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Abstract

Surfactant Properties of Per- and Polyfluoroalkyl Substances (PFAS): Implications for
Detection, Fate, and Transport in Environmental and Treatment Matrices

by

Sophia D. Steffens

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Lisa Alvarez-Cohen, Chair

‘Forever chemicals’ is on its way to becoming a household name. Yet as researchers, we are
still identifying the numerous data gaps in our understanding of bio- and chemical transfor-
mation, toxicity, transport processes, and physicochemical behavior of the poly- and perflu-
orinated alkyl substances (PFAS) that have earned this colloquial title. This dissertation
addresses how the unusual surfactant properties of PFAS derived from fluorine chemistry
impact their behavior in the context of environmental management and treatment technolo-
gies.

The physicochemical properties investigated in this work are aggregation, surface activity,
and sorptive behavior, all of which have the potential to cause artifacts of removal in treat-
ment systems, as well as unexpected behavior in the environment. The aggregation of PFOS
with specific groundwater relevant salts is investigated in order to understand an artifact of
PFOS removal in high ionic strength treatment-like matrix. Additionally, the surface activity
and interfacial accumulation activity of PFOS is evaluated using the Langmuir-Szyszkowski
adsorption model (Chapter 2). This work is expanded upon by investigation of the aggrega-
tion and surface accumulation properties of an industrial AFFF, which is more representative
of the complex PFAS contamination matrices that may be subject to high salinity conditions
in the environment (Chapter 3). Lastly, sorption processes related to PFAS removal in a bio-
based treatment system are uncovered through a mechanistic investigation of a multi-step
oxidative treatment mechanism (Chapter 4).

Overall, this works serves to provide researchers with a more complete picture of the com-
plexities associated with PFAS treatment in relation to their unique surfactant properties.
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Chapter 1

Introduction

1.1 What are PFAS?

Per- and polyfluoroalkyl substances (PFAS) are pervasive, recalcitrant, and ubiquitous
environmental contaminants, yet have proved to be a nearly irreplaceable chemistry in count-
less formulations whose function we now take for granted. PFAS are referred to as ‘fluo-
rocarbons’, ‘PFCs’, ‘perfluorochemicals’, and, more colloquially, as ‘forever chemicals’, due
to their environmental persistence. PFAS are recognizable by their multiple carbon-fluorine
(C–F) bonds, the strongest covalent bond in organic chemistry. Their structure is also re-
vealing of their synthetic quality; fluorinated compounds are very rarely found in nature,
which has been attributed to the low concentration of fluoride in seawater and subsequent
low utilization in metabolic evolution [1]. The combination of these two factors– high bond
strength and low natural occurrence– is the root cause of high persistence of PFAS in the
environment. Very few biological defluorination pathways have been identified [2] [3].

While the strong C–F bond lends resistance to biological degradation, it likewise resists
thermal and chemical degradation, making it an extremely useful chemistry for the pro-
duction of long lasting, inert materials. PFAS are surfactants, and are dually hydro- and
oleophobic due to their low polarizability [4]. Their surfactant structure lends to high surface
activity and wettability, making them highly valued in technical applications. Incorporation
of PFAS into industrial processes, and consumer and industrial products, has led to their
widespread distribution in the environment [5]. PFAS are now inextricably linked to the wa-
ter cycle, and can be found in rainwater and polar regions [6]. Unfortunately, we now know
that PFAS are toxic and bio-accumulative; they have been linked to multiple human health
endpoints, including endocrine disorders, hepatotoxicity, reproductive effects, decreased im-
mune response, increased cholesterol, and increased risk of prostate, kidney, and testicular
cancers [7–13].

The challenge of PFAS is two-fold: one, can we identify safer replacement chemistries?
And two, how do we deal with the massive scale of environmental contamination we are now
confronted with? Addressing both of these challenges will require further innovation and
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unrelenting attention.

1.2 Discovery

Organofluorine compounds contain the strongest single bond in organic chemistry– the
carbon-fluorine bond. The utility of this bond was not lost on chemists, who began synthe-
sizing organofluorines even before elemental fluorine had been isolated [14]. In the 1940s, as
organofluorines were being researched in the context of the Manhattan project and wartime
materials, chemists recognized that the small spatial requirements of fluorine could allow for
hydrogen atom substitution in any hydrocarbon or derivative. The ‘patterning’ of organoflu-
orine compounds over the known organic compounds at the time suggest a trillion new fluo-
rinated compound structures [15]. The fact that we now know of the existence of over 9000
PFAS in the environment [16], is, by comparison, almost minuscule.

One of the first commercialization of PFAS was carried out by 3M (Minnesota Mining
and Manufacturing Company) in the 1940s [15]. Initially derived from perfluorocarbon acyl
and sulfonyl fluorides, PFAS were synthesized by electrochemical fluorination (ECF) reac-
tions which substituted all of the H-atoms with F-atoms. Due to the free radical nature
of the ECF process, a suite of PFAS containing linear and branched structures, a range of
fluorocarbon chain lengths, and various functional groups including perfluoroethers, perflu-
oroacyl fluorides, perfluoroalkane sulfonyl fluorides, and perfluorinated amines result from
the synthesis [14].

Quick to realize the utility of fluorocarbon chemistry, 3M developed one of their most
well-known products, Scotchguard, which could be used as an oil- and water-repellent treat-
ment for textiles such as carpet [14]. Around the same time, scientists at DuPont discovered
that the polymerization of tetrafluoroethylene (TFE) produced the substance polytetrafluo-
roethylene (PTFE). PTFE proved to have high thermal and chemical stability and resisted
adherence to other substances, making it a high performance coating. In 1948, Teflon be-
came the first commercial PTFE product sold by DuPont [14], and has now become nearly
synonymous with non-stick cookware.

In the 1970s, a new synthetic route to fluorocarbons, termed telomerization, was devel-
oped. Telomerization utilizes a taxogen and a telogen, namely, perfluoroethylene and perflu-
oroethyl iodide, to produce even numbered, straight chain perfluorinated iodides. From per-
fluorinated iodides, perfluorinated carboxylic acids, fluorotelomer alcohols, and fluorotelomer
olefins can be produced [17]. Unlike the ECF-production method, telomerization does not
yield branched or cyclic compounds, and is a more controlled synthetic route. Now, more
than 80 years after their initial discovery and synthesis, PFAS have found their way into
countless consumer and industrial applications.
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1.3 Applications

PFAS applications are numerous. As consumers, we benefit from the material properties
imbued by their chemistry in water- and oil-repellent textiles, such as durable water repel-
lent (DWR) outdoor gear, stain-resistant upholstery and carpet, non-stick cookware and
grease-resistant food packaging. In industrial processes, PFAS are utilized in metal plat-
ing and etching, wire and semiconductor manufacturing, and as mold-releasers in plastics
manufacturing [18]– essentially, PFAS aid in keeping surfaces clean, and preventing stick-
ing in materials extraction and extrusion processes. PFAS have become valued for fighting
hydrocarbon-fuel based (Class B) fires; they are a critical component in aqueous film form-
ing foam (AFFF), a blend of fluorocarbon and hydrocarbon surfactants formulated to have
high spreadability over hydrocarbon fuel, imparting fire-quenching properties [19]. While the
technical performance requirements in these applications vary, the material properties are
leveraged in these many applications. However, upon finding their way into the environment,
the surfactant properties of PFAS present an entirely new set of challenges.

1.4 Physicochemical properties

The role of PFAS surfactant physicochemical properties in their environmental behavior
and remediation has gained substantial interest in recent years. Namely, the tendency for
interfacial accumulation (e.g., water–air, soil–water) and aggregation (e.g., micelle, hemi-
micelle formation) has the potential to significantly impact PFAS fate and transport, as
well as influence considerations for PFAS detection and treatment [20–22]. Evaluating the
impact of PFAS physicochemical properties in the environment is complicated due to the fact
that compound structure (e.g., perfluorinated chain length, head group, branched or linear
isomer) and compound concentration must be taken into consideration [23, 24]. Additionally,
interactions between different PFAS and co-contaminating chlorinated solvents (i.e., BTEX,
TCE), as well as site specific characteristics (i.e., temperature, pH, salinity, total organic
carbon), can impact surfactant behavior [21, 25–28].

Numerous early studies on PFAS behavior in heterogeneous systems reported sorption
effects that are related to PFAS interfacial activity, without necessarily describing them
as such [29–31]. Some studies described formation of PFAS hemi-micelles, particularly in
porous materials that promoted the concentration of monomers within small pore volumes
compared to the bulk solution [32–35]. ‘Salting-out’, a characteristic related to surfactant
solubility and aggregation in saline conditions, has also been used frequently in the literature
to describe PFAS behavior [36–39].

Currently, there are intensified research efforts related to PFAS partitioning in saline
environments [36–44] and related to measuring and modeling PFAS interfacial behavior [20,
24, 28, 45–50]. While challenging, it is critical to address the physicochemical properties
that can contribute to enhanced accumulation and potential for decreased detection in order
to effectively manage contamination.
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1.5 Health & Environmental Consequences

Perfluorooctanesulfonic acid (PFOS), one of the dominant PFAS to emerge from early
ECF production processes, was also the first to be identified globally in biota and humans [51]
[22], propelling PFAS research into the spotlight. For humans, ingestion of PFAS is a major
exposure route, either through drinking water or diet [52–57], but dermal contact through
personal care products and the built environment [58–61] and inhalation of dust and airborne
particles [62–64] are other common exposure routes. PFAS accumulation in bodily tissues
varies, but unlike other persistent organic pollutants, PFAS tend not accumulate in fatty
tissues due to their lipophobicity [65, 66]. Rather, PFAS have been shown to concentrate in
blood and in brain, liver, and lung tissues [65, 67].

PFAS exposure has been linked to low birth weight, high cholesterol, decreased immune
response, liver, testicular, and kidney cancer, and kidney disease [7–13]. The sheer number of
PFAS makes it challenging to evaluate potential health endpoints of individual compounds,
and there is increasing pressure to address exposure risks by addressing PFAS as a chemi-
cal class [68–70]. Further, stricter regulations to mitigate PFAS exposure are finally being
implemented by governing agencies in the U.S.; in June 2022, the U.S. Environmental Pro-
tection Agency (EPA) released updated health advisory limits (to non-detectable limits)
for PFOA and PFOS and added two additional PFAS, perfluorobutanesulfonic acid (PFBS)
and perfluoroalkyl ether acids (GenX) to the advisory list [71]. Given these new regulations,
there is mounting pressure to discover and implement robust treatment technologies across
contamination matrices.

1.6 Treatment & Environmental Remediation

PFAS treatment faces a unique set of challenges. Perhaps most notably, the vast scale
of PFAS contamination is daunting; a new presumptive contamination model determined
nearly 60,000 sites in the United States that were identified as AFFF discharge sites, cer-
tain industrial facilities, or sites related to PFAS containing waste [72]. As evidenced by
the number of contaminated drinking water sources– over 200 million U.S. residents re-
ceive PFAS-contaminated drinking water [73]– PFAS are not confined to point sources, but
rather, are widely distributed across environmental matrices. Because of their recalcitrance,
PFAS are essentially ‘recycled’ as they move through discharge and disposal routes, being
transported through air, soil, and water [74].

PFAS treatment technologies fall under two main categories: sequestration or destruc-
tion. Sequestration can include coagulation and separation [34, 75–77], ultra filtration with
advanced membranes [78–80], granular activated carbon (GAC) filtration [35, 81, 82], and
removal with anion exchange resins [81–85]. While useful in preventing direct exposure, se-
questration technologies ultimately require secondary treatment in the form of a destructive
technology, in order to fully remove PFAS from environmental cycles. PFAS destructive tech-
nologies are typically chemically and/or energetically intensive, including thermal treatment
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(e.g., incineration, pyrolysis, smoldering) [74, 86–89] advanced reduction processes (e.g.,
hydrated electrons) [90–92], advanced oxidation processes (e.g., heat activated persulfate
oxidation) [78, 93, 94], and supercritical water oxidation [95–98].

The high chemical and energy requirements of destruction technologies will remain a
challenge in PFAS treatment going forward, and synergistic treatment strategies will be
required to optimize PFAS remediation. In a recent review, the authors write,

“An appropriate treatment strategy for PFAS-impacted waste [includes] multiple
treatment technologies in series to concentrate PFAS into the smallest volume
possible for energy-intensive destruction.” (McDonough et al. 2022) [95].

While practical to utilize energy intensive processes most efficiently, the immense scale of
contamination makes bioremediation a more desirable strategy. However, biological treat-
ment of PFAS has proved extremely challenging. Transformation of polyfluorinated com-
pounds in the environment and in isolated microcosms has been studied and has indicated
pathways by which perfluoroalkyl acids are produced from precursor (i.e., polyfluorinated)
compounds, yet the mechanisms have not been fully elucidated [99–104]. Transformation
of perfluorinated compounds has rarely been observed; recently, an Acidimicrobium species
was reported to defluorinate PFOA and PFOS, but results from preliminary studies have
yet to be reproduced [3]. Similarly, PFOA and PFOS transformation have been reported in
a fungal-based treatment system [105, 106], but defluorination was not substantiated and no
further evidence has been reported in the literature.

Recently, the case has been made for consideration of enhanced attenuation (EA) pro-
cesses for PFAS groundwater remediation [41]. While originally established as a framework
in the early 2000s for chlorinated groundwater contaminants, identification of mass flux and
travel time of PFAS from a contamination plume would help to identify sites that could
benefit from EA strategies. Given that PFAS do not fully degrade in the environment, EA
strategies would merely serve to sequester (i.e., permanent trapping of PFAS) and retain
(i.e., storage for a limited amount of time) PFAS [41, 107–109]. However, this approach
would still be useful in prioritizing treatment sites and evaluating exposure risk at sites with
different characteristics.

1.7 Scope of Work

This work was initiated from the investigation of two PFAS treatment technologies;
the first, a thermally-activated chemical process, and the second, a bio-activated chemical
process. While seemingly quite different methods, the concept of both is the same: in
the first, heat activates persulfate into sulfate radicals which are strong oxidizing agents
capable of degrading persistent organic pollutants (POPs) [110]. This reaction is termed heat
activated persulfate oxidation (HAPO) and is a widely applied method of in situ chemical
oxidation (ISCO) [111–114]. In the second, a fungal multi-copper oxidase (MCO) enzyme
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activates a small-molecule chemical mediator into nitroxyl radicals, also capable of degrading
POPs [115–118]. This reaction is termed the laccase-mediator system (LMS).

In evaluating HAPO treatment for groundwater from sites contaminated with legacy
AFFFs, we observed an artifact of PFOS removal that was not well understood or previously
reported in the literature. It became evident that the high concentration of salts used in
HAPO were causing PFOS losses in the treatment matrices that were not due to PFOS
transformation or degradation. Following this observation, we investigated the mechanism
of the salt effect and its origin in the surfactant physicochemical properties of fluorocarbon
compounds (Chapter 2 & Chapter 3). In evaluating LMS treatment for PFAAs, which
has recently been reported as a potential bio-based strategy for PFAA degradation [105,
106], we were unable to reproduce results supportive of PFAA transformation. This led
to a systematic investigation of the LMS mechanism in an attempt to achieve successful
treatment of PFAAs. While ultimately we were not able to prove that a LMS is capable of
PFAA oxidation, we instead uncovered an important artifact of PFOA and PFOS removal
in the treatment system which was attributed to sorption by the enzyme (Chapter 4).

PFAS are notoriously challenging to treat, and researchers are continually looking to
new technologies as a boon for PFAS treatment– particularly, for the most recalcitrant
perfluorinated carboxylic and sulfonic acids. The surfactant chemistry of PFAS, and the
unique physicochemical properties associated with it requires that special attention be paid to
the evaluation of PFAS treatment methods in order to prevent ‘removal’ from being equated
with ‘degradation’. Overall, this work provides insights into the complexities associated with
PFAS chemistry and environmental remediation, and recommendations for how to leverage
PFAS surfactant chemistry in designing and optimizing treatment systems.
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Chapter 2

Aggregation and interfacial activity of
perfluorooctanesulfonic acid (PFOS)
in high ionic strength solutions

Parts of this chapter are included in the publication, “Under-reporting Potential of Perfluo-
rooctanesulfonic acid (PFOS) under High Ionic Strength Conditions” (Steffens et al. 2021)

2.1 Synopsis

The surfactant properties of PFOS, namely, its critical micelle concentration and air-
water interfacial activity, are influenced by the presence of salts in aqueous solution. This
chapter describes how mono- and divalent salts affect PFOS solution behavior and the po-
tential consequences to PFOS detection, accumulation, and transport in treatment and en-
vironmental matrices.

2.2 The salting-out phenomenon

The ‘salting-out’ phenomenon is commonly used to describe the decrease in aqueous sol-
ubility of non-electrolytes upon salt addition [119–123] and is frequently used in the context
of protein and surfactant phase partitioning behavior [124–127]. Although numerous inves-
tigators of the common fluorinated surfactants per- and polyfluoroalkyl substances (PFAS)
have used the term ‘salting-out’ to account for PFASs behavior in the environment [37, 44,
84], none have provided a thorough investigation of the salting-out phenomenon as it re-
lates to PFAS detection in bulk solution. Some investigators have reported the effect of low
concentration electrolytes on increasing interfacial activity of PFAS [24, 45–47], yet there
has been no investigation of specific cation effects on interfacial activity and bulk solution
behavior of PFOS.
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PFAS surfactant properties pose unique challenges to both their environmental and ex-
perimental detection and monitoring. The interfacial behavior and critical micelle concen-
tration (CMC) of fluorinated surfactants are influenced by counterions [128–131] and are
critical properties for monitoring and modeling environmental fate [20, 21, 24, 49, 120]. Un-
derstanding the relationship between ionic strength and PFAS solution behavior can inform
prediction of partition coefficients associated with air-water, soil-water, and, particularly
important to PFAS contamination, non-aqueous phase liquid (NAPL)-water interfaces [28,
132].

We chose to focus on perfluorooctanesulfonic acid (PFOS) because it was one of the first
detected, most environmentally persistent, and challenging to treat of the PFAS class [133–
135] and has known toxicity effects in humans [63, 136, 137]. Despite its halt in production
in the early 2000s, PFOS continually enters the environment via biological breakdown of
precursor substances, compounding legacy contamination [134] and necessitating continued
monitoring and treatment efforts. PFOS is sometimes present in high ionic strength condi-
tions when accurate detection and monitoring are important. For example, in situ chemical
oxidation (ISCO) often employs potassium or sodium persulfate concentrations as high as
0.7 M for remediation of chlorinated volatile organic compounds (cVOCs), which often co-
occur with PFOS contamination [27, 112, 138]. Salt and PFOS are also present in brines
from reverse osmosis (RO) and ion exchange (IX) treatments [139–141] and landfill leachate
often contains high PFOS levels in high ionic strength conditions [142]. Further, PFOS
may be present in saltwater impacted sites with high ionic strength [143] The detection and
quantification of PFOS in high salinity matrices necessitates a better understanding of the
relevance of the salting-out effect and warrants investigation of the associated mechanisms
to improve transport models and detection accuracy.

The objective of this study was to assess the role of high ionic strength, with a focus on
specific cation effects, in the salting-out and surface behavior of PFOS in aqueous solutions.
We quantified PFOS in bulk solution under conditions typical of persulfate ISCO and in
seawater and evaluated the effect of common mono- and divalent cations (K+ Na+, Mg2+,
Ca2+) on PFOS behavior. To further evaluate the mechanism of the salting-out phenomenon,
we measured surface tension isotherms of salt-containing PFOS solutions via pendant drop
tensiometry. Surface activity and CMCs were calculated from the surface tension isotherms.

2.3 Materials & Methods

Chemicals

PFOS stock solutions were prepared from reagent grade perfluorooctanesulfonic acid
(40% in H2O (T)) from Sigma-Aldrich. All salts were purchased at the highest purity
available from Sigma-Aldrich or Fisher Scientific. A PFAS analytical standard mixture
containing PFOS (PFAC-MXA, 5 µg/mL in MeOH) and mass-labeled analogs containing
sodium perfluoro-1-[1,2,3,4-13C4]octanesulfonate (MPFAC-MXA, 2 µg/ml in MeOH ) was
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Figure 2.1: The presence of mono- and divalent cations in aqueous solution affects sorption of
PFOS at the air-water interface and aggregation and detection of PFOS in the bulk solution.

obtained from Wellington Laboratories Inc. Ottawa sand (50-70 mesh particle size) was
purchased from Millipore Sigma.

Sample Analysis

PFOS was quantified by LC-MS/MS equipped with electrospray ionization in negative
mode (Triple Quad 6460A, Agilent Technologies) multiple reaction monitoring (MRM). Gas
and Sheath Gas Heater temperatures were 325 and 350◦C respectively. Gas and sheath gas
flows were 9 L/min. The nebulizer was kept at 25 psi and the capillary voltage was 3.5
kV. Samples were prepared for analysis by dilution in MeOH to a target concentration of 10
µg/L to ensure quantification within the calibration range (0.2-10 µg/L). The isotope dilution
method was used to account for any potential matrix effects. Mass labeled [13C]-PFOS (2
µg/L) was added to LC-MS/MS sample vials for each sample in the final stage of sample
preparation. Analytes were separated using a Zinc-Diol guard column coupled to Zorbax C18
XDB guard and analytical columns (Agilent Technologies). The mobile phase (0.4 mL/min)
was 10-mM ammonium acetate in water (A) and 10-mM ammonium acetate in MeOH (B)
with a solvent gradient: hold 0-2 min 90% A, ramp to 5% A by 8 min, hold 8-12 min 5%
A, ramp to 90% A by 14 min, hold 14-18.5 min 90% A. During the first seven minutes, the
flow from the column was diverted to waste to prevent accumulation of non-volatile salts
at the ionization source and capillary. The LC-MS/MS setup includes delay C18 columns
at the outlet of each of the pump heads to decrease contamination from PTFE components
in the instrument. PFOS was quantified by the transition 499.0 → 80.0 (Collision Energy
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Figure 2.2: Observed PFOS retention time in a calibration curve standard, a salt-free sample,
and a sample diluted from a high ionic strength solution.

(CE) 50 V), and the mass labeled PFOS (MPFOS) by the transition 503.0 → 80.0 (CE
60 V). Qualifier transition for PFOS was 499.0 → 90 (CE 80 V). The relative response
of PFOS/MPFOS was used to build a calibration curve (0.2-10 µg/L, R2 ≥ 0.99). PFOS
and MPFOS had a retention time close to 12 min. Mobile phase blanks were run every 10
samples and select calibration samples were re-run every 20 samples to prevent contamination
or carryover in the analysis. The retention time for PFOS in standards, salt-free samples,
and high ionic strength samples were compared to ensure accurate quantification. No major
shifts in retention time were observed, as shown in Figure 2.2.

ISCO Experimental Set-up

PFAS-contaminated aquifer water and dried, homogenized, sieved aquifer solids (NAS
Jacksonville, FL, 5-35’ below ground surface) from Naval Air Station Jacksonville, FL were
used and dosed with concentrated persulfate solution. Groundwater and solids were added
to polypropylene 200 mL bottles in a one-to-one ratio (v/w). This slurry was subjected to
a short peroxide pretreatment step to simulate a potential in situ strategy for persulfate
heat-activation. Four total doses of sodium persulfate were each targeting 200-mM. Slurry
samples were taken weekly, centrifuged at 10,000 g for 10 minutes, and supernatant was
stored in a -20°C freezer in a one-to-one ratio of methanol for LC-MS/MS analyses. Bottles
were kept in an incubator set to 37±3°C for continuous heat-activation of the persulfate and
periodically mixed. Initial slurry pH was 5-6 and dropped to approximately 2 within three
days from persulfate degradation.
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Solids extraction assay to confirm recovery in high persulfate
dosing experiment

To ensure PFOS was not merely adsorbing to solids in the ISCO experiments, we used a
similar soil extraction method to the methods described in Houtz et al. [144]. Approximately
500 mg of soil samples from the final time point of high persulfate HAPO experiment were
homogenized and placed in a 15 mL centrifuge tube. Then, 2.5 mL of 0.1% ammonium
hydroxide in methanol was added to the soil samples. The centrifuged tubes were vortexed
for 20 seconds, sonicated for 30 minutes, shaken on a rotating table ( 130 rpm) for two hours,
and centrifuged at 5000 rpm for five minutes. Supernatant was pipetted to a new tube. This
process was repeated two more times and the combined volume was dried and reconstituted
with methanol. The tubes were vortexed for at least 10 minutes before further preparation
for LC-MS/MS analysis. There is a total difference of approximately 0.9 µM ( 450 µg/L)
PFOS between the first and final time point of the experiment; less than 0.02 µM ( 9 µg/L)
PFOS was recovered from the soil extraction assay, suggesting that adsorption did not cause
the PFOS decrease. The PFOS extracted from the soil extraction assay could be attributed
to residual groundwater saturating the solids.

Bulk Solution Experiments

Bulk solution PFOS was quantified by LC-MS/MS. PFOS solutions were prepared in
Milli-Q water in polypropylene centrifuge tubes, to which solid salts were added; solutions
were left to equilibrate in a 37±3°C incubator for at least 3-hours after salt addition. Aqueous
samples taken before and after salt addition were diluted in methanol to ensure that PFOS
concentrations would be in the linear range of the LC-MS/MS calibration curve; therefore,
the ionic strength of prepared samples was significantly lower than in the experimental
conditions. The isotope dilution method was used to account for any potential matrix
effects. Mass labeled [13C]-PFOS (2 µg/L) was added to LC-MS/MS sample vials for each
sample in the final stage of sample preparation. To evaluate salt effects, batch experiments
were performed in 15- or 50-mL polypropylene centrifuge tubes or 150 mL polypropylene
bottles. Milli-Q water was used to prepare all solutions, except for the solutions prepared in
sea water. Seawater was collected (37º51’44.9”N 122º18’48.7”W) and filtered with a Corning
0.22 µM PES filter prior to preparing PFOS solutions. Seawater was characterized by ion
chromatography (465-mM Na+, 9.3-mM K+, 59.1-mM Ca2+). In bulk solution experiments,
PFOS was added from a 5-mM stock solution. PFOS solutions were left to equilibrate in
a 37±3°C incubator for at least 12 hours prior to salt addition. After salt-addition, PFOS
solutions were left to equilibrate in a 37±3°C incubator for at least 3 hours. Aliquots from
experiment bottles were centrifuged (10,000 g, 10 minutes, 25°C), then a portion (≤50%
volume) of the aqueous sample was diluted in MeOH (50/50 v/v). For all prepared salt
solutions (Na2SO4, NaCl, KCl, MgCl2, CaCl2) concentration loss was calculated by sampling
and measuring PFOS concentration in prepared Milli-Q water solutions before and after salt
addition. For quantifying concentration loss in the seawater solutions, one set of PFOS
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solutions was prepared in Milli-Q water and one set was prepared in seawater; equal volumes
of PFOS stock solution were added to equal volumes of seawater to obtain the range of target
concentrations. Besides the persulfate treated solutions in the ISCO experiments, the pH
of all high ionic strength solutions was between pH 7-8 due to the use of chloride salts (K+

Na+, Mg2+, Ca2+).

Surface Tension Experiments

Surface tension isotherms were measured using the pendant drop method on a KRÜSS
tensiometer. Solutions used for surface tension measurements were prepared at least 24 hours
prior to measurement. The CMC of PFOS was determined from the intersection a linear fit
in the pre-CMC region of the vs. ln C plot and the surface tension minima [145–147]. The
Szyszkowski equation (2.1) was fitted to the measured data to determine surface activity
[45]:

γ = γ0[1 − a× ln(
C

b
+ 1)] (2.1)

γ0 represents the surface tension of ultrapure water, C represents the bulk solution concen-
tration, and a and b are fitted parameters related to the maximum surface excess and surface
activity, respectively.

The fitted parameters a and b were determined using a non-linear regression using
NumPy, SciPy, and Pandas packages in Python 3.8.5.

Langmuir-Szyszkowski equation fitting

The fitted parameters were determined using a non-linear regression using NumPy, SciPy,
and Pandas packages in Python 3.8.5; workflow is summarized in Figure 2.3. Surface tension
data was imported and the SciPy curve fit function was used to calculate the parameters a
and b in the Szyszkowski equation. The R2 values for the fitted data were calculated using
the r2 score function from the sklearn.metrics package. The data was fit in a limited range
up to the apparent CMC in each of the conditions, to obtain the best fit. By determining the
a and b parameters for the specific cations tested, the maximum surface excess and surface
activity of PFOS was calculated using the Langmuir-Szyszkowski equation [45],

Γ =
γ0a

RT

C

C + b
(2.2)

where the term Γ represents the maximum surface excess as a function of the parameter a,
and the parameter b is the surface activity of the as it relates to the free energy required to
transport a surfactant molecule from the bulk solution to the air-water interface.
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from sklearn.metrics
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eq. using a; b is the 
surface activity.

Figure 2.3: Workflow of fitting Szyszkowski equation parameters from surface tension
isotherm data using Python.

Mass balance for bulk solution interfacial PFOS

To determine if the PFOS concentration decrease in bulk solution was due to settling out
and interfacial adsorption of aggregates, we sampled a PFOS containing bulk solution before
and after addition of 200-mM Na2SO4. Upon preparation, the solution was left to equilibrate
for 24-hrs prior to taking a Pre-Salt sample. After Na2SO4 addition, we sampled the bulk
solution 5-minutes post-salt addition and 24-hrs post-addition, allowing the centrifuge tubes
housing the solutions to rest on the bench top between sampling. Centrifuge tubes were
not agitated in any way prior to sampling. After 24-hrs, the bulk solution was decanted,
and the tubes were freeze-dried. To extract PFOS adsorbed onto the walls of the centrifuge
tubes (Interfacial PFOS), 20-mL of 50/50 MeOH/H2O was added to the tubes. The tubes
were thoroughly shaken and an aliquot was taken for quantification via LC-MS/MS. The
approximate mass in the Bulk PFOS versus Interfacial PFOS was calculated based on the
solution volume at the time of sampling and concentration as determined via LC-MS/MS
quantification.
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Air-water interface film experiment

Following an experimental procedure described by Schaefer et al. [47], we assessed PFOS
adsorbed at the air-water interface by quantifying PFOS in the air-water ‘film’ of a bulk
PFOS solution. Solutions containing ca. 10 mg/L PFOS were prepared in 50-mL centrifuge
tubes with a small hole drilled at the bottom which were temporarily closed with tape.
Solutions were prepared in triplicate for ultrapure and 200-mM Na2SO4 matrices. Solutions
were left to equilibrate on the bench top for 48-hours, after which the bulk solution was
carefully drained into another centrifuge tube, and a portion of the film-containing volume
was collected separately. We retained about 0.3 mL of the original volume and measured the
exact film volume by weighing the collected solutions. The concentration of PFOS in the
Bulk and Film portion were quantified after dilution in MeOH. The mass of PFOS sorbed at
the air-water interface (Γ (mg m−2)) and the associated air-water partition coefficients (kaw

(m)) were calculated using the following equations,

Γ =
Mf − CV

A
(2.3)

kaw =
Γ

C
(2.4)

where Γ is equal to the mass of PFOS sorbed at the air-water interface, Mf is equal to the
mass of PFOS in the collected film (determined from the concentration of PFOS in the film
sample and the volume of the film sample collected), C is the concentration of PFOS in the
drained sample, V is the volume of the film sample, and A is the air-water interfacial area
of the vessel (22.9 cm2 for the 50 mL centrifuge tubes).

2.4 Results & Discussion

Decreased PFOS detection in ISCO experiments

PFAS in contaminated groundwater often exist in complex mixtures from years of AFFF
use [148, 149]. Heat-activated persulfate oxidation, a type of persulfate ISCO, is capable
of mineralizing perfluorocarboxylic acids (PFCAs), but it cannot transform PFOS [150,
151]. To test persulfate concentrations needed to transform PFCAs in aquifer conditions,
ISCO experiments were conducted using a one-to-one mass ratio of aquifer solids to PFAS-
contaminated groundwater. Sodium persulfate was added weekly for four weeks. At the
end of the experiment, the ionic strength (I) had reached 3.43 M and the pH had fallen to
approximately 2. Measured PFOS concentrations decreased by approximately 61% by the
end of the experiment but an increase in shorter chain PFSAs from the initial time point
was not observed (Figure 2.4).

After ruling out PFOS adsorption to the soil by extracting solids with basic methanol
(see Materials & Methods), we conducted experiments to evaluate the effect of high ionic
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Figure 2.4: a) PFOS detection decreased weekly during a heat-activated persulfate ISCO
test. Each week (Days 0, 7, 14, and 21), sodium persulfate was added to reach 200-mM
persulfate. b) PFSA concentrations detected in reactors containing PFAS contaminated
groundwater and solids from Naval Air Station Jacksonville, FL upon weekly dosing of 200-
mM persulfate. Results from duplicate reactors are shown.

strength on PFOS measurements by using sodium sulfate as a control to sodium persulfate,
without sulfate radical production.

Effects of pH and Ionic Strength on PFOS Detection

In order to mimic HAPO conditions and determine if Na2S2O8 was responsible for the
decrease in PFOS, we compared the effect of a 200-mM dose of Na2S2O8 to a 200-mM dose of
Na2SO4. Sulfuric acid was used to adjust the pH of the Na2SO4 amended solution to match
the pH of the persulfate reaction. No chemical reaction was expected in the acidified Na2SO4

negative control. As shown in Figure 2.5 the PFOS concentration decreased immediately
after dosing with Na2S2O8 or Na2SO4, prior to any significant pH decrease in the solution.
A similar PFOS concentration decrease was observed on Day 1 after salt addition in both
conditions. After the initial decrease, the concentration remained relatively constant over
the 5-day sampling period in both conditions.

The results of these experiments indicated that the PFOS concentration decrease was
directly related to the salt addition and was not pH dependent. The insignificant effect of
pH is likely related to the low pKa of PFOS. The calculated pKa of PFOS is -3.27, indicating
that PFOS is a very strong acid [128, 152, 153]. Therefore, PFOS is expected to be fully
ionized under the experimental conditions tested, and an increase in solution acidity to pH
1 would have a negligible effect on the ionization state of PFOS.
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Figure 2.5: Change in PFOS concentration with pH decrease and an initial dose of (a) 200-
mM Na2S2O8 and (b) 200-mM Na2SO4. Bottles contained Milli-Q water, sand (50% w/v),
and 2-mM PFOS. Na2S2O8 and Na2SO4 were added after day 0 sampling; H2SO4 added
after day 1 sampling to Na2SO4 condition only.

Effects of solids on PFOS detection

Control experiments with PFOS solutions containing a one-to-one ratio of sand to Milli-Q
water and up to 1000-mM Na2SO4 (I = 3 M) indicated that detectable PFOS concentration
in bulk solution decreased with and without sand, suggesting that sand was not simply
adsorbing the PFOS (Figure 2.6). Among the three Na2SO4 concentrations studied, and
compared to a salt-free control, no differences were observed between the bulk solution
concentration of PFOS in the sand and sand-free reactors.

Sample preparation artifacts

To analyze the potential effect of subsampling from the experiment bottles, and to eval-
uate if sorption to the container could be driving observed decreases in PFOS concentration
in the bulk solution, we performed full bottle extractions with MeOH in parallel with the
routine sample preparation of solution aliquots. Results from the subsampling versus full
bottle extraction experiment are shown in Figure 2.7. Surprisingly, almost no difference in
PFOS concentration was observed after salt addition in the subsample or the full bottle ex-
traction 3-hours after salt addition, despite that previous results indicated a sharp decrease
in PFOS under equivalent conditions. We hypothesized that centrifugation of the aqueous
solution, a step which was eliminated in this experiment due to the lack of solids, might be
impacting the PFOS concentration in bulk solution.

To evaluate if the PFOS concentration decrease in bulk solution occurred in the aqueous
sample centrifugation step, we analyzed the concentration detected in aqueous samples upon
salt addition, with and without a centrifugation step. When a 25 mg/L PFOS solution was
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Figure 2.6: Detected PFOS concentration in bulk solution before and 1-hour after Na2SO4

addition, in reactors with and without sand. Initial PFOS concentration was ca. 10 mg/L;
250 to 1000-mM Na2SO4 was added as a solid. Values are averages of samples from duplicate
reactors.

prepared in 500-mM Na2SO4 solution, only 40% of the added PFOS was detected after
centrifugation at 10,000 g, whereas a 101% recovery was obtained in the non-centrifuged
solution (Figure 2.8). Storing the salt-containing PFOS solution on a bench top for 24 hours
prior to sampling the bulk solution yielded losses similar to those observed for the centrifuged
solutions (Figure 2.8), which suggested that phase separation of PFOS in the bulk solution
could also occur over time, in the saline conditions.

We found that the PFOS mass ‘loss’ upon centrifugation could be recovered by extracting
the reaction tubes with methanol at the 24-hour time, confirming that the salt addition was
causing phase separation of PFOS from the bulk solution. Other researchers have identified
PFOS ‘salting-out’ processes in and resulting decreases in measured PFOS concentrations
in brackish water- clay systems [38] and marine estuaries [39], as well as identified micelle
formation or hemi-micelle formation as physical processes occurring in certain PFAS con-
taining matrices [84, 154–156]. However, these studies lacked a mechanistic investigation
of salting-out effects and quantitative analysis of aggregation and interfacial sorption. The
following experiments describe our attempt to address those data gaps and present a more
thorough evaluation of the salting-out phenomena and specific salt effects on aggregation
and interfacial activity of PFOS in aqueous solutions.
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Figure 2.7: PFOS concentration detected pre-salt addition and post-salt addition, detected
in an aliquot (subsample) and from a full bottle extraction. Reaction bottles were prepared in
duplicate; samples were taken three hours after salt addition (1000-mM Na2SO4) in triplicate.
Aqueous aliquots were removed and diluted in MeOH (2x dilution), then MeOH was added
to the reaction bottle (2x dilution). Samples were centrifuged after dilution in MeOH. Values
and error bars represent averages and standard deviations of six samples.

Validating detection loss of PFOS in high salinity environmental
waters

While effects of high ionic strength are relevant to ISCO treated water matrices, we were
interested in evaluating salting-out effects in a high salinity, natural water matrix. To this
end, we measured and compared a range of PFOS concentrations in two high salinity ma-
trices: a 200-mM Na2SO4 solution and seawater collected from the San Francisco Bay. We
observed a significant loss of PFOS in both matrices at PFOS concentrations >5 mg/L, the
loss ranging from 2-38 mg/L, that was dependent on the initial concentration of PFOS in
Milli-Q water (Figure 2.9). At PFOS concentrations <5 mg/L, the concentration decrease
was in the range of 0.2-0.6 mg/L, likely primarily due to container-water interfacial sorp-
tion. The concentration loss in seawater was generally higher than in the Na2SO4 solutions,
which may be attributed to the presence of Ca2+ leading to enhanced surface activity and
aggregation of PFOS.

The apparent loss of PFOS at relatively high concentrations tested (i.e., > 5 mg/L)
is relevant to PFAS source zones such as AFFF-impacted firefighter training areas (PFOS
levels reported up to 8.97 mg/L) [157]. A majority of ISCO projects (approximately 70%,
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Figure 2.8: Effect of centrifugation of aqueous samples on PFOS detected in bulk solution.
Initial PFOS concentration was ca. 25 mg/ L; 500-mM Na2SO4 was added. Error bars
represent the standard deviation of triplicate samples.

n=215) have been conducted for treatment of chlorinated solvents, which are also commonly
found in high concentrations at firefighter training sites, airports, and industrial sites [158].
Because PFAS and chlorinated solvents can coexist at these sites, it is possible that ISCO
projects have inadvertently affected the behavior and detection of PFOS.

Mono- and divalent salts impact PFOS salting-out and interfacial
accumulation

To assess the effect of specific cations on PFOS behavior, we tested chloride salts of
sodium, potassium, magnesium, and calcium with an initial PFOS concentration of ca. 10
mg/L (Figure 2.10). Addition of monovalent salts caused decreases in measured PFOS
concentration up to 68% and 83% for 1000-mM NaCl and KCl, respectively. For the di-
valent salts, the magnitude of PFOS decrease did not vary as significantly among the salt
concentrations or cations tested; the maximum PFOS decreases were 25% and 26% for 1000-
mM MgCl2 and CaCl2. This suggests that the monovalent salts cause a greater degree
of ’salting-out’ (i.e., decreased solubility) than the divalent salts due to the increased hy-
drophobic interactions between the bulk water molecules and the perfluorinated chain [159,
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Figure 2.9: PFOS concentration loss in saline bulk solution compared to PFOS concentration
detected in Milli-Q. For the Na2SO4 data, samples were taken from the same solution bottle
before (CMQ) and after (Csaline) salt addition. For the seawater data, PFOS was added to
seawater (Csaline) and Milli-Q water solutions (CMQ) in parallel and compared. Results from
duplicate conditions are shown.

160].
To determine the extent to which PFOS reduction in bulk solution was due to accumula-

tion of molecular or aggregated PFOS to the solution tubes, a mass balance experiment was
conducted (described in Materials & Methods). We observed that 24-hours after salt addi-
tion, the reduced mass of PFOS in the bulk solution was accounted for by ‘Interfacial’ PFOS
(i.e., PFOS sorbed to the polypropylene centrifuge tube) (Figure 2.11). This suggests that
salt addition induces phase separation of aggregated PFOS from the bulk solution, driving
uptake of PFOS to the water-container interface. In high salinity environmental matrices,
increased solid-phase interfacial uptake may enhance PFOS retardation and lead to long
term source zones [20, 21, 28, 49, 132].

Additionally, PFOS accumulation at the air-water interface was measured in an experi-
ment similar to those described by Schaefer et al.14. Analysis of PFOS associated with the
solution ‘film’ layer was quantified to determine the mass of PFOS sorbed at the air-water
interface and calculate air-water partition coefficients (kaw). The mass of PFOS sorbed at
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Figure 2.10: Effects of 250-1000-mM monovalent and divalent salts on PFOS detected in
bulk solution. PFOS concentrations in Milli-Q water prior to salt addition were ca. 10
mg/L; PFOS concentration was measured before (CMQ) and three hours after (Csaline) salt
addition. No salt was added to the control. Error bars represent the standard deviation of
triplicate samples.

the air-water interface, on the order of 0.252-0.536 mg m−2 for the Milli-Q water and 200-mM
Na2SO4 solutions, respectively, was not appreciable compared to the mass decrease observed
in bulk solution (Table 2.1). However, the corresponding kaw values for the Milli-Q and
200-mM Na2SO4 solutions indicate that sorption at the air-water interface increases in the
saline matrix, which agrees with findings reported by Costanza et al. [45]

Decreased critical micelle concentration and increased interfacial
activity of PFOS

Although the PFOS concentration was well below its reported CMC (i.e., 2,750-4,250
mg/L PFOS) [128, 161], inorganic salts are known to decrease the CMC and increase aggre-
gate size for ionic surfactants [119, 126, 162–166]. For example, the CMC of the ammonium
salt of perfluorooctanoic acid (PFOA), the carboxylic analogue of PFOS, decreased by 22%
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Figure 2.11: Mass balance for PFOS upon salt addition. PFOS concentration in the bulk
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Na2SO4). Adsorption of PFOS to centrifuge tubes was measured after 24-hrs to determine
‘Interfacial’ PFOS as described in the Supporting Information. Error bars are the standard
deviation of triplicate samples.

 Γ (mg m-2) kaw (m) 
Ultrapure  0.252 ± 0.051  2.24E-0.2 ± 5.1E-03  
 
200 mM Na2SO4 0.536 ± 0.269 7.94E-02 ± 4.2E-02 

 

Table 2.1: Air-water partitioning coefficients in saline and ultrapure matrices
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in a 50-mM NaCl solution [160]. For the anionic surfactant sodium dodecyl sulfate (SDS),
the CMC decreased by 42% in a 25-mM NaCl solution, and up to 85% and 87% with 20-mM
KCl and 25-mM Mg(ClO4)2, respectively [167]. While specific salt effects in relation to the
CMC and bulk solution behavior of PFOS have not been well documented, formation of
PFOS aggregates in the presence of mineral surfaces [83] and Fe (II/III) oxides [168] has
been observed, even at concentrations below the CMC. The high Na+ concentration used in
the ISCO and sodium sulfate experiments may have led to formation of aggregates in the
aqueous phase that were separated from bulk solution via centrifugation, or even by gravity
after sitting for 24 hours at room temperature, due to the high density of perfluorocarbons
(1.25-1.6 g/cm3) [169, 170].

Previously, Costanza et al. [45] reported increased surface excess of PFOS and decreased
surface tension in PFOS solutions containing a mixture of major cations found in ground-
water. Schaefer et al. [47] reported a minimal impact of 10-mM NaCl on PFOS air-water
partitioning behavior at low PFOS concentrations. To add to the established effects of
cations on PFOS interfacial behavior and to address the effect of specific cations, we mea-
sured surface tension isotherms of PFOS solutions containing 500-mM NaCl, KCl, MgCl2
and CaCl2. We observed significant reduction in surface tension in the presence of the diva-
lent salts, with apparent reduction of CMCs to 172 mg/L and 98 mg/L for Mg2+ and Ca2+

respectively, compared to 1530 mg/L for PFOS in ultrapure water (Figure 2.12, Table 2.2).
K+ also significantly reduced apparent CMC to 1021 mg/L, while Na+conditions indicated
an apparent CMC of 1860 mg/L. We suspect that the actual CMC of the free acid is higher
than the CMC of PFOS in the NaCl solution; however, reduced drop stability for highly
concentrated PFOS solutions, particularly in ultrapure water, may have caused this appar-
ent result. Previously reported data on the CMC of the free acid PFOS is sparse, although
the CMC of the potassium and sodium salts of PFOS has been reported in the range of
2,750-4,250 mg/L, as mentioned earlier in the text.

The Szyszkowski equation [28, 45, 171] was used to fit the surface tension data and
determine surface activity and surface excess parameters (see Materials & Methods). Results
from this analysis indicate that Mg2+ and Ca2+ drive greater surface excess (Γ) of 1.92 and
2.29 mg/m2, compared to Na+ and K+, for which surface excess was 1.29 and 1.35 mg/m2,
respectively (Table 2.3). This agrees with previous findings by Brusseau and Van Glubt [21]
that a divalent cation (CaCl2) increased surface activity of PFOA more so than monovalent
cations (NaCl, KCl).

The significant decrease in PFOS detection in saline conditions, at concentrations below
the CMC, suggests that aggregation is occurring in the pre-micellar region, a phenomenon
that has been previously reported [172–174]. Furthermore, there may be some difference
in aggregate geometry associated with specific cation-PFOS interactions that contributes to
the concentration differences observed in bulk solution. For example, divalent cations can
act as bridging cations between anionic PFOS head groups, affecting the curvature of the
aggregate formed [165, 175] whereas monovalent aggregates interact through other mecha-
nisms. Further research is needed to characterize structural differences of the aggregates in
the presence of different cations.
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Figure 2.12: Surface tension isotherms for PFOS in 500-mM salt solutions at 22ºC. Surface
tension values are the average of three drop measurements, error bars indicate the standard
deviation. The addition of monovalent (Na+, K+) and divalent cations (Mg2+, Ca2+) lowers
the surface tension of the solutions below that of PFOS at equivalent concentrations in
ultrapure water.

  

∂!/ 
∂ ln C y-intercept 

IFT Minima 
(mN/m) ln(CMC) 

CMC 
(mg/L) R2 

ultrapure -12.592 115.7 23.36 7.333 1530 0.9941 
500 mM NaCl -6.753 72.842 22 7.5281 1860 0.9922 

500 mM KCl -6.0854 64.086 21.92 6.929 1021 0.9809 

500 mM MgCl2 -8.8324 65.811 20.31 5.151 172 0.9953 
500 mM CaCl2 -9.9881 62.621 16.84 4.583 98 0.9986 

 

Table 2.2: Summary of apparent CMCs of PFOS in the experimental conditions. Linear fits
for the dγ/dC curves were obtained in the pre-CMC region after a significant drop in surface
tension was observed (i.e., below 70 nM/m) to obtain the best fits.
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  !0 
(mN/m) 

Fit Range 

(mg/L) 

a b Γmax 

(mg/m2) 

R2 

ultrapure 72.24 40-1200 0.2084 58.27 3.04 0.990 

500 mM NaCl 72.29 6-1000 0.0887 0.827 1.295 0.991 

500 mM KCl 71.9 6-800 0.0908 0.473 1.350 0.988 

500 mM MgCl2 72.01 4-160 0.132 0.719 1.919 0.994 

500 mM CaCl2 71.81 4-120 0.158 0.778 2.286 0.968 

 

Table 2.3: Summary of fitted parameters from the Szyszkowski equation and the calculated
maximum surface excess values (Γmax). Modeling and calculations are detailed in the Mate-
rials & Methods section.

To further explain this effect, the interfacial tension and interfacial activity are related to
cation interactions with the polar monomeric headgroup (e.g., the carboxylate or sulfonate
moiety), while the ‘salting-out’ effect is primarily caused by hydrophobic interactions of bulk
water molecules with the monomeric fluorinated chain [160]. The difference in these two
effects may explain the seemingly contradictory observations that monovalent salts (e.g.,
NaCl, KCl) more substantially decrease PFOS in the bulk aqueous phase, while divalent
salts (e.g., MgCl2 and CaCl2) more substantially increase PFOS adsorbed at the air-water
interface and induce aggregation at lower concentrations, lowering the CMC.

2.5 Environmental implications of PFOS salting-out

and interfacial behavior

The interfacial accumulation of PFAS has come under increased scrutiny as researchers
aim for a comprehensive picture of PFAS transport and attenuation in the environment.
Work by Costanza et al. [45, 46], has investigated interfacial accumulation of PFOA, PFOS,
and AFFF at air-water and NAPL-water interfaces, and proposed the Langmuir-Szyszkowski
model as a tool for mathematical modeling. Brusseau [21], Lyu et al. [49], and Brusseau
and van Glubt [24] have evaluated partitioning behavior in the vadose zone, where the po-
tential for interfacial accumulation, particularly air-water interfacial accumulation, is high
especially in dilute contamination zones. Schaefer et al. [47] further investigated interfacial
accumulation and air-water partitioning coefficients in dilute PFAS containing solutions,
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and evaluated the validity of the Langmuir-Szyszkowski model in comparison with the Fre-
undlich model. The complexities arising from the concentration dependent effects inherent
to surfactants, magnify the challenges associated with accurate modeling and quantifica-
tion of interfacial behavior. This is compounded by the fact that environmental factors,
namely, ionic strength and specific salt concentrations, may greatly impact the aggregation
and interfacial behavior.

In this study, we found that at sufficiently high PFOS concentrations (i.e., above 5 mg/L),
the salting-out effect can lead to under-reporting of PFOS concentrations under high ionic
strength conditions. The effect of decreasing PFOS in bulk solution was strongest for mono-
valent salts, namely Na+ and K+. The effect of salt on increasing PFOS surface activity– a
factor critical to fate and transport– was stronger for divalent cations (i.e., Mg2+ and Ca2+)
relevant to monovalent cations. These results suggest that the presence of monovalent salts
is more relevant for sampling artifacts in bulk solution. The presence of divalent salts are
more important for modeling partition coefficients and informing transport studies, particu-
larly of PFOS in unsaturated zones [20, 28, 49]. Further investigation is needed to determine
how salts affect PFAS under the complex conditions encountered at contaminated sites. For
example, AFFF also contains hydrocarbon-based surfactants and solvents, such as diethy-
lene glycol butyl ether (DGBE). Salts may also affect the behavior of shorter and longer
chain PFAS (e.g., perfluorohexanesulfonic acid and perfluorodecanesulfonic acid). Finally,
it may be possible to exploit salt induced aggregation behavior as a means of enhancing the
removal of PFOS and other PFAS from hazardous waste and other matrices that contain
high concentrations of contaminants.

While not as obviously applicable to PFAS, compared to biodegradable TCE or BTEX
which can be fully mineralized [176, 177], monitored natural attenuation (MNA) or enhanced
attenuation (EA) is receiving interest in its applicability to managing PFAS contamination
[41, 107, 108]. As research informs how physicochemical properties of PFAS and solution
properties can influence PFAS retention in contaminated source zones, retention may in fact
prove to be a valuable tool in sequestering PFAS and preventing downstream contamina-
tion. The complex nature of PFAS contamination will continue to challenge researchers in
developing practical and applicable solutions to their management, and understanding their
physicochemical properties and retention mechanisms will aid in addressing these challenges.

2.6 Supporting Information

Additional Specific Cation Effects

In addition to the bulk solution effects with specific salts presented in the main text, ad-
ditional salting out studies were conducted to evaluate the cation-specific effect. Specifically,
Li+ and NH+

4 salts were evaluated. Results from these studies are detailed in Figures 2.13,
2.14, 2.15.
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Figure 2.13: Decrease in detectable aqueous phase PFOS concentration with addition of 500-
and 1000-mM Li+ (as Li2SO4) and K+ (as KCl). K+ results in greater losses of PFOS in
bulk solution compared to Li+, due to differences in the bulk water structure and resulting
hydrophobic interactions with the fluorocarbon chain of PFOS. Error bars represent standard
deviations for duplicate reactors.

Addressing Bulk Sampling and Sample Preparation Artifacts

In the process of evaluating salting-out effects, we addressed questions related to the
reactor sampling and sample preparation procedures. Because of the interfacial sorption
and aggregation properties of PFAS, we wanted to confirm that we were not losing PFOS
in the sample dilution procedure (which was necessary for LC-MS/MS analysis), or in the
centrifugation procedure which was required for solid-containing samples. Results of sample
dilution in MeOH (Figure 2.16), and of tests to determine the effect of centrigutaion force
and temperature on detected PFOA and PFOS concentrations (Figures 2.17, 2.18, 2.19) are
summarized.
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Figure 2.14: Decrease in detectable aqueous phase PFOS concentration with addition of 250-
2000-mM Na+ (as NaCl) and Li+ (as LiCl). Aqueous phase concentrations were measured
5-minutes after salt addition in a centrifuged sample aliquot. Error bars represent standard
deviations of duplicate samples.

Effects of pH and high ionic strength on detected PFOA
concentration in bulk solution

Upon observing decreased detection of PFOS in high ionic strength matrices, we initially
evaluated both PFOA and PFOS to try to understand the mechanism of the effect. In sub-
mitting PFOA to HAPO-like conditions, we did not observe significant changes in detected
PFOA concentration over a ‘treatment-course’, unlike the PFOS losses observed (Figure 2.4).
We therefore focused on evaluating PFOS salt effects in the investigation that followed.

Surface tension studies for PFOS in 50-mM specific salt solutions

In addition to the surface tension studies presented in the main text, we evaluated the
surface tension isotherms of PFOS in 50-mM salt solutions. The surface tension isotherms
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Figure 2.15: Decrease in detectable aqueous phase PFOS concentration with addition of 250-
1000-mM Na2SO4 and (NH4)2SO4. Only at the highest (NH4)2SO4 concentrations tested
(i.e., 1000-mM), were significant decreases in PFOS concentration observed. Samples were
taken 1 hour after salt addition, and the aqueous sample was centrifuged prior to dilution
for analysis.

(Figure 2.21), linear fits in the range in which the surface tension decreases (Figure 2.22,
and parameters determined from fitting the Langmuir-Szyszkowski equation (Table 2.4) are
included for the 50-mM salt data. Note that the trends are the same as those observed in the
500-mM salt conditions, but the aggregation effect is magnified at higher salt concentrations.
Also note that the following experiments were done with PFOS solutions prepared from
the potassium salt of PFOS (K-PFOS), but are not expected to deviate significantly from
experiments performed with the free-acid PFOS because of the high acidity dissociation
constants of both forms (Costanza 2019).
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Figure 2.16: Effect of the methanol/water dilution ratio on detected PFOS concentration.
After sampling and centrifuging an aqueous PFOS containing sample, an aliquot was di-
luted into the specified ratios of methanol/water. The low detection in the salt containing
samples (1000-mM Na2SO4), regardless of the dilution matrix, indicates that PFOS losses
were occurring primarily before subsequent dilution. However, the dilutions containing 60%
methanol also yielded the highest PFOS detection levels, emphasizing the importance of
proper dilution procedures to avoid artificial losses during sample preparation.
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Figure 2.17: Effect of centrifugation force (2,000-10,000 rcf) compared a non-centrifuged
control on detected aqueous PFOS concentration in samples diluted in 50/50 MeOH/H2O
(v/v). Samples were centrifuged at room temperature. Results indicated that after dilution
in MeOH/H2O, recovery is consistent across the centrifugation forces tested.
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Figure 2.18: Effect of centrifugation force (2,000-10,000 rcf) compared a non-centrifuged
control on detected aqueous PFOA concentration in samples diluted in 50/50 MeOH/H2O
(v/v). Samples were centrifuged at room temperature. Results indicated that after dilution
in MeOH/H2O, recovery is consistent across the centrifugation forces tested.
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Figure 2.19: Effect of centrifugation temperature (15ºC and 25ºC) and high force (10,000-
20,000 rcf) compared to non-centrifuged control on detectable aqueous PFOS concentrations.
Samples from aqueous reactors were diluted 2x in MeOH prior to centrifugation. Clearly,
low temperature significantly impacts PFOS detection, likely due to reduced solubility at
15ºC.
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Figure 2.20: Effect of pH and high ionic strength (250-mM Na2SO4, I= 0.75 M) on detected
PFOA concentration in aqueous solution (PFOA ca. 10 µM). Error bars are standard devi-
ations of duplicate samples.
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Figure 2.21: The surface tension isotherms of KPFOS (the potassium salt of PFOS) measured
by pendant drop tensiometry in 50-mM solutions of NaCl, KCl, MgCl2, and CaCl2.

𝒂 b (mg/L) Γmax (mg/m2 ) R2

ultrapure 0.115 14.82 1.66 0.974

50 mM KCl 0.0959 1.18 1.39 0.982

50 mM NaCl 0.0828 1.75 1.2 0.961

50 mM MgCl2 0.135 1.71 1.96 0.992

50 mM CaCl2 0.146 1.42 2.11 0.985

Table 2.4: Summary of fitted parameters from the Szyszkowski equation and the calculated
maximum surface excess values (Γmax) for KPFOS in 50-mM salt solutions. Γmax increases
from monovalent to divalent cations, indicating the enhanced surface accumulation due to
the decreased electrostatic repulsion between PFOS sulfonate head groups in the presence
of the divalent cations, which act as a bridging ion between head groups.
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Figure 2.22: In order to determine the CMC of PFOS in the specific salt conditions studies,
a linear regression to the surface tension data for PFOS in 50-mM NaCl, KCl, MgCl2 and
CaCl2 was performed. The order of the cation effect in solution, as observable by the slopes
of the linear fit, follows the order Ca2+ > Mg2+ > K+ > Na+. As a result, the CMCs follow
the same order.
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Chapter 3

Interfacial mass accumulation of per-
and polyfluorinated alkyl substances
(PFAS) in AFFF in saline
environments

Parts of this chapter are included in the manuscript in preparation, “Enhanced interfacial
accumulation of AFFF in high salinity conditions” (Steffens et al.)

3.1 Synopsis

Use of AFFF leads to contamination matrices consisting of fluorocarbon and hydrocar-
bon surfactants rather than singular PFAS. The surface activity of PFAS mixtures in the
presence of salts causes phenomena not observed for individual compounds alone. This chap-
ter addresses some of those phenomena, including decreases in surface tension minima and
increased interfacial mass accumulation.

3.2 Complexities of interfacial accumulation

associated with AFFF

Aqueous film-forming foam (AFFF) contamination has challenged conventional approaches
to environmental contaminant monitoring and requires comprehensive analysis of the rela-
tionship between environmental characteristics and the contaminant physicochemical prop-
erties. Historic AFFF formulations contain per- and polyfluoroalkyl substances (PFAS), a
class of surfactants that imbue the film-forming properties and fire extinction performance
in AFFF application [178, 179]. PFAS in AFFF formulations vary by manufacturer and age
[149, 180, 181] and some PFAS are transformed in the environment [182–184] which compli-
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cates characterization of contamination sites. Furthermore, individual PFAS vary in their
physicochemical properties and exhibit different transport behavior in the environment [20,
23, 27, 185]. Considering that over 240 individual PFAS have been associated with AFFF
[149], a thorough understanding of PFAS environmental behavior is essential for accurate
monitoring of fate and transport.

Specifically complicating the picture is that conditions at the contamination source zone,
such as water pH, salinity, temperature, hardness, redox conditions, dissolved organic carbon
(DOC) content, and even the presence of co-contaminating non-aqueous phase liquids/dense
non-aqueous phase liquids (NAPLs/DNAPLs), can markedly alter the physicochemical be-
havior of PFAS [21, 25, 28, 36, 50, 109, 184]. Thus far, researchers have primarily focused
on site properties affecting the sorption and interfacial behavior of PFAS, as these processes
are known to alter the accumulation and distribution of PFAS at and near a source zone [24,
28, 49, 186]. Mainly, the effects of salinity [36, 37, 187], DOC [25], and NAPL presence [28,
46, 188] have been evaluated and related quantitatively to sorption and distribution coeffi-
cients. Additionally, the critical micelle concentration (CMC) of certain PFAS (e.g., PFOA
and PFOS) and AFFF have been measured in the presence of background salts to identify
how aggregation or micellization of PFAS, a phenomena unique to surfactants, might affect
transport and detection [45, 46, 187].

The relationship between distribution of PFAS and site characteristics is specifically
unique to PFAS contamination due to their surfactant properties. Parameters such as air-
water interfacial sorption coefficients and critical micelle concentration (CMC) vary based on
PFAS structure (e.g., chain length, head group, isomeric form), and the degree of interfacial
sorption and micellization is concentration dependent [24, 189]. The number of variables
relating to both the PFAS chemistry and the site conditions makes prediction of PFAS
behavior and distribution extremely challenging. Apart from source zones where PFAS may
be highly concentrated, the implications of sorption and interfacial behavior are relevant
in dilute matrices as well and may significantly affect retention processes and detection,
particularly in saline waters [39–41, 47].

Building on our work in the previous chapter, which demonstrates PFOS behavior and
specific salt effects on micelle formation and interfacial behavior, this chapter serves as an
investigation into the aggregation and interfacial behavior of an AFFF in saline matrices. The
previous chapter demonstrates an investigation of PFOS-specific behavior and the mechanism
of the salt effect on both micelle formation and interfacial behavior. Given the nature of
PFAS contamination, in that PFOS never exists as a single contaminant, these studies serve
to expand on our understanding of how salinity affects PFAS in mixtures. The effect of high
salinity on PFAS detection in an AFFF mixture was evaluated, specifically with regards to
detection of PFSAs. We evaluated the CMC of an AFFF formulation in artificial brackish
and artificial seawater, and determined surface excess using the Langmuir model. In order
to further assess differences attributable to specific cation or anion effects, we evaluated the
measurable interfacial mass accumulation of individual PFAS in a bench scale study with
different salts. Furthermore, we considered different models of interfacial sorption behavior
(i.e., the Langmuir model and the Freundlich model) and the relevance of these models to
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typical contamination sites or conditions.

3.3 Materials & Methods

Chemicals

PFAS containing solutions were prepared in 50-mL Corning HDPE centrifuge tubes with
Milli-Q water and specified salt concentrations. Reagent grade NaCl and CaCl2 purchased
from Sigma-Aldrich were used in mass accumulation experiments. Artificial brackish (ABW)
and artificial seawater (ASW) solutions were prepared as 1 L solutions containing salt quan-
tities based on a published preparation protocol (see Supporting Information Table 3.3)
[190].

AFFF solutions were prepared using a legacy 3M Guardian AFFF concentrate (manu-
factured prior to 2002). Dilution series were prepared by weighing out portions of the 3M
concentrate and diluting with Milli-Q water; the lowest dilutions were prepared by dilution
of higher concentration solutions (see Supporting Information Table 3.4). PFAS analytes
were quantified by LC-MS/MS; a detailed list of analytes, transition energies, and the chro-
matography method can be found in the Supporting Information and Supporting Information
Table 3.5.

Surface Tension Measurements

Surface tension isotherms were measured using the pendant drop tensiometry (PDF)
method on a KRÜSS tensiometer with a glass syringe and needle attachment. The syringe
and needle apparatus were rinsed between each measurement, and cleaned with methanol
and water between measurement runs. The instrument was calibrated with Milli-Q water at
the beginning of each measurement run to ensure no carryover contamination from previous
measurements. Surface tension measurements were taken for three drops to give an average
measurement for each solution in the dilution series. The CMC of the 3M AFFF formulation
was determined from slope of the surface tension isotherm in the pre-micellar region and the
surface tension minima (see Supporting Information Figure 3.5). The data was analyzed
using the Langmuir-Szyszkowski (LS) model. The data was fit to the Szyszkowski equation
(Equation 3.1 from which the parameters a and b were calculated, constants which are related
to the maximum surface excess and surface activity, respectively. The Szyszkowski equation
is as follows:

γ = γ0[1 − a× ln(
C

b
+ 1)] (3.1)

The fitted parameters a and b were determined using a non-linear regression using
NumPy, SciPy, and Pandas packages in Python 3.8.5. Surface tension data was imported
and the SciPy curve fit function was used. The R2 values for the fitted data were calculated
using the r2 score function from the sklearn.metrics package. The data was fit for the linear
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portion of the CMC curve as researchers have previously shown that the LS equation most
accurately describes the relationship between interfacial tension and surface excess param-
eters in this region; at low solute concentrations, there is some debate as to the use of the
Freundlich model for improved accuracy [45, 47, 191, 192]. The maximum surface excess
was calculated from the first term in the Langmuir-Szyszkowski equation,

Γ =
γ0a

RT

C

C + b
(3.2)

where the term Γ represents the maximum surface excess as a function of the parameter a,
and the parameter b is the surface activity of the as it relates to the free energy required
to transport a surfactant molecule from the bulk solution to the air-water interface. Due to
the nature of the analysis of an AFFF solution, rather than individual PFAS analytes, the
‘molar mass’ of the AFFF can not be used to convert between molar and mass concentration
units; therefore, the surface excess is reported only in molar units, and the surface activity
(b) is reported in mass units from the Szyszkowski equation fit to the data.

The target AFFF concentrations (mg/L) that were added to the measured solutions were
used to fit the surface tension data; validation of the target concentrations was performed
by comparing PFOS concentration measured in the AFFF dilution series (see Supporting
Information Figure 3.6, Table 3.7).

Bulk Solution Experiments

AFFF solutions were prepared in Milli-Q water in HDPE tubes, to which solid salts were
added in the case of single salt experiments (e.g., NaCl and CaCl2); for the experiments in
artificial brackish and artificial seawater, diluted solutions of the AFFF were prepared by
adding a stock solution directly to centrifuge tubes containing ABW or ASW. Solutions were
left to equilibrate in a 37±3°C incubator for at least 3-hours after salt addition. Aqueous
samples taken before and after salt addition were diluted in methanol prior to LC-MS/MS
analysis.

Interfacial Mass Accumulation Experiments

To assess adsorption of the PFAS in AFFF at the air-water interface (i.e., mass of indi-
vidual PFAS analytes), we used an experimental procedure described by Schaefer et al. [47]
and which we used in the PFOS experiments described in Chapter 2 of this dissertation.
Solutions containing 3M AFFF were prepared in 50-mL centrifuge tubes with a small hole
drilled at the bottom and temporarily sealed with PFAS-free tape; solutions were prepared
in triplicate for each condition studied. Solutions were left to equilibrate on the bench top
for 48-hours, and the bulk solution was then drained into a catch tube and the ‘film’ con-
taining volume (approximately 0.5 mL) was collected in a microcentrifuge tube. From the
film volume collected and the concentration detected in the film, the air-water interfacial
mass of PFAS was determined.
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3.4 Results & Discussion

Detection of PFAS in high ionic strength matrices

In previous work demonstrating the effect of salinity on the interfacial uptake of PFAS,
researchers have primarily considered simplified systems containing a single or two analyte(s),
and tested a limited range of background salts [45–47, 187]. The interfacial activity of
PFCAs as individual analytes [28] and in a AFFF mixture [46] has been evaluated in the
presence of NAPL, which is important for understanding field-relevant conditions of AFFF
contamination. To expand on this research, we evaluated the interfacial sorption of PFSAs
and PFCAs from a 3M AFFF mixture in high salinity matrices. The effect of mixed saline
matrices (e.g., an artificial brackish and artificial seawater) as well as individual salts (e.g.,
NaCl and CaCl2) were evaluated with respect to interfacial mass uptake.

A preliminary study revealed that the apparent concentration of PFSAs in the AFFF
mixture decreased upon 200 mM and 500 mM Na2SO4 addition. In particular, detected
PFOS concentrations decreased on the order of 20-40% in the aqueous phase in the 500
mM Na2SO4 solution. This is in agreement with data from the high ionic strength PFOS-
only system [187] However, not apparent in the PFOS-only system, was that even at low
concentrations (i.e., a 10,000x diluted AFFF solution containing approximately 1 mg/L
PFOS), the decrease in detected concentration was around 40% (Figure 3.1. Based on work
by Costanza et al. [46] describing the increase in interfacial activity of an AFFF solution,
we hypothesized that greater sorption at the air-water interface may be leading to decreased
concentrations of aqueous PFOS, even when the bulk solution contains low concentrations
of PFAS.

Interfacial activity of AFFF in artificial brackish seawater
solutions

In order to evaluate air-water interfacial sorption and critical micelle concentration of
the AFFF in saline conditions, we measured surface tension isotherms of a dilution series
of 3M AFFF using PDT, as described in the Materials & Methods section. Isotherms were
measured in ultrapure, artificial brackish (ABW), and artificial seawater (ASW) solutions
to evaluate the effect of salinity on air-water interface activity. From the surface tension
isotherms, the apparent CMCs of the 3M AFFF formulation in varying salinity conditions
were calculated. In both ABW and ASW, the apparent CMC is lower than in the ultrapure
solution (Figure 3.2); for the ABW, the apparent CMC is 1693 mg/L, and for the ASW, the
apparent CMC is 1543 mg/L (see Table 3.1). For comparison, a plot including the PFOS-
only data in 500-mM NaCl solution as described in Chapter 2, is included in the Supporting
Information (see Supporting Information Figure 3.7).

The lowering of the CMC of the 3M AFFF formulation is expected due to the interaction
of cations with the negatively charged headgroups of PFCAs and PFSAs. The presence
of cations is known to lower the CMC of anionic surfactants by reducing the electrostatic



CHAPTER 3. INTERFACIAL MASS ACCUMULATION OF PFAS IN AFFF IN
SALINE ENVIRONMENTS 42

0%

25%

50%

75%

100%

125%

150%

10,000x dil 7,500x dil 5,000x dil 2,500x dil 1,000x dil

C s
al
in
e/

C M
Q

3M Concentrate Dilution Factor 

PFBS
PFHxS
PFOS

0%

25%

50%

75%

100%

125%

150%

10,000x dil 7,500x dil 5,000x dil 2,500x dil 1,000x dil

C s
al
in
e/

C M
Q

3M Concentrate Dilution Factor

PFBS
PFHxS
PFOS

200 mM Na2SO4 500 mM Na2SO4

Figure 3.1: Detected aqueous phase concentrations of PFSAs in an AFFF mixture in a
saline matrix containing a) 200 mM and b) 500 mM Na2SO4. The initial concentrations of
the components detected in Milli-Q water (CMQ) are listed in Table 3.8 in the Supporting
Information; to give a sense of range, the 10,000x diluted solution contains ca. 1 mg/L
PFOS, and the 1,000x diluted solution contains ca. 10 mg/L PFOS.

d𝛄/dC y-intercept
IFT Minima 

(mN/m) ln(CMC) CMC (mg/L) R2

Ultrapure -13.41 123.8 15.08 8.11 3320 0.971

Brackish -13.60 113.4 14.52 7.27 1436 0.912

ASW -12.59 113.4 14.78 7.83 2518 0.912

Ultrapure* -12.97 121.9 15.08 8.24 3779 0.975

Brackish* -13.54 115.2 14.51 7.43 1693 0.949

ASW* -13.69 115.3 14.77 7.34 1543 0.935

Table 3.1: Summary of apparent CMCs of 3M AFFF ultrapure, artificial brackish, and
artificial seawater conditions. Linear fits for the dγ/dC curves were obtained in the pre-
CMC region after a significant drop in surface tension was observed (i.e., below 70 mN/m)
to obtain the best fits. *Notates ‘corrected’ data, for which 2 data points were extracted in
order to optimize the linear fit (see Supporting Information Figure 3.5 for data correction
details).
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Figure 3.2: Surface tension isotherms for 3M AFFF in ultrapure, artificial brackish, and
artificial seawater. AFFF target concentrations were validated by measuring the PFOS
concentrations for the AFFF dilution series (see Supporting Information Figure 3.6.)

repulsion among the surfactant headgroups which also can alter the aggregate morphology
[145, 160, 166]. The 3M AFFF CMC is similar in the ABW and ASW, despite the higher
concentration of cations in the seawater matrix. This may be due to a saturation effect, by
which above a certain salt concentration, the cations present pair to a maximum number
of PFAS monomers and additional cations cannot further pair or decrease the electrostatic
repulsion between the PFAS headgroups [49, 193]. Additionally, we observed that the mini-
mum surface tension achieved by the AFFF solution was consistent across all conditions (14.8
mN/m), suggesting the interfacial uptake maxima are similar among both saline conditions.

Surface excess of AFFF in artificial brackish and artificial
seawater solutions

By fitting the Szyszkowski equation to the surface tension isotherms, the parameters
related to the surface excess (a) and surface activity (b) can be calculated. The parameter a
can be substituted into the first term of the Langmuir-Szyszkowski equation (see Equation
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Surface Activity, b
(mg/L)

𝚪max
(x 10-7  mol/cm2) R2

PFOS-only   𝚪max
(x 10-7  mol/cm2)*

Ultrapure 116.85 7.32 0.976 6.16

Artificial Brackish 35.81 6.20 0.943 –

Artificial Seawater 35.70 6.24 0.944 –

500 mM NaCl – – – 2.62

Table 3.2: Summary of surface activity and maximum surface excess, Γmax, for the 3M AFFF
formulation in ultrapure, brackish, and artificial seawater. PFOS-only* values are from the
previous work presented in Chapter 2 of this dissertation. Values were calculated by fitting
the Szyszkowski equation to the surface tension isotherms. R2 values indicate that the saline
solutions may be representative of non-ideal behavior given the high ionic strength of the
solutions.

3.2) which represents the maximum surface excess. In prior work, we found that for PFOS in
a ‘two-component system’ (e.g., single solute, single salt), the high ionic strength solutions
containing 500 mM mono- and divalent salts decreased the maximum surface excess of PFOS
compared to ultrapure water. The decrease may be related to the bulk solute effect, by which
PFOS monomers are ‘salted-out’ of solution due to increased hydrophobic interactions of the
fluorocarbon chain and bulk water molecules [194]. However, in comparing the surface excess
among the salts studied, it was apparent that the divalent cations (Mg2+, Ca2+) resulted
in higher surface excess than the monovalent salts (Na+, K+). The greater surface excess
for the divalent salts is a result of the decreased electrostatic repulsion energy between the
anionic sulfonate head groups adsorbed at the interface, due to pairing with the divalent
cations [145, 166, 195, 196].

In comparison, the multi-solute 3M AFFF system in ABW and ASW containing a mixture
of salts, also indicated a lower maximum surface excess than in the ultrapure water. Most
notably, the surface activity represented by the b term from the Szyszkowski equation fit (Eq.
3.1), is significantly lower in the ABW and ASW systems compared to in ultrapure water
(Table 3.2). Similar to the observed effect in the single-solute system, the decreased surface
activity may be due to the ‘salting-out’ of the fluorocarbon monomers in the bulk solution.
When compared to maximum surface excess in the single-solute PFOS system, the surface
activity of the 3M AFFF mixture is higher in both ultrapure water and than in the 500 mM
NaCl solution (comparable to the 450 mM NaCl concentration in the ASW solution).

Given that the mixture of fluorocarbon surfactants, in addition to hydrocarbon surfac-
tants and solvents, in an AFFF formulation is optimized in order to achieve the lowest pos-
sible interfacial tension and therefore maximize the spreading efficiency and fire-quenching
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properties of the foam, it would be expected that the 3M AFFF would exhibit higher sur-
face excess than PFOS alone. However, the significant drop in surface activity in the ABW
and ASW saline matrices suggests that spreading behavior of the foam may be dramatically
altered in a saline solution. AFFF formulas are typically diluted on site of their intended
application [194], and it should be noted that in coastal areas, a saltwater dilution would
potentially impact the performance of the formulation in fire-fighting applications.

Measurable interfacial mass accumulation of PFSAs and PFCAs
in saline solutions

The Langmuir-Szyszkowski model has been compared to the Freundlich model to evaluate
how accurately the two models match the observed air-water interface behavior, and has
generally been validated as a more accurate description of the air-water interfacial uptake
and surface excess of PFAS in multiple solvent systems [45, 46]. The Freundlich model is
suggested to be a better suited model for interfacial accumulation and air-water partitioning
coefficients of PFAS in dilute solutions [47, 192], because the Langmuir model fails to predict
differences in interfacial accumulation in the range where there are no measurable changes
in surface tension (i.e., below 1-5 mg/L PFOS).

Given the complexity of the system being studied– a mixture of fluorocarbon surfactants,
hydrocarbon surfactants, and solvents [197] in mixed salt matrices– we wanted to gain insight
into the observable interfacial mass accumulation of the individual PFAS components in the
3M AFFF formulation. Using an experimental procedure previously described by Schaefer
et al. [47] and used in our work investigating the PFOS-only system [187](see Materials &
Methods), we quantified the mass accumulation of PFCAs and PFSAs in various high ionic
strength matrices, including the ABW, ASW, and a NaCl and CaCl2 solution and compared
the results to those in ultrapure water. In comparing the NaCl and CaCl2 conditions, we
evaluated a 500 mM solution of each salt; thus, the NaCl condition is most comparable
to the ASW solution (450 mM NaCl) in terms of distinguishing single salt and mixed salt
solution effects. The CaCl2 concentration is not relevant to a real water saline matrix, but we
hypothesized that the CaCl2 solution may exhibit different behavior than the NaCl system
based on findings in our previous work and that of others [40, 49, 187].

Concentrations of the interfacial solution collected from the experiment tubes were quan-
tified by LC-MS/MS, which indicated that the PFSAs made up a higher portion of the total
PFAS present in the solution (see Supporting Information Tables 3.9, 3.10, 3.11, 3.12), as
was expected from the known AFFF manufacturer and year of production (i.e., 3M pre-2002
formulation) (Place & Field 2012). The results for the mass accumulation are summarized
in Figure 3.4. It is challenging to directly assess differences between individual compounds
because the compounds are present at varying concentrations in the formulation, and accu-
mulation is concentration dependent [20, 24, 28, 47]. However, some trends can be observed
that are indicative of the relationship between structure and relative mass accumulation.
Specifically, we compared accumulation of FHxSA, PFHxSAm, and N-TAmP-FHxSA, all of
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Figure 3.3: Structures of PFCAs, PFSAs, and precursors for which quantitative analysis of
the 3M AFFF containing solution was performed.

which are precursor compounds that may be transformed into more mobile and recalcitrant
perfluoroalkyl acids, and the two short chain PFSAs, PFBS and PFHxS (Figure 3.3).

The amine functionality, in particular, may increase the propensity for interfacial ac-
cumulation in the ASW and CaCl2 matrices, compared to the sulfonate compounds (i.e.,
PFBS, PFHxS). PFBS and PFHxS, however, exhibit similar mass accumulation in all of
the saline matrices, on the order of a two-fold increase compared to the ultrapure solution.
The interfacial accumulation of PFOS, which was present at significantly higher concentra-
tions than any of the other PFAS detected in the solutions (see Table 3.12), also exhibited
markedly different activity in ASW and CaCl2 solutions. Notably, the mass accumulation
in the CaCl2 solution was greater than in the NaCl solution, a similar effect to what was
observed in the single-solute PFOS system discussed in Chapter 2.



CHAPTER 3. INTERFACIAL MASS ACCUMULATION OF PFAS IN AFFF IN
SALINE ENVIRONMENTS 47

0

5

10

15

M
as

s A
cc

um
ul

at
io

n 
(µ

g)

PFHxSaAm

Ultra-
pure

Brackish ASW 500 mM 
NaCl

500 mM 
CaCl2

0.0

0.5

1.0

1.5
NTAmPFHxSA

Ultra-
pure

Brackish ASW 500 mM 
NaCl

500 mM 
CaCl2

0.00

0.05

0.10

0.15

0.20
FHxSA

Ultra-
pure

Brackish ASW 500 mM 
NaCl

500 mM 
CaCl2

0.00

0.05

0.10

0.15

0.20
PFHxS

Ultra-
pure

Brackish ASW 500 mM 
NaCl

500 mM 
CaCl2

0

10

20

30

40

Ultra-
pure

Brackish ASW 500 mM 
NaCl

500 mM 
CaCl2

PFOS

0.0

0.1

0.2

0.3

0.4

0.5

M
as

s A
cc

um
ul

at
io

n 
(µ

g)

PFBS

Ultra-
pure

Brackish ASW 500 mM 
NaCl

500 mM 
CaCl2

Figure 3.4: Interfacial mass accumulation of precursors and PFSAs in ABW, ASW, 500
mM NaCl, and 500 mM CaCl2 solutions containining diluted AFFF concentrate. Mass
accumulation was calculated from interfacial concentration and volume. Error bars are the
standard deviations of triplicate samples.

While the ASW and NaCl solutions have similar concentrations of Na+ ions, the amine-
containing compounds as well as PFOS have a higher mass accumulation in the ASW so-
lutions. This indicates that Na+ alone is not driving the interfacial accumulation in the
ASW solution. Likely, the divalent cations present in ASW (46 mM Mg2+ and 10 mM Ca2+,
see Supporting Information Table 3.3), are a substantial contributor to the increased mass
accumulation as we found in investigating the mechanism of monovalent and divalent cations
in PFOS interfacial activity (Ch. 2). The increase in interfacial mass accumulation in the
matrices evaluated indicates that salinity significantly enhances accumulation and may be a
primary mechanism by which PFAS attenuation is affected in the environment.

3.5 Remaining Challenges

As evidenced by the growing body of literature on PFAS interfacial properties and par-
titioning behavior [24, 28, 41, 45, 46, 109] there is heightened interest in the research com-
munity as to how the surfactant properties of PFAS impact their environmental behavior.
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ABW ASW
g/L mmol g/L mmol

NaCl 13.65 225 27.30 450
KCl 0.37 5 0.74 10

CaCl2 0.5 4.5 1 9
MgCl2・ 6 H2O 3.05 15 6.1 30
MgSO4・7H2O 1.975 8 3.95 16

Table 3.3: Mass and molar quantities of salts used in preparation of artificial brackish water
(ABW) and artificial seawater (ASW).

Interfacial accumulation has significant implications for PFAS fate and transport; it has the
potential to affect retention at a source zone and retention during transport downstream,
and may result in unexpected accumulation of PFAS beyond the source zone [24, 28, 41,
184]. In evaluating the detection, surface activity, and mass accumulation of PFAS in a
3M AFFF formulation, we observed that high salinity matrices have the ability to decrease
detection and decrease the CMC of the formulation, and specifically that divalent salts (e.g.,
(CaCl2)) have the potential to increase the surface activity and mass accumulation of certain
PFAS in solution.

The challenging aspect of this research area is that the interfacial accumulation prop-
erties of PFAS vary within the class, depending on the chemical structure (e.g., carboxylic
acid or sulfonic acid head group, chain length), and are affected by water properties such as
salinity. Additionally, variations in AFFF formulations with respect to relative proportions
of fluorocarbon and hydrocarbon surfactants, as well as the proportions of the fluorocar-
bon surfactants alone, will likely impact interfacial behavior in mixed contaminant systems.
As PFAS contamination spreads from a source zone, the characteristics of the mixture will
change which may further impact interfacial accumulation. This work demonstrates the
enhanced interfacial accumulation of PFAS in saline conditions, and may serve in forming
a better understanding of how salinity impacts retention processes of AFFF from contam-
inated source zones, as well as inspire attention towards natural attenuation mechanisms
in the environment which may prove to be a useful mechanism by which to manage PFAS
contaminated zones.
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Table 3.4: Dilution series of 3M AFFF in ASW (or ABW) water for surface tension isotherm
measurements.

3.6 Supporting Information

LC-MS/MS Method for Sample Analysis

Samples for quantification by LC-MS/MS were prepared in 50:50 methanol:H2O and di-
luted appropriately such that they were within the calibration range. A target concentration
of 2 µg/L of internal standard (MPFAC-MXA from Wellington Laboratories) was added di-
rectly to each 2 mL amber LC-MS/MS vial. Per- and polyfluoroalkyl substance (PFAS)
analytes were quantified by LC-MS/MS equipped with electrospray ionization in negative
mode (Triple Quad 6460A, Agilent Technologies) multiple reaction monitoring (MRM). Gas
and Sheath Gas Heater temperatures were 325 and 350◦C, respectively. Gas and sheath gas
flows were 9 L/min. The nebulizer was kept at 25 psi and the capillary voltage was 3.5
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kV. Samples were prepared for analysis by dilution in methanol to a target concentration
of 10 µg/L to ensure quantification within the calibration range (0.2-10 µg/L). The isotope
dilution method was used to account for any potential matrix effects. Mass labeled [13C]-
perfluoroalkyl acids (PFAAs) (2-5 µg/L) were added to LC-MS/MS sample vials for each
sample in the final stage of sample preparation. Analytes were separated using a Zinc-Diol
guard column coupled to Zorbax C18 XDB guard and analytical columns (Agilent Tech-
nologies). The mobile phase (0.4 mL/min) was 5 mM ammonium acetate in water (A) and
5 mM ammonium acetate in methanol (B) with a solvent gradient: hold 0-2 min 95% A,
ramp to 10% A by 10 min, hold 10-11.5 min 10% A, ramp to 95% A by 12 min, hold 12-18
min 95% A. The LC-MS/MS setup included a delay C18 column after the purge valve to
decrease the effect of possible contamination from upstream polytetrafluoroethylene (PTFE)
components. PFAS were quantified by the transitions and collision energies listed in Table
3.5. Mobile phase blanks were run every 10 samples and select calibration samples were
re-run every 20 samples to prevent contamination or carryover in the analysis.
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Compound Internal 
Standard Precursor Ion Product Ion Fragmentor

Voltage (V)
Collision 

Energy (V) Polarity

MPFBA - 217 172 50 5 Neg

MPFPeA - 266
222

60 2 Neg
221

MPFHxA - 315 270 60 5 Neg
MPFOA - 417 372 70 2 Neg
MPFNA - 468 423 70 5 Neg
MPFHxS - 403 103 150 40 Neg
MPFOS - 503 80 190 60 Neg
PFBA MPFBA 213 169 50 2 Neg

PFPeA MPFPeA 263
219 60 2

Neg
68.9 92 8

PFHxA MPFHxA 313
269

80
2

Neg
119 15

PFHpA MPFOA 363
319

80 2 Neg
169

PFOA MPFOA 413
369

80
3

Neg
169 14

PFNA MPFNA 463
419

80
2

Neg
219 15

PFBS MPFHxS 299
99

120
30

Neg
80 70

PFHxS MPFHxS 399
99

125
50

Neg
80 80

PFOS MPFOS 499
99

122
50

Neg
80 80

FHxSA MPFOS 398 78 125 36 Neg
FOSA MPFOS 498 78 125 36 Neg

6-2 FtS MPFOS 427
407

140
25

Neg
80 35

AmPr-FHxSA MPFOS 485 85 135 30 Pos

Table 3.5: PFAS compounds analyzed by LC-MS/MS.
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𝛄0 (mN/m)
Fit Range 

(mg/L) a b
𝚪max

(x 10-7  mol/cm2) R2

Ultrapure 72.83 0.25-2500 0.2489 116.85 7.32 0.976

Artificial Brackish 71.76 0.25-2500 0.2139 35.81 6.20 0.943

Artificial Seawater 72.23 0.25-2500 0.2141 35.70 6.24 0.944

Table 3.6: Summary of the fitted parameters a, b and calculated surface excess as determined
from the Langmuir-Szyszkowski model.
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Figure 3.6: Comparison of target 3M AFFF concentration in dilution series solutions and
detected PFOS concentrations used for validation. Because we did not analyze for all hydro-
carbon and fluorocarbon components of the AFFF formula, AFFF concentration is based on
mass measured out for high concentration solutions, and on the subsequent dilutions from
those high concentration solutions. The linear relationship between the target and measured
PFOS concentration helps to validate the accuracy of the AFFF concentrations in the dilu-
tions series.
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Table 3.7: Target AFFF and measured PFOS concentrations in the 3M AFFF dilution series.
The % PFOS concentrations (0.4-0.86%) are in the expected range for a 3M formulation;
the data is plotted in Figure 3.6 and the linear relationship between target and measured
concentration indicates accuracy in the preparation of the dilution series, despite that not
all the analytes could be quantified to determine the total AFFF concentration present in
each solution.
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CMQ (mM) – Average of Triplicate Samples
Sampled pre- 200 mM Na2SO4 addition

PFBS PFHxS PFOS
10,000x dil 0.10 0.38 2.40
7,500x dil 0.13 0.49 2.92
5,000x dil 0.18 0.71 4.09
2,500x dil 0.32 1.26 8.09
1,000x dil 0.80 3.14 19.31

CMQ (mM) – Average of Triplicate Samples
Sampled pre- 500 mM Na2SO4 addition

PFBS PFHxS PFOS
10,000x dil 0.12 0.44 2.93
7,500x dil 0.14 0.54 3.57
5,000x dil 0.20 0.77 5.14
2,500x dil 0.39 1.49 9.69
1,000x dil 0.89 3.34 21.79

Table 3.8: Detected concentrations of PFSAs in 1,000-10,000x diluted AFFF solutions prior
to salt addition.
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FHxSA Bulk Film Bulk Film
ultrapure 0.0528 0.0965 0.0054 0.0162
Brackish 0.0525 0.1492 0.0077 0.0174
ASW 0.0395 0.2588 0.0045 0.0564
500 mM NaCl 0.0595 0.1839 0.0047 0.0100
500 mM CaCl 2 0.0637 0.2771 0.0034 0.0198
PFHxSaAm
ultrapure 1.241 10.261 0.110 1.659
Brackish 1.332 8.345 0.123 0.544
ASW 1.252 17.416 0.094 2.768
500 mM NaCl 1.480 10.238 0.026 0.966
500 mM CaCl 2 1.311 18.822 0.118 2.525
NTAmPFHxSA
ultrapure 0.080 0.979 0.015 0.115
Brackish 0.077 0.847 0.005 0.022
ASW 0.061 1.835 0.016 0.304
500 mM NaCl 0.087 1.224 0.003 0.113
500 mM CaCl 2 0.079 2.213 0.005 0.372
6:2 FtSaB
ultrapure 0.1858 0.0908 0.0025 0.0011
Brackish 0.1807 0.0932 0.0023 0.0031
ASW 0.1795 0.0981 0.0006 0.0016
500 mM NaCl 0.1795 0.0942 0.0009 0.0027
500 mM CaCl 2 0.1807 0.0922 0.0013 0.0013

Averages (µg/L) St. Dev.

Table 3.9: Measured concentrations of precursor compounds in bulk and film solutions in high
salinity matrices containing 3M AFFF. Standard deviations are reported for the averages of
triplicate solutions.
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PFHxA Bulk Film Bulk Film
ultrapure 0.1873 0.0548 0.0120 0.0348
Brackish 0.1740 0.1473 0.0059 0.0290
ASW 0.1655 0.1080 0.0073 0.0173
500 mM NaCl 0.1761 0.1454 0.0063 0.0333
500 mM CaCl 2 0.1749 0.1729 0.0031 0.0512
PFHpA
ultrapure 0.0724 0.0250 0.0015 0.0153
Brackish 0.0647 0.0591 0.0027 0.0150
ASW 0.0674 0.0441 0.0060 0.0046
500 mM NaCl 0.0669 0.0559 0.0013 0.0111
500 mM CaCl 2 0.0708 0.0661 0.0046 0.0203
PFOA
ultrapure 0.2539 0.1006 0.0148 0.0322
Brackish 0.2117 0.1857 0.0090 0.0290
ASW 0.2183 0.1675 0.0113 0.0161
500 mM NaCl 0.2266 0.1919 0.0023 0.0306
500 mM CaCl 2 0.2364 0.1973 0.0075 0.0405

Averages (µg/L) St. Dev.

Table 3.10: Measured concentrations of PFCAs in bulk and film solutions in high salinity
matrices containing 3M AFFF. Standard deviations are reported for the averages of triplicate
solutions.
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PFBS Bulk Film Bulk Film
ultrapure 0.707 0.209 0.048 0.111
Brackish 0.680 0.558 0.019 0.120
ASW 0.669 0.435 0.059 0.085
500 mM NaCl 0.677 0.532 0.032 0.144
500 mM CaCl 2 0.667 0.634 0.006 0.196
PFPeS
ultrapure 0.696 0.226 0.033 0.114
Brackish 0.658 0.544 0.005 0.098
ASW 0.635 0.423 0.038 0.063
500 mM NaCl 0.681 0.519 0.010 0.121
500 mM CaCl 2 0.669 0.636 0.025 0.186
PFHxS
ultrapure 0.420 0.073 0.126 0.034
Brackish 0.272 0.172 0.074 0.028
ASW 0.195 0.136 0.016 0.032
500 mM NaCl 0.190 0.171 0.021 0.047
500 mM CaCl 2 0.214 0.209 0.001 0.068

Averages (µg/L) St. Dev.

Table 3.11: Measured concentrations of short chain PFSAs in bulk and film solutions in high
salinity matrices containing 3M AFFF. Standard deviations are reported for the averages of
triplicate solutions.
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PFHpS Bulk Film Bulk Film
ultrapure 0.307 0.133 0.032 0.073
Brackish 0.284 0.389 0.022 0.073
ASW 0.264 0.567 0.029 0.119
500 mM NaCl 0.288 0.466 0.003 0.113
500 mM CaCl 2 0.295 0.686 0.009 0.071
PFOS
ultrapure 13.331 12.325 0.710 3.059
Brackish 12.156 25.611 0.362 3.268
ASW 10.843 58.491 0.508 12.516
500 mM NaCl 12.169 35.856 0.152 4.783
500 mM CaCl 2 11.634 61.492 0.324 6.924
PFDS
ultrapure 0.033 0.063 0.024 0.004
Brackish 0.037 0.054 0.027 0.006
ASW 0.054 0.100 0.006 0.016
500 mM NaCl 0.071 0.050 0.003 0.004
500 mM CaCl 2 0.056 0.100 0.009 0.018

Averages (µg/L) St. Dev.

Table 3.12: Measured concentrations of short (PFHpS) and long chain (PFOS, PFDS) PFSAs
in bulk and film solutions in high salinity matrices containing 3M AFFF. Standard deviations
are reported for the averages of triplicate solutions.
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Chapter 4

Assessing transformation potential of
perfluoroalkyl acids (PFAAs) in a
laccase mediator system (LMS)

Parts of this chapter are included in the manuscript under review, “A Systematic Investi-
gation of the Potential Oxidation Mechanism of Perfluoroalkylacids (PFAAs) in a Laccase-
Mediator System (LMS)” (Steffens et al. 2022)

4.1 Synopsis

Bio-based treatment systems have been proposed to transform PFAAs, but neither trans-
formation pathways nor suspected transformation products have been confirmed. This chap-
ter is an investigation of a proposed enzyme treatment system and the discovery of a sorptive
removal process that could be interpreted as an artifact of transformation.

4.2 Efforts towards PFAS bioremediation

Biological treatment has been used for over a century for treatment of wastewater, and
more recently for treatment of persistent organic pollutants, which have emerged as a conse-
quence of industrialization and urbanization [198, 199]. Per- and polyfluoroalkyl substances
(PFAS) are among the most recalcitrant pollutants, earning the colloquial title “forever
chemicals” due to their long half-lives and resistance to biological, thermal, and chemical
degradation. While typical removal and destruction technologies for PFAS are chemically
and energetically intensive processes such as advanced oxidation/reduction processes, ad-
sorption technology, and incineration [200], the lower energy and chemical requirements of
biological treatment strategies are an enticing, yet elusive, alternative for PFAS transforma-
tion.
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Unlike species of natural chlorinated organics, which number in the thousands, only a
small number fluorinated organics are found in nature [201–203]. This perhaps explains the
relative success of bioremediation of chlorinated ethenes compared to highly fluorinated com-
pounds such as PFAS, for which few or no naturally occurring analogues exist. Perfluoroalkyl
acids (PFAAs) including perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid
(PFOS), have generally been shown to fail as potential electron acceptors for dehalogenating
bacteria [202, 204, 205]. Biotransformation of some polyfluoralkyl substances is possible, but
generally requires at least one hydrogen atom at the α-carbon adjacent to the perfluoroalkyl
chain in order for a reaction to initiate [204, 206]. For example, fluorotelomer thioether amido
sulfonates can biotransform into fluorotelomer sulfonates and fluorotelomer carboxylic acids
[99, 207], and fluorotelomer alcohols can biotransform into PFAAs, even undergoing partial
chain-shortening [208–210]. In one study, the ammonium oxidizing bacteria Acidimicrobium
sp. strain A6 was shown defluorinate PFOA and PFOS under iron-reducing conditions,
but further investigation is needed to confirm complete mineralization in this system [3].
Currently characterized biotransformation reactions are essential for understanding the fate
of PFAS in the environment, but have yet to prove their utility as viable PFAS treatment
technologies.

In contrast to isolated bacteria or bacterial communities, enzymatic biotransformation
reactions are promising for the transformation of persistent organic pollutants, even PFAS,
because of their rapid kinetics and the diversity of enzymes available for use. Horseradish
peroxidase (HRP) and fungal laccase enzymes have been reported for biotransformation of
PFOA [105, 211, 212] and PFOS [106]. Laccase enzymes are of particular interest because
unlike HRP, which requires hydrogen peroxide as a terminal electron acceptor, they utilize
molecular oxygen, catalyzing the reduction of O2 to H2O [213, 214]. Laccase enzymes are also
prevalent in the environment, and can be found in plants, insects, fungi, and [215–217], which
could be beneficial for in situ treatment of organic compounds such as PFAS. Laccases are
used to catalyze lignin biodegradation via one electron abstraction from phenolic hydroxyl
groups [214]. However, the oxidative power of these enzymes is limited by relatively low redox
potentials ( 0.2-0.8 V/NHE) [218]. The addition of small molecule mediators, most commonly
bearing nitroxyl or phenolic moieties, can facilitate electron transfer from target substrate to
laccase, expanding the scope of laccase-catalyzed reactions to larger substrates with higher
redox potentials [218, 219]. This multi-step oxidation cycle, in which laccase oxidizes a
chemical mediator, the chemical mediator oxidizes a target substrate, and molecular oxygen
is reduced to water, is referred to as the laccase-mediator system (LMS).

LMSs have been investigated for the degradation of pesticides and pharmaceuticals, de-
colorization of dyes, among other water pollutants [118, 218, 220, 221]. While initial results
indicating application of an LMS to transform PFOA and PFOS were promising, the trans-
formation products reported were tentative and the reaction kinetics were inefficient [105,
106]. Additionally, the apparent requirement for copper in the reaction system poses some
concern for in situ remediation applications. Therefore, we sought to improve the scope,
efficacy, and mechanistic underpinnings of LMSs for PFAS treatment by investigating the
following: what other laccase enzymes could catalyze the reaction? What other mediators?
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Figure 4.1: A systematic study of the proposed oxidation mechanism for PFAAs in a laccase-
mediator system.

Could other metals be used to replace copper? Additionally, could the reaction rate be im-
proved? We began our investigation with a screening of laccase-mediator combinations for
PFOS degradation, utilizing the previously published reaction conditions [106]. However,
after seeing no signs of PFOS removal, we altered the scope of our investigation to system-
atically probe the individual oxidation steps of the LMS reaction. Primarily, we focused on
characterizing enzyme activity under a variety of conditions, testing the degradation of a
proxy compound and prevalent water contaminant, carbamazepine (CBZ), in an LMS, and
investigating the generation of the radical mediator species. This led to the discovery of an
important removal artifact that may influence the application of enzyme-based treatment
strategies to PFAS-contaminated water.

4.3 Materials & Methods

Chemicals

Chemicals used in the experiments were of reagent grade quality or higher, and were pur-
chased from the following suppliers: MilliporeSigma, Fisher Scientific, Spectrum, and VWR.
Commercial enzymes were purchased from MilliporeSigma (Trametes versicolor, Agaricus
bisporus, Aspergillus sp.) and from Creative Enzymes (Native laccase, white rot fungi).
Chemicals and enzymes were used without further purification. Mass-labeled internal stan-
dard compounds were purchased from Wellington Laboratories. The mass-labeled com-
pounds arrived in glass ampules ranging from 1.0-50 µg/L, and were diluted to make stock
solutions for preparation of internal standard solution and standard working solutions for the
preparation of a standard curve. For preparation of aqueous buffers for the reactors, Milli-Q
water was used. For preparation of mediator stocks for reactor amendments, HPLC-grade
acetonitrile (MeCN) was used. Reactors were prepared using 50 mL polypropylene (PP)
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Corning centrifuge tubes, or 20 mL glass scintillation vials.

Enzyme Activity Assay

A colorimetric UV-spectrophotometric assay was used to determine the relative en-
zyme activity among batches and species of commercial laccase enzymes. The assay mea-
sures the oxidative conversion of 2,6-dimethoxyphenol (DMP) to the corresponding 3,5,3’5’-
tetramethoxydiphenoquinone [222]. The absorbance spectra of the quinone is measured at a
wavelength maxima of 468 nm (ε=49,600 M−1cm−1) in a citrate-phosphate buffer (pH 3.8)
prepared from a 0.1 M solution of citric acid and a 0.2 M solution of Na2HPO4. Assays
were conducted in 96-well plates at a volume of 200 µL total. Buffer solution was added to
the plate followed by the laccase-containing solution; DMP (1 mM) was then quickly added
before placing the plate in a Shimadzu UV-vis reader for absorbance measurements. The
laccase-containing solution was diluted appropriately (1,000 - 10,000x) in order to achieve an
absorbance in the range of 0.1-1 AU for best accuracy. In the majority of experiments, the
target enzyme activity was 0.5-2 U/mL; in order to accurately measure enzyme activity of
these experiment solutions, a total dilution of approximately 1000x was required to obtain
an absorbance reading in the appropriate range. Absorbance was measured continuously
over 10 minutes. Solutions were assayed in triplicate from which the average absorbance
measurements were calculated. Absorbance data was related to enzyme activity using the
Beer-Lambert law,

A = εbC (4.1)

where ε=molar extinction coefficient, b=path length, and C=concentration. Path length
was calibrated to 1 cm from a matrix blank using Gen5 Version 3.02 processing software.
The change in concentration of substrate per minute (µmol/minute) was used to determine
the enzyme activity, adjusted for dilution. The following equation was used,

Activity(U/mL) =
∆A

ε
× 106 × 1

D
(4.2)

with a factor of 106 to convert from mol of product to µmol of product, and a factor of 1/D
to correct for total dilution from the original enzyme containing solution.

Batch Transformation Experiments

Reactors were prepared in triplicate, unless noted otherwise. Reactor solutions consisted
of the target substrate in a selected buffer, to which a selected mediator and enzyme was
added. Reactors were prepared either in Corning 50 mL PP centrifuge tubes, with up to 10
mL solution volume, or 20 mL glass scintillation vials, with up to 5 mL solution volume, to
ensure oxygenated headspace. Solutions were prepared in the following order: 1) Buffer was
added to the tube/vial (e.g., sodium malonate); 2) A small volume of concentrated substrate
stock was added to the buffer (e.g., 100 µL of aqueous PFOS, PFOA, or carbamazepine);
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3) A small volume of concentrated mediator stock was added to the buffer (e.g., 50-100 µL
of 1-hydroxybenzotriazole (HBT) in MeCN); 4) Laccase enzyme was added to the reactor
solution, either as a solid powder or from a concentrated stock diluted in the same buffer
used in the reactors. For control reactors (i.e., those without mediator, without enzyme, or
without both), equivalent volumes of MeCN and/or buffer were added to the reactors such
that volume changes throughout the course of the experiment were as consistent as possible
for all reactors.

Reactors were placed in a floor shaker incubator (New Brunswick Excella E25) set to 30ºC
and 130 rpm, unless noted otherwise. All reactions were aqueous phase only, unless noted
otherwise. Following the protocol established by Luo et al. [105, 106], the reactors were
amended with mediator and enzyme throughout the course of the experiment. The purpose
of this protocol was to maintain enzyme activity and continue stimulating the reaction.
Reactors were amended using a predetermined schedule, ranging from two-times daily to
once a week, depending on the experimental set-up. The quantity and frequency of enzyme
and mediator doses was one of the variables evaluated in this study, and the specifics of the
dosing schedule is described for individual experiments.

Reactors were sampled to monitor target substrate concentration as frequently as once
per day, up to once a week, depending on the length of the experiment as well as the
mediator/enzyme amendment schedule. At the sampling time, all reactors were opened to
promote aeration. Reactors were kept open for a minimum of 10 minutes to ensure oxygen
was replenished in the reactor container. Sample aliquots were removed from reactors and
immediately diluted into methanol (MeOH) or basic methanol (2% ammonium hydroxide) to
terminate the reaction. A minimum of 100 µL aqueous sample was removed for dilution. For
sacrificial extraction experiments, the aqueous solution volume at the end of the experiment
was weighed and the equivalent volume of MeOH was added directly to the reactor (i.e.,
2x dilution, 5 mL of MeOH added to 5 mL aqueous reaction solution) to ensure complete
‘extraction’ from the reactor in the case that substrate had sorbed to the container walls.
This extract was measured and compared to a sample taken just prior to extraction to
quantify sorptive effects.

Statistical analysis was performed using the Stats, NumPy, and one-way ANOVA modules
in the SciPy package of Python 3.8.5. A paired, two-tailed T-test was used to determine
P-values between two data sets; the one-way ANOVA test was used to determine P-values
across multiple reactor conditions.

Analytical Methods

Samples were prepared for analysis by dilution in MeOH to a target concentration of 10
µg/L to ensure quantification within the calibration range (0.2-10 µg/L). The isotope dilution
method was used to account for any potential matrix effects. Mass labeled [13C]-PFAAs (2-5
µg/L) were added to LC-MS/MS sample vials for each sample in the final stage of sample
preparation. Analytes were separated using a Zinc-Diol guard column coupled to Zorbax C18
XDB guard and analytical columns (Agilent Technologies). The mobile phase (0.4 mL/min)
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was 5 mM ammonium acetate in water (A) and 5 mM ammonium acetate in MeOH (B)
with a solvent gradient: hold 0-2 min 95% A, ramp to 10% A by 10 min, hold 10-11.5 min
10% A, ramp to 95% A by 12 min, hold 12-18 min 95% A. The LC-MS/MS setup included
a delay C18 column after the purge valve to decrease the effect of possible contamination
from upstream PTFE components. PFAS analytes were quantified by LC-MS/MS equipped
with electrospray ionization in negative mode (Triple Quad 6460A, Agilent Technologies)
multiple reaction monitoring (MRM). Gas and Sheath Gas Heater temperatures were 325
and 350◦C, respectively. Gas and sheath gas flows were 9 L/min. The nebulizer was kept
at 25 psi and the capillary voltage was 3.5 kV. PFAS were quantified by the transitions
and collision energies listed in Table 3.5. Mobile phase blanks were run every 10 samples
and select calibration samples were re-run every 20 samples to prevent contamination or
carryover in the analysis.

EPR Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy studies were performed in the
CalEPR center in the University of California, Davis with Dr. Guodong Rao and Dr. David
Britt. X-band (9.4 GHz) continuous-wave (CW) EPR spectra were recorded on a Bruker
Biospin EleXsys E500 spectrometer with a super high Q resonator (ER4122SHQE), an
ESR900 liquid helium cryostat with a temperature controller (Oxford Instruments ITC503)
and gas flow meter. CW EPR spectra were recorded under slow-passage, non-saturating con-
ditions. Spectral simulations were performed in Matlab 2018a with Easyspin 5.2.35 toolkit
[223].

The EPR sample of BTNO (benzotriazole-N-oxyl) radical in CH3CN was prepared by
mixing 100 µL 20 mM cerium (IV) ammonium nitrate in CH3CN and 100 µL 20 mM HBT in
CH3CN. The spectrum was recorded at room temperature, using the following spectrometer
settings: conversion time = 120 ms, modulation frequency = 100 kHz, modulation ampli-
tude = 0.025 mT, and simulated using previously reported parameters [224]. EPR samples
of HBT radicals generated by laccase enzymes were prepared by incubating aqueous solu-
tions containing 1 mM HBT, 12 mg/mL Tv laccase, 10 µM CuSO4, and 1 mM of different
substrates for varying periods. The spectra were recorded at 50 K using the following spec-
trometer settings: conversion time = 120 ms, modulation frequency = 100 kHz, modulation
amplitude = 0.5 mT.

4.4 Results & Discussion

Screening of laccase-mediator combinations for PFOS
transformation

Multiple laccase enzymes were screened with five nitroxyl radical mediators for PFOS
transformation. While the white rot laccase Pleurotus ostreatus previously reported for
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PFAA degradation [105, 106] is no longer commercially available, we evaluated an alternative
Native white rot laccase (Creative Enzymes) and Agaricus bisporus (Sigma), both of which
are ‘high-redox’ laccases capable of oxidizing nitroxyl mediator compounds [213, 225]. In
the proposed mechanism, the key species for initiating oxidation of the target substrates
(i.e. PFOA, PFOS) is the BTNO radical. Therefore, the species of laccase should be
interchangeable, as long as the enzyme has a high enough redox potential to oxidize HBT to
the reactive radical BTNO, which mediates the electron transfer to the substrate. With the
aim of expanding the relevance of LMSs for PFAS degradation, we sought to evaluate other
laccase species and mediator compounds capable of catalyzing PFOS transformation. Based
on previously reported mediator species capable of oxidizing PFOA and PFOS [211, 226],
we chose to screen a variety of mediator compounds in order to optimize the transformation
reaction. Of particular interest were nitroxyl compounds similar in structure to HBT, violuric
acid, and ABTS, which were shown to decrease PFOA and PFOS concentrations in soil
slurries [226]. Additionally, PFOA degradation was observed without a mediator in laccase
systems containing soil slurries as well as soybean meal, perhaps indicating that natural
mediators present in the soybean meal could promote degradation [227].

We selected five nitroxyl-bearing mediators (Figure 4.2) based on LMSs previously re-
ported in literature. Because the nature of electron transfer mediated by the nitroxyl groups
may differ, we wanted to evaluate the impact of the mechanism on degradation efficiency.
Compounds such as HBT, violuric acid, and N-hydroxyphthalimide (HPI) generally perform
oxidation through a hydrogen atom transfer (HAT) mechanism by abstracting a hydrogen
atom from the substrate, but can also perform electron transfer (ET) in some cases [224]. Al-
ternatively, compounds such as TEMPO and AZADO generally perform oxidation through
an ionic mechanism, through which the radical forms a positive charge and the mediator
initiates a typical nucleophilic-type reaction mechanism. Given that our primary target sub-
strates, PFOS and PFOA, contain no hydrogen atoms at relevant pH ranges, we hypothesized
that the reaction with HAT/ET type mediators should proceed via the ET route.

Additionally, in a previous study [106], it was shown that copper was essential to PFOS
degradation in the LMS with Pleurotus ostreatus and HBT. It was hypothesized that the
Cu2+ could induce a structural change in PFOS, ‘unlocking’ the helical CF2 backbone of
PFOS. While density functional theory (DFT) calculations reported in this study did not
indicate a significant change in the C–C bond strength in the backbone units, they showed
a change in the dihedral bond angles in the chain. It was suggested that the decrease in
the dihedral angles allowed for greater accessibility for attack by the oxidized HBT radical,
facilitating the breaking of the CF2 backbone. While it is interesting that copper may induce
this change in the helical structure of PFOS, which has been similarly shown for other metal
cations [228], it is not immediately clear how a change in dihedral angle would facilitate the
oxidative reaction.

Screening PFOS degradation with two laccase enzymes and five nitroxyl mediators, with
weekly dosing of each, resulted in no significant PFOS degradation (Figure 4.3). The ap-
parent decrease in PFOS concentration across the 28 day reaction is similar among the
treatment conditions and the enzyme-only control, suggesting that the laccase-mediator re-
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action is not initiating detectable PFOS degradation. Additionally, no detectable differences
were observed between the mediator compounds screened. This suggested that the LMS was
not effectively degrading PFOS among the conditions studied. Because the main difference
in this system and the previously reported reaction [106] was the enzyme itself, we decided to
further evaluate the enzyme-mediator reaction via evaluation of reactivity towards a proxy
compound.

Evaluating degradation of a proxy compound

Upon observing no apparent degradation of PFOS or PFOA in the LMSs initially screened,
we chose to evaluate the degradation of a proxy compound, carbamazepine (CBZ), in order
to probe the reactivity of the system. CBZ is an antiepileptic drug and persistent aqueous
pollutant. It is one of the most frequently detected pharmaceuticals in surface and ground-
water [229], as well as in wastewater treatment plant effluents [220]. Though non-fluorinated,
CBZ is hydrophobic (log Kow > 2) [230] and generally requires a strong oxidizing agent (e.g.,
hydroxyl radical) for complete mineralization [231]. Multiple other researchers have investi-
gated LMS treatment for CBZ as an environmentally benign approach that requires lower



CHAPTER 4. ASSESSING TRANSFORMATION OF PFAAS IN A LMS 69

Figure 4.3: Screening of laccase-mediator combinations for reactivity towards PFOS. PFOS
concentrations do not appear to decrease significantly compared to the no mediator control
over the 28 day period (p=0.58 white rot, p=0.24 Agaricus bisporus. Concentrations were
normalized to a control (No laccase, No mediator) to account for possible evaporation (see
Supporting Information Figure 4.11). Laccase and mediator were added weekly at the time
of sampling.

energy inputs and avoids accumulation of a waste stream [220, 229]. It has been shown that
Trametes versicolor laccase (TvL) and HBT can result in CBZ removal of up to 60% [220].
In theory, the oxidation of the mediator, HBT, and its subsequent reaction with the target
compound, PFOS or PFOA, is critical for driving the degradation reaction. We reasoned
that by evaluating CBZ degradation using Trametes versicolor laccase and HBT we could
confirm that the laccase-mediator reaction was in fact occurring. Both Trametes versicolor
and Pleurotus ostreatus are considered high redox potential species, with redox potentials of
800 mV (vs. NHE) [232] and 650-740 mV (vs. NHE) [225], respectively. With this assump-
tion, submitting PFOS and PFOA to the reaction conditions capable of CBZ transformation,
should result in oxidation of the perfluorinated substrates as well.

We conducted preliminary experiments to evaluate the effect of enzyme dosage and medi-
ator compound on CBZ degradation, and screened an additional high redox laccase enzyme,
Aspergillus (770 mV vs. NHE) [233] and a Pycnoporus species (see Supporting Information
Figure 4.14, 4.15) with multiple buffers in addition to Trametes versicolor. We observed
CBZ removal with the Aspergillus laccase, but not in the Pynoporus system. We also eval-
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uated enzyme activity in various buffers (see Supporting Information Figures 4.12 4.13. In
evaluating the effect of mediator dosage with Trametes versicolor, we observed that higher
mediator doses (1 mM, 5 mM) may slightly improve the removal efficiency of CBZ compared
to the ‘No Mediator’ control (Figure 4.4-a).

To improve the removal efficiency, we increased the enzyme dose from 0.6 U/mL to 2
U/mL and decreased the initial concentration of CBZ 0.1 µM. Treatment with TvL and
HBT resulted in approximately 35% removal of CBZ over the course of 120 hours (p <
0.001) (Figure 4.4-b). While we were satisfied with these results as an indication that the
laccase-mediator reaction was occurring, it should be noted that we were not able to achieve
the 60-95% removal levels reported previously [220, 229].

EPR Study of nitroxy-radical species

To further assess the enzyme-mediator reaction, we investigated the generation of the
BTNO radical with EPR. Following a previous report [224], we were able to generate the
BTNO radical in the CH3CN solution by oxidizing HBT with Ce (IV). The room-temperature
CW EPR spectrum of the resulting dark solution showed a hyperfine-split feature that can
be simulated using previously reported 14N and 1H hyperfine parameters (Figure 4.5-a) [224].

Formation of the BTNO radical in aqueous solution was also observed by incubating TvL
laccase and HBT at the presence of Cu2+ (Figure 4.5-b). However, the hyperfine patterns
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Figure 4.5: X-band CW EPR spectra. (a) Room temperature EPR spectrum of BTNO
radical generated in CH3CN (black trace) and simulation (red trace). Simulation parameters:
g = 2.0069, three 1H with a (1H) = 1.0, 5.7 and 12.8 MHz, three 14N a (14N) = 1.6, 4.3
and 13.3 MHz. (b) EPR spectrum of BTNO radical generated in the laccase system. The
feature on the left is due to Cu2+ EPR signal.
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were not resolved in the EPR spectrum of the frozen aqueous solution, likely due to the line
broadening caused by anisotropies in the latter. Similar EPR signals for N-oxide radicals in
aqueous solutions have been documented previously [234].

We hypothesized that EPR may give some indication as to whether the HBT radical
interacted with the target perfluorinated substrates. We evaluated the EPR reaction under
similar conditions used in the aqueous reactors monitored via LC-MS/MS (2 U/mL TvL, 1
mM HBT); we chose to use a lower copper concentration (10 µM rather than 10 mM) to
avoid interference with the organic radical signal. The decrease in the radical signal within
20 minutes upon PFOA and PFOS addition could suggest an interaction between BTNO
and the substrate; however, the signal increased to the initial level for both substrates after
120 minutes (see Supporting Information Figure 4.17). While it is unclear why the addition
of PFOA or PFOS causes the radical signal to decrease, a parallel experiment monitoring
PFOA and PFOS concentration by LC-MS/MS confirmed that no removal was detected
under these conditions (see Supporting Information Figure 4.18).

Treatment of PFOA and PFOS with Trametes versicolor and HBT

Upon confirming the reactivity of the Trametes versicolor and HBT system towards
a proxy compound, we evaluated the reactivity towards another previously reported LMS
substrate, PFOA, the carboxylic acid analogue of PFOS. The degradation of PFOA was
previously reported by an LMS system [105, 226]. As a typically easier to oxidize substrate
than PFOS using other destructive technologies [150], we considered that we might have
greater success in reproducing PFOA removal and degradation. Additionally, reports of
PFOA degradation in some iterations of the LMS studied included solids in the reaction
matrix, and we hypothesized that the addition of solids may have impacted laccase reactivity.

To evaluate this hypothesis, we compared treatment of a solution spiked with 1 µM PFOA
in soil and soil-free reactors. The treatment conditions included an enzyme-only control, as
well as an untreated control to account for potential sorption effects to the soil or the reactor
containers. We chose to dose reactors more frequently over a shorter period of time– 6 doses
over two weeks– based on the previously reported conditions [226] as well as the loss of
enzyme activity we observed throughout the dosing regimen.

At each timepoint, triplicate reactors were sampled sacrificially by adding MeOH directly
to the vial such that the volume was doubled; the solution was then allowed to equilibrate
overnight before an aliquot was taken for LC-MS/MS analysis. As shown in Figure 4.6,
neither the enzyme-mediator treatment nor the enzyme-only treatment resulted in removal
of PFOA compared to the control. Additionally, no difference in removal was observed
between the soil and soil-free conditions. However, the soil did impact the retention of
enzyme activity. Between doses (approximately 48-hours), the enzyme activity decreased
nearly to zero in the soil-free reactors dosed with laccase and mediator, while it decreased by
roughly 60% in the soil-containing reactors. Similarly, in the reactors dosed with enzyme-
only, the enzyme lost approximately 56% of its activity in the soil-free reactors, and only
35% in the soil-containing reactors. While the higher enzyme activity retention in the soil-
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containing reactors did not apparently improve PFOA removal, this observation did provide
us with important insight for the dosing regimen. The near complete loss of activity within
48 hours in the soil-free reactors suggested that dosing frequency could be increased to
minimize the amount of time that laccase was inactive during experiments.

We also applied a near identical treatment regimen to a parallel set of aqueous phase
reactors containing a target concentration of either 0.1 µM PFOA or 0.1 µM PFOS in a 10
mM CuSO4 buffer. It was previously reported that the addition of copper, in the form of
CuSO4, was essential to the reactivity of the LMS [106, 212]. It was suggested that the Cu2+

cation could form a complex with the negatively charged head group of PFOA or PFOS (the
carboxylate or sulfonate, respectively), bridging the enzyme and substrate allowing for faster
transfer of the radical HBT. The reactors were treated with 1 U/mL Trametes versicolor
and 1 mM HBT; doses of enzyme and mediator were added twice daily, for four days. We
increased the frequency of dosing because we observed that enzyme activity decreased nearly
to zero over the course of 6-8 hours (see Supporting information Figure 4.19). Aliquots were
removed daily to measure concentration.

While there is an apparent concentration decrease in both PFOA and PFOS concentration
after the first two doses of enzyme and mediator (within the first 24 hours), the concentration
then appears to level off (Figure 4.7-a,b). Additionally, at the end of the experiment, the
reactors were extracted with MeOH. Upon analyzing the total mass contained in the reactors
at the beginning and end of the experiment, and comparing it to the mass determined from
the ‘extract’ concentration, both PFOA and PFOS can be fully recovered (Figure 4.7-c,d).
The recovery of PFOS and PFOA suggests that the initial decrease in concentration is
likely due to physical processes in the system (e.g. sorption). Despite full recovery in all
the conditions tested, the significant difference in the enzyme-mediator and enzyme-only



CHAPTER 4. ASSESSING TRANSFORMATION OF PFAAS IN A LMS 74

treated reactors suggests that the enzyme may be adsorbing PFOA and PFOS. Both PFOA
and PFOS have been shown to have a strong affinity for proteins, namely human serum
albumin (HSA) [235–237] and bovine serum albumin (BSA) [238]. Recently, one group of
researchers even investigated proteins as adsorbents for PFOA, including BSA, casein, egg
white albumin, and lysozyme [239], and found that these proteins could achieve up to 93%
removal depending on the aqueous conditions. The adsorption mechanism in proteins is
understood to be primarily due to hydrophobic interactions, and specific protein binding
sites have been reported for proteins of interest such as HSA [240].

The enzyme-only conditions do not appear to promote significant sorption of PFOA com-
pared to PFOS, while the enzyme-mediator conditions appear to promote sorption of both
substrates. Molecular docking studies have shown that changes in the enzyme oxidation state
significantly change certain structural characteristics of the protein [241]. It is possible that
the binding mechanism of PFOS is relatively unaltered regardless of the enzyme oxidation
state, while the binding affinity of PFOA is affected by the enzyme oxidation state, hence
indicating sorptive behavior only in the presence of the enzyme and mediator. The apparent
increase in PFOA and PFOS, particularly in the enzyme-free treatment conditions, may be
due to incomplete desorption from the protein upon basic MeOH extraction.

Interestingly, when CBZ was subjected to these treatment conditions (i.e., 10 mM CuSO4

buffer), we did not achieve as high of removal rates as observed in the sodium malonate buffer.
Only 10% CBZ mass loss was observed compared to the control (see Supporting Information
Figure 4.20, while we observed over 30% removal compared to the control in the sodium
malonate buffer. One potential cause of this is that a lower enzyme activity was used per
dose in this experiment (1 U/mL), although the same quantity of enzyme was added per 24
hr period. Importantly, we did not observe recovery of CBZ in the extracted reactors at the
end of the experiment, as was observed in the PFOA and PFOS reactors, supporting that
CBZ was in fact degrading in the treatment conditions containing TvL and HBT.

4.5 Precautions in assessment of enzymatic treatment

systems

While attractive as a bio-based treatment method for PFAS remediation, laccase-mediator
systems appear to be unsuccessful at degrading the perfluorinated compounds PFOA and
PFOS. Despite prior studies which indicated promising transformation results via treatment
with a high redox laccase species, we were unable to reproduce transformation with an al-
ternative high redox species Trametes versicolor, despite the multiple literature reports of
Trametes versicolor and HBT systems for contaminant degradation [118, 220, 229]. Investi-
gation by EPR confirmed the generation of the radical species, however, no reaction between
HBT and the target perfluorinated substrates was apparent. Additionally, our results indi-
cated that substrate sorption by the protein was likely causing concentration fluctuations in
the treatment conditions, that could appear as a transformation artifact in enzyme-based
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treatment systems.
The adsorption of PFAS to proteins is not novel and may be a viable remediation strat-

egy in and of itself, although the quantity of enzyme needed may be prohibitive. However,
the study of PFAS-protein binding mechanisms could provide insight to bio-inspired adsorp-
tive materials to selectively target PFAS removal from complex waste streams. Given the
ubiquity of PFAS contamination, bioremediation is an attractive treatment strategy but ex-
tremely challenging due to the strength of the C–F bond and lack of defluorinating bacteria
[202]. Innovations in chemical treatment strategies, along with bio-based strategies, will be
necessary to address PFAS contamination.

Despite our findings, laccase-mediator systems may be useful for treatment of certain
polyfluorinated substances that are common precursors to PFAAs. Some researchers have
demonstrated success in using a Trametes versicolor system to degrade 6:2 and 7:3 fluo-
rotelomers [242, 243]. However, further research is needed to evaluate whether fungal reme-
diation is a viable strategy for environmental remediation of polyfluorinated substances.

4.6 Supporting Information

Determination of enzyme activity of commercial laccases

Enzyme activity may vary batch by batch in the case of commercially purchased enzymes,
or in the case of enzymes isolated in the lab, may vary isolate to isolate. In order to
standardize the relative quantity of enzyme used across experiments, or compare enzyme
‘doses’ across experiments, a quantitative enzyme activity assay was used. Laccase enzyme
activity assays were performed using previously published methods for spectrophotometric
assays, which make use of UV-visible compounds that can be oxidized by laccase. The two
assays used in this work used ABTS and dimethoxyphenol (DMP) as indicator compounds.
In the assay, as in most enzymatic assays, formation of 1 µmol of oxidized substrate is
considered equivalent to 1 U/mL enzyme activity. Activity can be calculated by plotting
the slope of the absorbance curve for different dilutions of the enzyme; an example for
the DMP assay is shown in Figure 4.8; an example of activity calculation from the ABTS
assay is shown in Figure 4.9. Different indicator compounds can result in different activity
calculations. Given that both ABTS and DMP are often cited in laccase literature, we
compared both assays for determining the activity of Trametes versicolor. As evidenced in
Figure 4.10, ABTS indicates a 100-fold greater activity for the enzyme than DMP. Because
the system we were attempting to replicate cited use of the DMP assay, we chose to base
our target activity ‘dosage’ on the DMP assay rather than the ABTS assay.
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Figure 4.8: From the raw data generated by the continuous absorbance assay, a plot of ∆
A versus mass of enzyme can be generated to show the relative mass of enzyme required for
the desired enzymatic activity.

Corrected concentration calculations for enzyme-mediator
screening

In the preliminary enzyme-mediator screening conditions, summarized in Figure 4.3, we
observed increases in PFOS concentration across all the treatment conditions that we at-
tributed to evaporation through filter caps over the 28-day treatment period (Figure 4.11).
To correct for evaporation, we compared the detected concentrations (Cdetected−Day X) in the
treatment reactors between sampling time points to the concentration in the control reactor
(Ccontrol−Day X), which contained no enzyme and no mediator. Specifically, Cdetected−Day X

in each treatment reactor for Day 0, 7, 14, 21, 28 was divided by the quotient of the concen-
trations in the control on Day 0 and Day 0, 7, 14, 21, 28 to give Ccorrected−Day X :

Ccorrected−Day X =
Cdetected−Day X

CControl−Day 0/CControl−Day X

(4.3)
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Figure 4.9: A stock solution of Trametes versicolor laccase was prepared in the buffer solution
(i.e., 50 mM sodium malonate) and diluted sequentially, in order to determine the relative
concentration required for 1 U/mL activity.

Additionally, to the control reactor set, ‘doses’ of 10 mM CuSO4 buffer and CH3CN were
added weekly at the same time as enzyme (in buffer solution) and mediator (in CH3CN) to
maintain as consistent of volume addition to all the reactors as possible.
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Figure 4.11: PFOS concentrations in reactors over the 28-day period. Increases in concen-
tration were observed due to evaporation, thus concentrations were corrected using the No
Laccase, No Mediator control.

Table 4.1: Standard two-tailed T-tests were used to determine p-values for the data, as
described in the Materials & Methods section.
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Figure 4.14: Degradation of CBZ with 2.5 U/mL Aspergillus and 1 mM mediator over 72
hours; reactors were placed on a shaker incubator set to 30ºC and 130 rpm; reactors were
treated 3 times over the reaction time course. Three mediators were screened in a 50 mM
sodium malonate buffer. Data shown is for averages of duplicate conditions.
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Figure 4.15: Degradation of CBZ with 1 U/mL Pycnoporus enzyme (crude) and 1 mM
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Figure 4.17: a) HBT radical generated in a 10 µM CuSO4 matrix with 2 U/mL TvL and
1 mM HBT; radical signal decreases within 60 seconds of PFOS addition and within 20
minutes after PFOA, PFOS addition but then increases to the same level in the presence
of both substrates. b) HBT radical generated in acetonitrile with Ce (IV); radical signal
remains constant immediately after PFOA, PFOS addition.
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Figure 4.18: a) PFOA and b) PFOS concentrations monitored by LC-MS/MS in reaction
conditions replicated from the EPR experiment. A reactor containing 2 U/mL TvL and 1
mM HBT in 10 µM CuSO4 was incubated for 45 minutes to allow for substantial radical
generation; 200 µL aliquots were then taken and added to microcentrifuge tubes to which 50
µM PFOA, PFOS were added to directly. Reactions were quenched by addition of 200 µL
MeOH directly to the microcentrifuge tubes and diluted for LC-MS/MS analysis. Averages
and standard deviations represent triplicate reactor conditions.
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Figure 4.19: Enzyme activity monitored by the DMP assay over the course of the reaction
in reactors treated with 1 U/mL TvL and 1 mM HBT. Doses were added twice daily, with
approximately 6-8 hours in between doses.
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Chapter 5

Conclusions

5.1 Learnings

The chemistry of PFAS and their environmental fate are inextricably linked. The impli-
cations of this relationship have begun to emerge as researchers investigate the surfactant
physicochemical properties of PFAS in the context of their environmental behavior. By in-
terpreting the physicochemical properties of PFAS, we can begin to uncover the entirety of
the PFAS story, from their first industrial uses, to the challenges we now face in addressing
their environmental remediation and human health consequences.

In this work, we investigated artifacts of PFAS removal that are caused by their surfactant
nature. Specifically, we uncovered the relationship between ‘salting-out’ and aggregation of
PFOS in high ionic strength matrices representative of HAPO-treated sites or coastal sites
contaminated by repeated AFFF fire fighting training activities (Chapter 2). We found that
the salting-out effect can lead to under-reporting of PFOS concentrations due to detection
losses in the case of groundwater relevant monovalent cations (e.g., Na+, K+); in the case of
divalent cations (i.e. Mg2+, Ca2+), increases in aggregation and interfacial activity lead to
decreased critical micelle concentrations and increased surface excess, potentially impacting
fate and transport characteristics. As one of the most well studied PFAS, PFOS as a rep-
resentative case indicates the importance of understanding the role between cations present
in natural waters and the aggregation, surface activity, and interfacial sorption of PFOS in
addressing detection, monitoring, and evaluation of treatment technologies for salt-impacted
matrices.

PFAS contamination is complex, in that it cannot be defined by a single compound, nor
a confined site of contamination. Particularly, the use of AFFFs, which contain a mixture
of fluorocarbon surfactants, has resulted in contaminated matrices containing a mixture of
AFFF-components and products of their partial degradation, both at a point source and
downstream from the source. To expand on our study of PFOS salting-out effects, we eval-
uated the aggregation and interfacial properties of an ECF-derived 3M AFFF formulation;
namely, we determined salinity effects on AFFF component detection, changes to the crit-
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ical micelle concentration of the formulation, and interfacial mass accumulation of AFFF
components in high salinity matrices (i.e., artificial brackish, artificial seawater, mono- and
divalent salt solutions) (Chapter 3). We found that similarly to the single-component system
(i.e., PFOS only), high salinity caused decreases in PFOS detection in bulk solution, while
the effect was less apparent for shorter-chain PFSAs. However, the inherent concentration
differences of PFSA components in the AFFF solution may relate to this observation; for
example, if PFHxS concentrations were sufficiently high, the salting-out effect might become
apparent. The critical micelle concentration of the AFFF formula decreased in both artificial
brackish and artificial seawater; critical micelle concentration in this context is most related
to the performance of AFFF (i.e., foaming, spreading properties), and indicates that dilution
of AFFF formulas at the site of their use, such as on a ship or coastal military base, would
be impacted depending on the dilution matrix. In the lens of environmental remediation,
the effect of salinity on increasing mass accumulation of PFAS at the air-water interface may
impact the retention and transport properties of AFFF-components.

Another artifact of PFAS removal was revealed in the investigation of an enzyme-based
treatment system for PFAAs (Chapter 4). Upon carrying out a systematic investigation of
the oxidative reaction sequence proposed for the transformation of PFOA and PFOS, which
requires a cascade of reactions between a laccase enzyme, a nitroxyl mediator compound,
and the target substrate, we discovered that apparent ‘removal’ of PFOA and PFOS from
aqueous reactor systems was caused by sorption to the enzyme itself. While unanticipated,
this was not surprising given the affinity of PFAS for proteins that has been studied in
the context of their human health endpoints (i.e., concentration in human serum and liver
tissues), and even in the context of their removal. While ultimately we deemed the reaction
system under investigation as unable to successfully degrade PFAAs, the strong affinity of
PFAAs for laccase enzymes and further investigation of the binding mechanism could inspire
membrane or other adsorbent removal technologies specifically targeted towards PFAS, even
in complex contamination matrices.

Primarily, this work serves to bridge the gap between the study of perfluorocarbon chem-
istry and the study of their treatment in the environment. The reasons that they are so
valuable as molecules in such a diverse set of applications is ultimately what has led to their
widespread distribution; their persistence and resistance to treatment is why they were used
across applications in the first place. Careful consideration of their behavior in the environ-
ment and its relationship to surfactant properties such as aggregation, surface activity, and
interfacial accumulation, will help in the thorough understanding of the efficacy of treatment
technologies and in the management of their environmental fate and transport.

5.2 Persistence is not an accident

PFAS contamination is not an ‘accident’. After over seven decades of manufacturing, and
use of over 1400 unique PFAS in over 200 applications [5], it is unsurprising that we are now
tasked with their clean up. The reason that we now face the extreme persistence of PFAS in
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the environment is the exact reason that they were first commercialized. Manhattan Project
scientists had been searching for materials that could resist degradation by a highly volatile,
highly reactive uranium derivative during the processes used to concentrate U-235, and
perfluorocarbons became the clear winner [244]. The high thermal and chemical stability
of perfluorocarbons contribute to environmental accumulation and challenges remediation
research in finding appropriate ways to break them down.

The persistence of PFAS can be taken as a lesson when considering the future of the
chemical industry. One approach to avoid future reversible contamination impacts of cur-
rently known and yet to be discovered chemistries is to use the “P-sufficient” approach.
This approach, as outlined by Cousins et al. in their 2019 perspective [245], argues that high
persistence alone and its correlation with increased environmental concentrations and in-
creased probabilities of side effects of chemicals should be established as a basis for chemical
management. They argue this based on the historical and ongoing problems that chemical
classes such as PFAS have caused. While this approach may be precautionary, it may also
be necessary to avoid the immense challenges we now face in trying to reverse impacts of
chemical contamination.

In general, class-based management systems for PFAS are gaining traction in the research
community– the sheer number of known PFAS compounds makes any other approach seem
impractical. Recently, the surfactant physicochemical properties of PFAS have been eval-
uated in relation to monitored natural attenuation processes as a strategy for PFAS-class
remediation [107, 108]. Regulation efforts could also benefit from treating PFAS as a chem-
ical class, rather than the using a round-about approach of approaching each regulation of
each individual compound [68, 70] which relies on studying individual toxicity mechanisms,
and can promote regrettable substitution as has already occurred in the case of replacing
legacy PFAS with GenX [68–70, 246, 247]. Ultimately, we need to steer away from our heavy
reliance on fluorocarbon chemistry all together. But what can serve as a replacement?

5.3 Looking Forward

PFAS may indeed prove to be “irreplaceable” in the roles we’ve assigned them, in which
case we need to evaluate their replacement by asking a different set of questions. Those
questions might look like this: do we need Teflon-coated cookware that is so repellent, we
never need to scrape it clean? Do we need PTFE-coated rain jackets or weekend camping
tents that will survive hundreds of wash cycles [248]? Do we need fluoropolymer-based steel
coatings, so that bridges can withstand 30 years of weather exposure [249]? There are some
that are more challenging, such as, can non-fluorinated AFFFs meet the performance criteria
for fire-extinguishing [250]? And, can non-PTFE coated firefighting gear keep firefighters safe
from burn hazards [251]? Clearly, the challenges are also related to policy and regulation,
and will not be solved in the context of environmental management and remediation alone.
The broader the perspective that we can take in understanding the causes and consequences
of PFAS use, the broader the context for solutions might become. Addressing remediation,
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preventing exposure, and promoting ingenuity in PFAS-replacement technologies is a multi-
disciplinary problem that requires a multi-disciplinary solution.
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(60) Ragnarsdóttir, O.; Abdallah, M. A.-E.; Harrad, S. Dermal uptake: An important
pathway of human exposure to perfluoroalkyl substances? Environ. Pollut. 2022,
307, 119478.

(61) Abercrombie, S. A.; de Perre, C.; Iacchetta, M.; Flynn, R. W.; Sepúlveda, M. S.; Lee,
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