranes were incorporated into 3.7”
(outer diameter) stainless-steel housings and protective mesh (Figure 3.1a). The size
of the FAD-PET-75 membranes placed inside the passive samplers was usually 3x3
cm?. An alternative sampler design incorporated a protective, antimicrobial copper

mesh was also constructed and deployed in field campaigns (Figure 3.1.b) [69], [70].

Figure 3.1 Passive sampler devices were constructed with protective (a) stainless-steel
and (b) copper mesh and deployed in and around Baltimore Harbor.

3.2.3 Field sampling campaign

Based on discussions with Blue Water Baltimore, 10 sites in and around Baltimore
Harbor were selected for collection of preliminary grab samples (Figure 3.2). Four
sets of grab samples were collected over the span of four weeks in Summer 2024 and
analyzed for PFAS concentrations (Section 3.4.1). These samples were used to

establish a baseline for PFAS concentrations and composition in and around
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Baltimore Harbor to inform the ideal locations for passive sampler deployment
(Section 3.4.2). This initial assessment was crucial to understanding the potential

contributions of wastewater effluent, stormwater, and other sources of PFAS to the

Harbor [71].
@ jooc)
Baltimore e
12 -
@13 s '
*
e @7 Dundalk
ndalk
. 18 - ,,:) unda
*e
Brooklyn Park Sparrows H
—~ @6
@
y >
@2
I*Passive samplers |
I Go gle I‘Grab samples I
v (270)
Map data ©2024 Google

Figure 3.2. Map of sampling sites in and around Baltimore Harbor. Locations
were selected with the help of Blue Water Baltimore to obtain samples with variable
water quality and potential contamination sources.

3.2.4 PFAS analysis in grab samples from Baltimore Harbor

During sample collection, 500-mL HDPE bottles were submerged to at least 30 cm
below the water surface and rinsed with surface water three times before being
completely filled. A field blank, prepared with deionized water, was briefly opened

and closed during the sampling campaign for quality assurance and quality control
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purposes. The samples and field blank were placed in a cooler with ice packs and
returned to the lab within two days. In the lab, each sample was spiked with 50 pL of
a surrogate solution containing 50 pg L'! of nine mass-labeled PFAS to measure
recovery efficiency during SPE. The spiked samples were loaded into pre-conditioned
Oasis weak-anion exchange (WAX) SPE cartridges (6 cm?, 150 mg; Waters Corp;
Milford, MA, USA). Recovery efficiencies were used to correct for PFAS losses
during sample processing and determine the concentrations of targeted PFAS in each

sample.

WAX cartridges were sequentially conditioned with 5 mL of (i) 0.1% NH4Ac in
MeOH and (ii) deionized water. When approximately 1 mL of deionized water
remained in the cartridge, a sample, field blank, or laboratory blank was loaded to the
SPE cartridge. The flow rate was adjusted to 1-3 mL min™! by gravity or vacuum.
After most of the sample volume was processed, the 500-mL container was
sequentially rinsed with at least 2 mL of DI water and 50% methanol. The two
rinsates were sequentially loaded to the SPE cartridge. The SPE manifold was
vacuum-dried to remove any water or methanol residue from the cartridge. PFAS
captured by the WAX cartridge were eluted into 10-mL HDPE test tubes with 5 mL
of 5% NH4Ac in acetonitrile. The eluates were dried at 50 °C under a gentle stream of
nitrogen gas and reconstituted into 200 pL of 20 mM NHsAc in MeOH, 250 pL of DI
water. and 50 pL of a 50 ug L' mixture of 15 mass-labeled internal standards to

correct for matrix effects during LC-MS/MS analysis (Section 3.1.6).
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The 13 field blanks and 6 laboratory blanks were processed using the same
procedures as the grab samples and then analyzed for the 28 PFAS analytes. For the
field and laboratory blanks, 87% (461/532) of the measured PFAS concentrations
were below the limit of detection, with the remainder of measurements (71/532)
below the limit of quantitation. No PFAS were measured above the limit of

quantitation in the field and laboratory blanks.

3.2.5. Passive sampler deployment and processing

Based on measured PFAS concentrations and composition in grab samples and ease
of access to each site, passive samplers were deployed at three sites equipped with
trash wheels that collect litter entering Baltimore Harbor. In particular, we partnered
with the Baltimore Waterfront Partnership to deploy samplers at Mr. Trash Wheel
(Baltimore Inner Harbor, mouth of the Jones Falls — Site 12 in Figure 3.1), Professor
Trash Wheel (Baltimore Harbor, Canton neighborhood — Site 15 in Figure 3.1), and
Gwynnda the Good Wheel of the West (Middle Branch of the Patapsco River, mouth
of the Gwynns Falls — Site 17 in Figure 3.1). A sampler was also deployed in the
effluent of an anonymous wastewater treatment plant (Site 8 in Figure 3.1) with
permission from the Baltimore City Department of Public Works. Samplers were
submerged at least 30 cm below the water surface and attached to (semi)permanent
structures with stainless steel wire and nylon fishing line (Figure 3.3a). The samplers
were deployed for periods of two, three, or four weeks in September — November
2024. During passive sampler deployment and retrieval, duplicate grab samples
(Figure 3.3b) were also collected for analysis of PFAS concentrations (validation) and

water quality parameters, including solution pH, salt concentration, and DOM content
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(universal calibration). Other environmental conditions, such as recent rain events and

algal blooms, were recorded during sample collection to help interpret the data.

Figure 3.3. Sample deployment and retrieval. (a) Passive samplers were tied to
semi-permanent structures with stainless steel wire and nylon fishing line. Both
options were used as a fail-safe in case either line was cut during deployments. (b)
500-mL grab samples (duplicate) were collected during passive sampler deployment
and retrieval.

After retrieval, the passive samplers were disassembled, and the FAD-PET-75
membranes were removed, dried at 50 °C, and weighed. A preliminary analysis was
conducted to optimize membrane processing methods. A 1x1 cm? section of the
membrane was cut out, dried, and dissolved in 10 mL of HPLC-grade methanol
(Figure 3.4). Some of the passive samplers equipped with a protective copper mesh
developed an obvious copper scale on the membrane surface. In such cases, 10 puL of

70% HNO;3 was added to the methanolic extract to dissolve the scale and release any
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PFAS bound to the copper oxide (Figure 3.4b). A 5 mL aliquot of the methanolic
extract was diluted to 15 mL with DI water and spiked with 50 uL of a 50 pg L
mixture of nine mass-labeled surrogates. Samples underwent SPE processing and

reconstitution as outlined in Section 3.1.4 before LC-MS/MS analysis.

The full membrane analysis for passive samplers equipped with the protective
stainless-steel mesh involved dissolving 2x2 ¢cm? coupons in 40 mL of 0.2 M NH4Ac
in MeOH. The membranes from samplers with protective copper mesh were
processed by dissolving the full 3x3 ¢cm? coupons in 90 mL of 0.2 M NH4Ac in
MeOH with 10 pL of HNOs (Figure 3.4c); in this case, the entire membrane was used
due to concerns of uneven PFAS loading onto the copper scale and membrane. A 10-
mL aliquot of the methanolic extract was diluted to 40 mL with deionized (DI) water

and processed in the same manner as the 1x1 cm? membranes.
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Figure 3.4. Passive sampler retrieval and processing. After retrieval, the passive
samplers were cleaned and disassembled. Samplers with protective (a) stainless-steel
mesh required less processing compared to the those using (b) copper mesh due to the

absence of copper scale formed on the membrane during deployment. (c) MeOH
digestion of 2x2 cm? and 3%3 ¢cm? membrane coupons removed from the passive
samplers with protective stainless-steel and copper meshes, respectively.

3.2.6. Analytical methods

PFAS concentrations in reconstituted extracts from the water and membrane samples
were measured by LC-MS/MS (Agilent Series 1290 LC, 6470A triple quadrupole
mass spectrometer) using our standard methods [51]. Briefly, 20 puL of sample was
injected onto a Waters XBridge BEH C18 (2.1x5 mm, 2.5 pum) guard column, and the

28 PFAS analytes were separated along a Waters XBridge BEH C18 column
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(2.1x150 mm, 2.5 pm). The column compartment temperature was maintained at 40
°C. The mobile phase was composed of (A) 10 mM NHsAc in LC-MS grade water
and (B) 10 mM NHsAc in MeOH, and the gradient elution method was as follows: 0
to 3 min, 55% A, 45% B; ramp to 85% B for 6 min; ramp to 45% B for 1 min; and
isocratic at 45% B for 6 min to re-equilibrate the column to initial conditions. The
mobile phase flow rate was set to 0.2 mL/min. The total method run time was 16 min.
Negative mode electrospray ionization was applied for all targeted PFAS. Parent and
fragment ions were scanned by dynamic multiple reaction monitoring with at least 15
scans acquired across the chromatographic peak for each PFAS. Results were
analyzed through using the Agilent MassHunter Quantitative Analysis for QQQ

software.

Background ions (e.g., CI” and NO3) were measured by ion chromatography (IC;
Thermo Scientific Dionex Integrion; Waltham, USA). Grab samples were diluted 50%
and 100x with DI water before injection into the IC. Membrane samples were cut into
1x1 cm? coupons, dried, and dissolved in 10 mL of HPLC-grade methanol (Figure
3.4). A 2 mL aliquot of the methanolic extract was diluted to 5 mL with 3.75 mL DI

water and 0.25 mL 1 M NaNO3 before IC analysis.

Dissolved organic carbon (DOC) concentrations were measured as non-purgeable
organic carbon by a Shimadzu TOC-L analyzer (Shimadzu; Kyoto, Japan) calibrated
with potassium hydrogen phthalate. Grab samples were diluted 50% and 100x to 20

mL with DI water before injection into the TOC-L analyzer.
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3.3. Results and Discussion

3.3.1. PFAS concentrations in grab samples from initial field campaign

Grab samples from the 10 sites in and around Baltimore Harbor contained 14 of the
28 targeted PFAS. The most prevalent PFAS included PFOS, PFHxA, PFPeA,
PFHpA, and PFOA; note, PFOS and PFOA were included in the new EPA
regulations with maximum contaminant levels of 4 ng L™! for drinking water. In the
Harbor, PFOS levels were consistently at or above the new regulation, with an
average concentration of 3.81 + 1.18 ng L! across all 41 grab samples. PFAS
concentrations at each site were averaged from the four grab samples collected over
the course of six weeks. Individual PFAS was then totaled across all sites are reported
in Figure 3.5. The total PFAS concentrations varied by site, most likely due to
differences in the contributing sources and degree of dilution. Site 15 in Figure 3.5,
which is situated in the Canton area of Baltimore has a mostly residential community
and a partial underground river (Harris Creek) feeding into the site, potentially
explaining the relatively low total PFAS content (9 ng L™). In contrast, 19.5 ng L' of
PFAS were measured at Site 8 in Figure 3.4, which was located at the effluent pipe of
a wastewater treatment plant; many previous studies have confirmed wastewater to be

a source of PFAS [8], [67], [71].
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Figure 3.5. Total PFAS concentrations detected in preliminary grab samples.
The detection frequency for each PFAS is indicated at the end of the bars in the right
panel for the 41 grab samples.

3.3.2. Optimization of passive sampler design

The initial passive samplers deployed at the three Trash Wheels included a protective
copper mesh. As shown in Figure 3.4b, the copper mesh oxidized during deployment
in the brackish water present at Mr. Trash Wheel and Prof. Trash Wheel, leading to
formation of a copper scale on the membrane. The passive sampler deployed at the
more freshwater site, Gwynnda Trash Wheel, did not experience copper oxidation,
confirming that salinity played a role in the observed oxidation [72]. During
membrane digestion, the membrane polymer appeared to be completely dissolved, but
the copper scale remained. The presence of the copper scale on the membrane raised
a concern of additional PFAS uptake onto the surface of copper particles, which
would decrease the accuracy of our universal calibration. The main mechanisms for
PFAS interacting with the copper scale involve electrostatic interactions and ternary

complexation. For example, previous studies reported that metal cations can
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neutralize PFAS negative charges, enhance hydrophobic interactions, and facilitate
PFAS adsorption to surfaces [73]. Metal ions, like copper 11, can also form ternary

complexes with PFAS and surfaces to enhance adsorption [74]. To ensure accurate
PFAS analysis from the membrane and copper scale, 10 uL of HNO3 was added to
the digestate to dissolve the copper scale and release any PFAS [50]. Samples were

processed with SPE and reconstituted for LC-MS/MS analysis.

In Figure 3.6, the PFAS mass on membranes included in passive samplers containing
the stainless-steel mesh is plotted against that with the copper mesh for two- and
three-week deployments. Many of the data points fell below the 1:1 line, indicating
greater uptake of PFAS on the membrane contained within the passive sampler with
the copper mesh. These results confirm our concerns that the copper scale
accumulated PFAS, rendering our universal calibration inaccurate. Given this
outcome, the remaining deployments employed passive samplers with a stainless-
steel mesh to prevent any physical damage to or biological growth on the membrane

(Figure 3.4a).
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Figure 3.6. Comparison of PFAS mass accumulated in passive samplers with
stainless-steel and copper protective mesh during (a) two- and (b) three-week
deployments. Regression analysis of the complete dataset yielded the following
relationships: (a) log [PFAS]m,;ss =(0.82 £0.08) log [PFAS]m,cu — (0.21 £ 0.06), and
(b) log [PFAS]m,ss =(0.87 = 0.09) log [PFAS]m,cu —(0.20 + 0.07). Because the slope
of the trendlines was less than 1, significantly more PFAS accumulated in the
presence of the copper mesh.

3.3.3. Evaluation of required deployment time

Because our passive samplers are calibrated according to equilibrium, the deployment
time is an important variable. If the samplers do not reach equilibrium, then the
universal calibration will not be accurately applied. To evaluate this issue, samplers
were deployed at the three Trash Wheels and wastewater effluent for two, three, and
four weeks. Figure 3.7 confirms that no differences were observed in the total PFAS
mass accumulated in the samplers for the two-, three-, and four-week deployment
periods. This outcome indicated that the sampler reached equilibrium within two
weeks of deployment at these sites. While shorter deployment periods may also be

appropriate, this aspect will be further evaluated in future studies.
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Figure 3.7. Comparison of PFAS mass accumulated on the membrane for (a)
two- and three-week deployments and (b) three- and four-week deployments. All
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data correspond to the passive samplers equipped with protective stainless-steel
meshes. Regression analysis of the complete dataset yielded the following
relationships: (a) log [PFAS]mawk =(0.92 £ 0.04) log [PFAS]m 3wk +(0.004 £ 0.03),
and (b) log [PFAS]m3wk = (0.93 + 0.03) log [PFAS]m.4wk + (0.01 & 0.02). Because the
slope of the trendlines were close to 1 and the intercepts overlapped with 0, no
significant differences in PFAS accumulation were identified between the two-, three-
, and four-week deployments.

3.3.4. Calculation of time-averaged PFAS levels at field sites

The mass composition of PFAS accumulated in the passive samplers was measured
for each site and plotted in Figure 3.8. The PFAS distribution was similar for
samplers deployed at the three Trash Wheels, but key differences were noted for the
passive samplers placed in wastewater effluent. For all sites, PFOS constituted most
of the PFAS mass accumulated onto the membrane. This outcome was attributed to
(1) higher PFOS levels in the water sources (Figure 3.4) and (ii) the higher selectivity
coefficient of PFOS compared to other targeted PFAS (Figure 2.1). At the Trash
Wheel locations, PFOA and PFHxA were the next most prevalent PFAS, whereas 6:2
FtS and PFBS were predominant in wastewater effluent. These differences suggest
variable sources or fate and transport of PFAS at the sampling locations [75].
Nevertheless, the variable PFAS uptake and composition reinforce the ability of our

passive sampler to capture diverse PFAS in different water sources.
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Figure 3.8. Mass and composition of PFAS accumulated on the passive samplers
deployed at (a) Mr. Trash Wheel, (b) Prof. Trash Wheel, (¢) Gwynnda Trash
Wheel, and (d) wastewater effluent. Note, the secondary pie charts show all PFAS
except PFOS.

When applying the universal calibration to our samplers, the main parameter that
needed correction was salt concentration due to the general absence of PFOSA, N-
MeFOSAA, and N-EtFOSAA (pH-based effects, Figure 2.2) in the samplers and the
negligible impacts of DOM on the calibration (Figure 2.8). Clear salinity gradients
were observed from more upstream (e.g., Gwynnda Trash Wheel) to farther
downstream sites (e.g., Prof. Trash Wheel) located in and around Baltimore Harbor
(Table 3.2). The water in the Harbor was also more brackish than wastewater
effluent. By measuring the membrane-phase PFAS™ concentration and the C1~
concentrations in the membrane and aqueous phases, the salinity-corrected selectivity
coefficient (Eq. 3.2) was used to calculate the time-averaged PFAS concentrations in
water from each site using Eq. 3.1.

PFAS™ _ 17PFAS™ +K5[salt]-0.6 KS
KC]_ salt KCI_ 0.6 M NaCl 10( ) Eq' 3.2
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Table 3.2. The water quality conditions at each sampling location. These
parameters will be used in tandem with our universal calibration to calculate the time-
averaged PFAS concentration in the aqueous phase according to the measured PFAS
and CI levels in the membrane.

Chloride
(mM)
Wastewater effluent 7.38 £ 0.16 3.35+0.47
Mr. Trash Wheel 7.65+032 379+14.8

Prof. Trash Wheel 7.33+£0.02 111+27
Gwynnda Trash
Wheel

Site pH

7.58+0.20 333+185

Below, an example back-calculation is reported for clarity. During the three-week
deployment of the passive sampler at Mr. Trash Wheel, the measured water quality
parameters included 40.15 mM CI in the aqueous phase and 0.89 meq/g C1™ in the
membrane phase. The measured PFOS concentration in the membrane was 1.36x10*
ng/g. From Chapter 2, the Setschenow constant for PFOS was 1.15, and the
selectivity coefficient for PFOS over C1~ was 3.15x10° at the reference salt
concentration (0.6 M NaCl). As pH exhibits no impact on the selectivity coefficient
for PFOS over CI7, Eq. 3.2 was used to determine the salt-corrected selectivity
coefficient. By substituting the relevant values into Eq. 3.3.1, the selectivity
coefficient for PFOS at Mr. Trash Wheel was determined (Eq. 3.3.2). This salinity-
corrected selectivity coefficient was integrated into Eq. 3.3.3 to calculate the time-
averaged PFAS concentration in the water at Mr. Trash Wheel over the three-week
deployment period (Eq. 3.3.4). The corresponding value was 8.50 ng/L,

approximately 100% greater than the new EPA drinking water regulation for PFOS.

PFOS~ _ PFOS™ (+KS[salt]-0.6 KS) Eq.3.3.1
KCI_ salt cr- 0.6 M NaCl 10 a
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PFOS™ — 5 (1.15)(0.04 M CI7)—-0.6 (1.15)
Keros| = (315 x 105)10( ) Eq. 332

=7.20 x 10*

pros _ [PFOS lmem [Cl"]aq Eq.3.3.3
cl [C1"Tmem [PFOS™]aq

meq

41§ meq
bros-1.. — [PFOS o [ Taq (1.36 x 10* 7% ) (4015 59)
U O I memKE® (0.89 %) (7.20 x 10%) Eq. 334

ng
L

= 8.50

The performance of the passive sampler was evaluated by comparing the time-
averaged, aqueous-phase PFAS concentrations to the range of PFAS concentrations
measured in four grab samples collected across the deployment campaign. Most of
the data in Figure 3.9 fall within one order magnitude of the 1:1 line, indicating that
our in-lab calibration was able to successfully correct for the water quality parameters
of each site. Data points farther away from the 1:1 line were mostly associated with
measurements at Prof. Trash Wheel and Gwynnda Trash Wheel. Several reasons
could have caused these deviations. First, Prof. Trash Wheel is situated in an area that
is more tidally influenced, where complex dynamic processes may be occurring to
affect not only PFAS concentrations but also Cl™ levels that influence our universal
calibration. Gwynnda Trash Wheel is located next to the Baltimore City solid waste
incinerator and at the mouth of the Gwynns Falls, which is known to have wastewater
inputs due to sanitary sewer leaks and overflows [76], [77], [78], [79]. These factors
could influence PFAS inputs at these sites. Furthermore, the dynamic hydrological
conditions at these sites may greatly influence the range of PFAS concentrations in
grab samples; therefore, agreement between the passive sampler-based concentrations

and those from grab samples is not necessarily expected or desired. The key
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advantage of passive samplers is the ability to determine time-averaged
concentrations that better represent long-term PFAS levels in Baltimore Harbor.
Notably, PFAS concentrations measured in wastewater effluent were more similar for
the passive samplers and grab samples, which may reinforce the dynamic conditions

of the Harbor relative to more stable PFAS levels in wastewater effluent.
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Figure 3.9. PFAS concentrations determined from passive samplers plotted
against those measured in grab samples. The dashed lines are one order of
magnitude away from the solid 1:1 line. Regression analysis of the complete dataset
yielded the following relationships shown. Because the slope of the trendlines were
close to 1 and the intercepts overlapped with 0, no significant differences in aqueous
PFAS concentration were identified between the grab samples and the passive
sampler calculations.

3.4. Conclusions

The objective of this chapter was to deploy passive samplers into real water sources
and employ the universal calibration constructed in Chapter 2 to determine PFAS
concentrations in and around Baltimore Harbor. Four sites were chosen for passive

sampler deployment with assistance from Blue Water Baltimore, the Waterfront
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Partnership, and the Baltimore Department of Public Works. The initial passive
sampler deployments enabled optimization of the protective mesh material and length
of deployment. In particular, the copper mesh resulted in formation of a copper scale
on the membrane, resulting in an additional PFAS adsorption mechanism that was not
accounted for in the universal calibration. As a result, a stainless-steel protective
mesh was implemented into the samplers. The passive samplers were deployed for
two, three, and four weeks, but no major changes in PFAS accumulation were
observed after two weeks. As such, we determined that the passive samplers should
be deployed for at least two weeks. The universal calibration constructed in Chapter 2
was applied to the passive samplers to calculate the time-averaged, aqueous-phase
concentrations of PFAS at each site. The long-term, time-averaged PFAS levels
determined by the passive samplers were generally within one order of magnitude of
PFAS concentrations measured in grab samples, which are more influenced by
dynamic conditions. This outcome was considered highly successful, demonstrating
the promise of anion-exchange membrane based passive samplers with universal

calibration to measure PFAS in diverse water sources.
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Chapter 4: Conclusion

Overall conclusions

4.1. Water quality impacts on PFAS selectivity coefficients for the development of a

universal calibration

Chapter 2 aimed to (1) determine the selectivity coefficients for PFAS™ over Cl™ and
(2) develop predictive models to accurately calculate selectivity coefficients across
various water sources. Batch sorption experiments were conducted to assess the
effects of solution pH, salt concentration, salt type, DOM concentration, and DOM
type on the selectivity coefficients. Results were then used to develop a universal
calibration that can accurately represent the selectivity coefficients of PFAS across
different water types. The main findings for each water quality parameter are reported

below.

We concluded that pH had a negligible impact on the selectivity coefficient for most
PFAS due to their low pKa values, which ensure the predominance of anionic species
at environmentally relevant pH levels (i.e., pH 5-9). However, for PFAS with
environmentally relevant pKa. values (e.g., PFOSA, N-MeFOSAA, N-EtFOSAA),
solution pH plays a crucial role. Lower solution pH caused some of the PFAS to exist
in their neutral form, which interacted less favorably with the fixed positive charges

in the anion-exchange membrane.

Salt concentration and type experiments observed the significant impact of salting-out

phenomena on the selectivity coefficient’s magnitude, particularly for long-chain
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PFAS. As salinity increased, the observed selectivity coefficient also increased. These
effects were quantified by calculating and applying Setschenow constants.
Monovalent salts generally exhibited similar Setschenow constants, suggesting that
NaCl could serve as an appropriate representative. In contrast, the Setschenow
constants for divalent salts were typically greater than those for NaCl, highlighting

the importance of carefully considering salting-out effects in hard water.

The combined effects of pH and salinity confirmed that the trends observed in single-
variable experiments remained valid when these factors were applied simultaneously.
Higher apparent selectivity coefficients were observed at elevated salt concentrations

and at higher pH for PFAS containing sulfonamide or other similar functional groups.

Minor impacts of DOM type and concentration were observed concerning the
selectivity coefficients of long-chain PFAS. However, PFAS accumulation in the ion-
exchange membranes did not vary significantly with changes in DOM concentration.
The observed differences in calculated selectivity coefficients for long-chain PFAS in
the presence of DOM were attributed to mass depletion effects, which increased the
uncertainty of the aqueous-phase PFAS concentrations at equilibrium. Notably, as
negligible effects were observed on selectivity coefficients and membrane-phase
PFAS concentrations in the presence of Suwannee River NOM, no adjustments were

made to the universal calibration to account for DOM.

4.2. Passive sampler field-validations utilizing the constructed universal calibration

Chapter 3 aimed to deploy passive samplers in real water sources and apply the

universal calibration developed in Chapter 2 to quantify PFAS concentrations in and
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around Baltimore Harbor. Four deployment sites were selected in collaboration with
Blue Water Baltimore, the Waterfront Partnership of Baltimore, and the Baltimore
City Department of Public Works. Initial deployments facilitated the optimization of
both the protective mesh material and length of deployment. The use of copper mesh
led to the formation of a copper scale on the membrane, introducing an unintended
PFAS adsorption mechanism that was not accounted for in the universal calibration.

As a result, stainless-steel mesh was adopted in subsequent deployments.

Passive samplers were deployed for durations of two, three, and four weeks, with no
significant differences in PFAS accumulation observed beyond two weeks. Therefore,
we determined that the passive sampler should be deployed for a minimum of two
weeks. The universal calibration model from Chapter 2 was then applied to estimate
time-averaged, aqueous-phase PFAS concentrations at each site. The PFAS
concentrations measured by the passive samplers were generally within one order of
magnitude of those obtained from grab samples, which are more susceptible to
dynamic environmental variability. This alignment highlights the effectiveness of
anion-exchange membrane-based passive samplers with universal calibration as a

reliable method for measuring PFAS in diverse aquatic environments.

4.3. Raising awareness of PFAS contamination in the harbor through the

dissemination of information to collaborators

Field deployments at the trash wheels and wastewater treatment plant were made
possible through the collaboration and support of Blue Water Baltimore, the

Waterfront Partnership, and the Baltimore Department of Public Works. Given their
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instrumental role in facilitating site access and logistical coordination, the findings
from this study will be shared with these organizations. This dissemination will not
only enhance local understanding of PFAS contamination but also support ongoing
environmental monitoring and policy development efforts aimed at improving water
quality in Baltimore Harbor. Furthermore, sharing these results may inform future
sampling strategies and remediation initiatives, fostering continued collaboration

between researchers and community stakeholders.

4.4. Future work

Further development of this novel passive sampler will be undertaken to enhance its
performance and applicability. In particular, efforts will focus on refining the
universal calibration by testing additional common salts (e.g., sodium bicarbonate,
sodium sulfate) and more complex salt mixtures. Moreover, expanded field
deployments will be carried out across a range of environments to evaluate sampler

effectiveness not only in surface water, but also in pore water and sediment matrices.
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Appendices

Appendix A: Abbreviation Glossary

Perfluorocarboxylates (PFCASs):

Perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic
acid (PFHxA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA),
perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA),
perfluoroundecanoic acid (PFUdA), perfluorododecanoic acid (PFDoA),

perfluorotridecanoic acid (PFTrDA), perfluorotetradecanoic acid (PFTeDA)

Perfluoroalkane sulfonates (PFSAs):

Perfluorobutane sulfonate (PFBS), perfluoropentane sulfonic acid (PFPeS),
perfluorohexane sulfonate (PFHxS), perfluoroheptane sulfonic acid (PFHpS),

perfluorooctane sulfonic acid (PFOS)

Fluorotelomer Sulfonates (FTS):

4:2 fluorotelomer sulfonate (4:2 FTS), 6:2 fluorotelomer sulfonate (6:2 FTS), 8:2

fluorotelomer sulfonate (8:2 FTS)

Perfluoroalkane sulfonamide and sulfonamido acetic acid:

Perfluorooctanesulfonamide (PFOSA), N-Methylperfluorooctane sulfonamidoacetic
acid (N-MeFOSAA), N-ethyl perfluorooctane sulfonamido acetic acid (N-

EtFOSAA).
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Replacement PFAS:

Hexafluoropropylene oxide dimer acid (HFPO-DA)
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