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The present work focused on the cationic surfactant-assisted foam fractionation as an
efficient approach for the removal of per- and polyfluoroalkyl substances (PFAS) from
synthetic water. The study included six PFAS, namely PFNA, PFOA, HFPO-DA (Gen X),
PFOS, PFHxS and PFBS, for which the US National Primary Drinking Water Regulation
(NPDWR) mandates enforceable maximum contaminant levels and calculated Hazard
Index. The NPDWR limits, 4 ng/L for PFOA and PFOS, and 10 ng/L for PFNA, PFHxS and
HFPO-DA, were used as thresholds for efficient PFAS removal in the study. PFBS was
included in the Hazard Index calculation. The initial PFAS concentration in synthetic water
was ca. 160 ng/L for each PFAS. The foam fractionation was done in a laboratory-scale
single-column setup. Three commercial cationic trimethylammonium bromide surfactants
with carbon chain lengths, C14, C16 and C18, were used as co-formulants at 25 mg/L. The
PFAS concentration analyses were done with the EPA Method 1633 using HPLC-MS/MS.
The PFAS removal efficacy between the three surfactants was found to be on average
94.7 — 100 % in the present study. The short-chain PFAS (HFPO-DA and PFBS) were
removed on average with a higher efficacy than the long-chain ones (PFNA, PFOS, PFOA
and PFHxS). This was unexpected as earlier research had reported challenges, especially in
the removal of the short-chain PFAS. The removal efficacy of PFOS was the lowest one in
the study (90.6 %) and the PFOS residuals exceeded the NPDWR limits. The residuals of
other PFAS remained below their respective NPDWR thresholds. None of the samples
exceeded the Hazard Index threshold. As the removal favored the short-chain PFAS and,
especially, PFOS was removed with a lower efficacy, it was hypothesized that interference
may have occurred in the solution by the surfactant and/or PFAS mixture. The highest
average removal efficacies were reached with C14 and C16, which can be attributed to their
higher foam stability compared to that of C18. These findings underscore the applicability
of cationic surfactant-assisted foam fractionation in advanced water treatment systems,
particularly for addressing PFAS contamination in engineered and natural water bodies.
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1 Introduction

Per- and polyfluoroalkyl substances (PFAS) are recognized as one of the most critical
emerging contaminants globally due to their persistent, toxic and bioaccumulative properties
(EFSA, 2020). PFAS are used extensively in various applications because of their resistance
to physical and chemical stress. They are used primarily as surfactants in both industrial and
consumer products, such as fire-fighting foams, pesticides, cleaners, water-resistant
clothing, and non-stick cookware (Rahman et al. 2014). Over the past two decades, there has
been an increasing interest in the research realm on the environmental fate, transport and
wide-spread exposure of these compounds (Brousseau and van Glubt, 2021; Cousins et al.
2020). PFAS have been detected in natural water bodies, rainwater, fish, birds, mammals
and human at various concentrations (e.g. serum or plasma ng/mL — pg/mL; surface waters
ng/L — pg/L) in numerous locations globally (EEA, 2024; Ackerman Grunfeld et al. 2023;
Girardi and Mehler, 2019; Yeung et al. 2017; Giesy and Kannan, 2001; Kannan et al. 2004).
PFAS contamination has been reported even in remote Arctic regions and their species

(Lohmann et al. 2024).

The long-chain PFOS and PFOA were the most widely used PFAS until the recent
restrictions (e.g. European Union, 2019 and 2020b). They are still the most detected PFAS
in the environment due to their extensive use over several decades (Reddy et al. 2024). The
long-chain PFAS and their bioaccumulative tendencies have been researched more widely
than those of the short-chain PFAS (Cousins et al. 2020). The long-chain PFAS are expected
to be more hazardous to the environment and human health due to their hydrophobicity and,
thus, higher accumulation potential in the food chain. However, recent research has raised
concern on the use of the more hydrophilic and mobile short- and ultra-short-chain PFAS
that are being introduced in various applications to replace the long-chain ones (Cousins et

al. 2020; Brunn et al. 2023).

Traditional water treatment technologies are not designed to remove emerging contaminants
that might be present in water at low concentrations (ng/L) (Kosek et al. 2020). Wastewater
treatment plants are known to be a major source for PFAS contamination in natural water
bodies that are used as a source for drinking water (Sigler et al. 2024). While PFAS effluent

discharge limits are still being developed, various regions have published restrictions on the



PFAS residuals in drinking water that is one of the key contributors in PFAS human exposure
(EPA, 2024a; EFSA, 2020). The US National Primary Drinking Water Regulation
(NPDWR) has enforceable maximum contaminant levels (ng/L) and a calculated Hazard
Index for six different PFAS, namely PFNA, PFOS, PFOA, PFHxS, HFPO-DA (Gen X) and
PFBS. The NPDWR limit for PFOA and PFOS is 4 ng/L (each), and 10 ng/L for PFNA,
PFHxS and HFPO-DA (each) (EPA, 2020a; EPA, 2024f). PFBS is included in the Hazard
Index calculation. The European Union has set a total PFAS limit at 500 ng/L and 100 ng/L
for the sum of 20 specific PFAS in drinking water (European Union, 2020a).

In pursuit of limiting the PFAS residuals in drinking water, high PFAS removal efficacies
have been reported, for example, with activated carbon and ion exchange (Tisler et al. 2025;
Xu et al. 2020). Their efficacy has been demonstrated especially in the removal of long-
chain PFAS. The removal of short-chain PFAS is typically reported as more challenging
than the removal of long-chain species due to their shorter fluorocarbon chain that leads to
increased hydrophilicity and mobility (Buckley et al. 2023a). The possibility to modify
activated carbon and enhance its efficacy with other chemicals makes it an attractive
alternative in water treatment. However, the limited efficacy in the removal of short-chain
PFAS, adsorption interference caused by, for example, natural organic matter and costly
regeneration process are recognized as possible drawbacks with activated carbon (Tisler et

al. 2025).

Foam fractionation is a physicochemical process that separates the hydrophobic and surface-
active molecules from aqueous solution by using rising bubbles to form a foam on top of the
aqueous surface and by removing the contaminants with the foam (Wang et al. 2023). Foam
fractionation has gained interest in the PFAS removal studies recently due to its fairly simple
setup, low capital and operational cost and high efficacy in various water matrices (Buckley
etal. 2022; We et al. 2024a). The increased removal efficacy of short-chain PFAS with foam
fractionation, when assisted with suitable co-formulants, has been of specific interest in the
foam fractionation research (Lee and Venkatesan, 2024; McCleaf et al. 2023; Buckley et al.
2023a). Increased PFAS removal efficiencies have been reported especially with the cationic
surfactants that have been demonstrated to have more potency in the PFAS removal than
zwitterionic, non-ionic or anionic surfactants (Malovanyy et al. 2025; Lee and Venkatesan,
2024; Buckley et al. 2023a). The efficacy of cationic surfactants is attributed to their positive
charge that is opposite to that of the anionic PFAS (Buckley et al. 2023a). This allows



electrostatic interaction between the surfactant and PFAS, and the formation of a new
surface-active entity. The formation of a new entity is expected to take place especially
between the cationic surfactant and short-chain PFAS (Buckley et al. 2023a). Most recent
studies on PFAS removal with foam fractionation have been conducted at relatively high
PFAS concentrations, at ug/L or mg/L range. Further research is needed to evaluate the
efficacy of this technology at environmentally relevant concentrations in the ng/L range

(Wang et al. 2023).

The aim of this study was to evaluate the efficacy of a laboratory-scale, single-column foam
fractionation as PFAS removal technology and use synthetic water as matrix in which each
PFAS compound was present at ca. 160 ng/L. The study focused on six PFAS compounds
included in the US NPDWR: PFNA, PFOS, PFOA, PFHxS, HFPO-DA (Gen X) and PFBS
(EPA, 2024a). These PFAS compounds represent both long- and short-chain species. The
NPDWR PFAS residual limits were used as thresholds for the removal efficacy.
Commercially available cationic trimethylammonium bromide surfactants were used as co-
formulants in the process. The PFAS concentrations were analyzed with the EPA Method

1633 using HPLC-MS/MS (EPA, 2024c). The objectives were:

e Characterize the cationic surfactants based on their foam quality.

e Optimize the laboratory-scale, single-column foam fractionation system for PFAS
removal from synthetic water.

e Enhance the PFAS removal efficacy in the foam fractionation with cationic
surfactants and compare the removal efficacy of surfactants.

e Quantify the removal efficacy of PFNA, PFOS, PFOA, PFHxS, HFPO-DA (Gen X)
and PFBS, and study the differences in the removal efficacy of single PFAS species.



2 Per- and polyfluoroalkyl substances (PFAS)

Per- and polyfluoroalkyl substances (PFAS) refer to a class of fluorinated organic
compounds that share similarities in their structures. The PFAS definition by Buck et al.
(2011) was considered a milestone in the PFAS terminology and definition at the time. In
2021, the Organization for Economic Cooperation and Development (OECD) proposed the
following definition that is used in this study as the framework for defining PFAS:

“PFAS are defined as fluorinated substances that contain at least one fully fluorinated
methyl or methylene carbon atom (without any H/Cl/Br/I atom attached to it), i.e. with a few
noted exceptions, any chemical with at least a perfluorinated methyl group (-CF3) or a

perfluorinated methylene group (-CF>-) is a PFAS.” (OECD, 2021)

The PFAS structure typically includes a functional group at the end of the alkyl chain. The
functional group can be, for example, a carboxylate, sulfonate, phosphonate, or alcohol
(Buck et al. 2011). This combination contributes to the amphiphilic properties of PFAS that
are discussed further in Chapter 2.1. The hydrogen substitution with fluorine can be either
complete or partial leading to a difference in the nomenclature of the compounds with the

former having a prefix “per-“ and latter a prefix “poly-* (Buck et al. 2011).

The carbon-fluorine bond is known to be one of the strongest covalent chemical bonds in
organic chemistry with the bond dissociation energy of 105.4 kcal/mol (O’Hagan, 2008).
The PFAS compounds consist of multiple C-F bonds that contribute to their highly resistant
and persistent nature. They are known to be resistant to extreme temperatures, a wide range
of pH, and a variety of physical and chemical process conditions. This is one of the main
reasons why PFAS have been considered as suitable substances in such a wide variety of
applications. They are used primarily as surfactants in both industrial and consumer
products. The known applications include, for example, fire-fighting foams (AFFF, aqueous
film forming foam), pesticide formulations, cleaners, water resistant clothing, non-stick
cookware, cosmetics, food packaging, carpets etc. (Rahman et al. 2014). Gliige et al. (2020)
listed more than 200 uses in 64 categories for 1,400 individual PFAS in their study. The
CAS registry lists currently over 4,700 different PFAS (OECD, 2021).
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The synthesis of the first PFAS took place in the 1930s and -40s, and their wider commercial
production started in the 1950s (ITRC, 2023). ITRC (2023) lists two main processes for
PFAS production: electrochemical fluorination (ECF) and fluorotelomerization. In the ECF
process, an electric current is passed through a solution of an organic feedstock and liquid
anhydrous hydrogen fluoride. This results in the replacement of hydrogen atoms by fluorine
atoms and the creation of carbon-fluorine bonds. ECF process is used in the production of
perfluoroalkane sulfonyl fluorides that are building blocks for the generation of sulfonyl-
based PFAS. Fluorotelomerization process involves typically the reaction of perfluoroethyl
iodide with tetrafluoroethylene. This yields a mixture of linear perfluoroalkyl iodides with
even-numbered carbon. They are commonly known as Telomer A’s. The reaction continues
with reacting Telomer A with ethylene to produce Telomer B. Telomer B is again reacted to
produce fluorotelomer alcohols (FTOHs). Telomer A, B, and FTOHs are used as raw
materials to synthesize fluorotelomer-based surfactant and polymer products (ITRC, 2023).
According to the Chemical Data Reporting from 2020, EPA reported a 679 million pound
annual PFAS production and import in the US in 2019 (EPA, 2024e). The sales of
fluoropolymers in Europe totaled 39,500 t in 2020 (Statista, 2024).

2.1 Structure and characteristics of PFAS

The PFAS structure can be linear, branched, or cyclical. These structural characteristics
impact the material properties. Based on the carbon chain length, the compounds can be
categorized in three groups: long-chain, short-chain, and ultra-short-chain (Buck et al. 2011;
Cappelli et al. 2024). The long-chain perfluoroalkyl carboxylic acids (PFCA) have a carbon
chain length of >7, and the long-chain perfluoroalkyl sulfonic acids (PFSA) have a carbon
chain length of >6. Ultra-short-chain PFAS are perfluoroalkyl acids that have a carbon chain
length of <3 (Buck et al. 2011; Cappelli et al. 2024).

The most well-studied PFAS compounds are those with the carbon chain length of 4 — 14,
and among these especially perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid
(PFOA) have gained a lot of interest in the research realm as so called legacy PFAS. PFOA
and PFOS were the most widely used PFAS until the recent restrictions (e.g. European

Union, 2019 and 2020b) and they still are the most detected PFAS in the environment
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(Reddy et al. 2024). Both compounds are toxic to aquatic species, insects and amphibians

starting from a few pg/L and they bioaccumulate in the food chain (Brunn et al. 2023).

The information on the use and release of ultra-short-chain PFAS is still somewhat limited.
Perfluoroethanesulfonic acid (PFEtS) and perfluoropropanesulfonic acid (PFPrS) have been
detected in AFFFs and are known as residuals from the PFAS production via ECF (Cappelli
et al. 2024). Some of the ultra-short-chain PFAS, such as tris(pentafluoroethyl)-
trifluorophosphate (FAP) and bis(trifluoromethylsulfonyl)-imide (NTf2), are used in ionic
fluids in lithium batteries (Brunn et al. 2023).

PFAS contain both hydrophobic and hydrophilic regions in their molecular structure as
shown in Figure 1 (We et al. 2024a). The fluorinated alkyl moieties contribute to the
hydrophobicity of the compound whereas the functional groups in the carbon chain, such as
carboxylic acid and sulfonic acid, are hydrophilic. These properties make them amphiphilic.
PFAS compounds are water-soluble and have low volatility which, together with their
amphiphilic nature, explain their presence and transfer in the aquatic environment. Short-
chain PFAS are typically more water-soluble, and their vapor pressure is higher than that of

the long-chain species (Rahman et al. 2014).

Hydrophilic polar head

Y
Hydrophobic fluorinated tail

Figure 1. Amphiphilic structure of PFNA. Source: PubChem Database.

PFAS can be generated in non-polymer or polymer form. The fluorinated polymers can be
divided into three sub-categories: fluoropolymers, perfluoroethers and side-chain fluorinated
polymers (Cousins et al. 2020). The PFAS compounds can be further categorized based on
their structure and/or toxicity, mobility and persistence (Li et al. 2022; Cousins et al. 2020).
This study focuses on the non-polymer form of PFAS, and categorization based on their
structure. This categorization and its sub-categories are presented in Figure 2 (L1 et al. 2022).

The non-polymer forms have been in focus in the current residual limitations since the non-
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polymer PFAS are expected to be more readily available for bioaccumulation and, hence,

pose a higher risk on nature and humans (EPA, 2024a; European Union, 2024; Cousins et

al. 2020). However, it is suggested that the complete lifecycle of PFAS polymers should be

considered for a comprehensive understanding of the risk they pose to the environment and

human health (Cousins et al. 2020).

Perfluorcalkyl carboxylic acids ‘
(PFCAs) ‘

Perfluorobutanoic acid (PFBA, C4)

Perfluoropentanoic acid (PFPeA. C35)
Perfluorohexanoic acid (PFHxA, C6)
Perfluoroheptanoic acid (PFHpA. CT)

Perfluoroalkyl acids
(PFAAS)

Perflucroalkane sulfonic acids ‘
(PFSAs) ‘

Perfluorooctanoic acid (PFOA, C8)
Perfluorononancic acid (PFNA, C9)
Perfluorodecanoic acid (PFDA, C10)
Perfluoroundecanoic acid (PFURDA, C11)
Perfluorododecanoic acid (PFDoDA, C12)

Perfluorobutane sulfonic acid (PFBS, C4)

Perfluoropentane sulfonic acid (PFPeS, C3)
Perfluorohexane sulfonic acid (PFHxS. C6)
Perfluoroheptane sulfonic acid (PFHpS, C7)

Perfluorcalkyl
substances

Polyfluoroalkyl
substances

Perfluoroalicyl phosphonic acids |
(PFPAS) ‘
Non-polymer Perfluoroalkane
PFAS sulfonamides (FASAs)

N-alkyl perfluoroalkane sulfonamido ethanols (MeFASEs,
Perfluoroalkane EtFASEs, BuFASEs)
sulfonamido substances

Perfluorooctane sulfonic acid (PFOS, C8)
Perfluorononane sulfonic acid (PFNS, C9)
Perfluorodecane sulfonic acid (PFDS. C10)
Perfluoroundecane sulfonic acid (PFUnDS. C11)
Perfluorododecane sulfonic acid (PFDoDS, C12)

Pentafluorobenzyl phosphonic acid (PFBPA, C4)
Perfluorohexyl phosphonic acid (PFHxS, C6)

Perfluorooctyl phosphonic acid (PFOPA, C8)
Perfluorodecane phosphonic acid (PFDPA, C10)
Perfluorododecy] phosphonic acid (PFDoDPA, C12)

CiFarSO:NT, |

N-alkyl perfluoroalkane sulfonamides (N-alkyl FASAs)

Perfluoroalkane sulfoamido ethanols (FASEs)

Perfluoroalkane sulfonamido acetic acids (FASAAS)
N-alkyl perfluoroalkane sulfonamido acetic acids
(MeFASAAs EfFASAAs, BuFASAAs)

| Perfluorooctane sulfonamide (FOSA)

| N-ethyl perfluorooctane sulfonamide (EtFOSA)

N-methyl perfluorooctane sulfonamide (MeFOSA)

»| N-ethyl perfl ul. i

hanol (EFOSE)
N-methyl perfluorcoctane sulfonamido ethanol (MeFOSE)

N-ethyl perfluorooctane sulfonamido acetic acid (EtFOSAA)

Fluorotelomer based
substances

I n:2 Fluorotelomer alcohols (n:2 FTOHs)

>| n:2 Fluorotelomer sulfonic acids (n:2 FTSAs)

>| Flucrotelomer carboxylic acids (FTCAs)

N-methyl perfluorooctane sulfonamido acetic acid (MeFOSAA)

}—» 10:2 Fluorotelomer alcohol (10:2 FTOH)
}—b 8:2 Fluorotelomer sulfonic acid (8:2 FTSA)
}—b 6:2 Fluorotelomer carboxylic acid (6:2 FTCA)

[ Hexafl lene oxide dimer acid

Polyfluoroalkyl ether
acids

Figure 2. Non-polymer PFAS categorization based on Li et al. (2022).

| 9-chlorohexadecafluoro-3-oxanone- 1-sulfonic acid

Table 1 lists the PFAS compounds relevant to this study, their identifiers, structures, and

some of their physical-chemical properties.
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Table 1. Nomenclature, structural information, and physical-chemical properties of six
PFAS included in this study. The information in the table was collected from PubChem
Database unless another reference is noted. The carbon chain length considers the C-F chain
without the head group (e.g. McCleaf et al. 2021).

sulfonic acid

PFAS CAS# Structure Carbon | Molecular Water Log
abbreviation / chain / weight solubility | Kow 3
common Functional (g/mol) (mg/L,
name group 25 °C)
Long-chain PFAS
PFNA 375-95-1 C8 464.08 951 5.92
OH Carboxylate
Perfluoro- W
o 0
nonanoic acid
PFOS 1763-23-1 C8 500.13 680 6.3
Sulfonate
Perfluoro-
octanesulfonic
acid o
wo !
I
0
PFOA 335-67-1 C7 414.07 3300 53
Carboxylate
Perfluoro- WOH
octanoic acid
PFHxS 355-46-4 C6 400.12 n.a 5.17
Sulfonate
Perfluoro-
hexanesulfonic o
acid o:”
du
Short-chain PFAS
Gen X 13252-13-6 0 Cs 330.05 >7512 3.6
(HFPO-DA) GJ '[ . Carboxylate (temperature
N - not
Perfluoro(2- . 5\/ ) , specified)
methyl-3- '
oxahexanoic) ' '
acid PR F
PFBS 375-73-5 C4 300.10 510 39
Sulfonate (temperature
Nonafluoro- not
butane-1- m specified)
40
S

D Post (2015)

2 Gong et al. (2023)
9 Geosyntec (2019)
n.a. = not available
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2.2 PFAS source sites and transfer in natural systems

PFAS are ubiquitous, and a variety of environmental contamination sources have been

identified. The sources can be categorized into three groups (Brusseau et al. 2020):

e Primary source sites: PFAS manufacturing sites, fire-training sites, AFFF-related
locations especially at military and airport grounds.

e Secondary source sites: Locations that are adjacent to primary source sites and sites
where PFAS-contaminated media is used, for example biosolids application, treated
wastewater use in irrigation and landfills.

e No-known source sites: Sites with no identified PFAS source nearby.

Soil and vadose zone are considered critically important reservoirs for PFAS regarding the
continuous contamination of natural water sources, atmosphere and biota. It has been
demonstrated that soil concentrations predict the contamination of groundwater in the same
location (Brusseau et al. 2020). Typically, the measured PFAS levels in the contamination
sites are higher in the soil than in the groundwater, although the opposite has been proven as

well in some cases (Brusseau et al. 2020).

Municipal wastewater treatment plants (WWTP) receive contaminated water from various
industrial sources and households. WWTPs are recognized as a major contributor to PFAS
contamination in natural water bodies and are known to impact the drinking water quality
(Sigler et al. 2024). It is suggested that 6 % of the public potable water systems in the US
receive wastewater that is diluted by less than a factor of 10 before reaching drinking water
intakes (Ruyle et al. 2024). This indicates that the potential residual chemical contamination
in effluents impacts downstream drinking water quality. Ruyle et al. (2024) reported that,
despite the advanced treatment technologies, such as activated carbon, ultrafiltration and
ozonation, the wastewater treatment sites were capable of removing < 25 % of the
extractable organofluorine. Most of the fluorine compounds detected in the water were
fluorinated pharmaceuticals. Only monofluorinated compounds were removed efficiently
whereas perfluoroalkyl acid (PFAA) concentrations were shown to increase by 75 % during
the wastewater treatment. The increase of certain PFAS compounds during the wastewater
treatment process has been reported already earlier, for example, by Schultz et al. (2006). It

is suggested that the increase in PFAS concentration in the effluent vs. influent is caused by
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the transformation of PFAS precursors and non-analyzed PFAS analytes into measurable
PFAS. The majority of PFAS, 86 — 98 %, in wastewater treatment stay in the aqueous
compartment and only a small fraction, 2 — 14 %, in biosolids (Sigler et al. 2024). Ruyle et
al. (2024) estimate that the drinking water of up to 23 million Americans may be
contaminated by wastewater derived PFAS alone. For example, Sigler et al. (2024) reported
in their study that the PFAS concentration in the effluent and downstream water exceeded
the EPA Hazard Index 1 for PFAS at certain US based WWTPs. The Hazard Index is a
unitless value that is calculated as a sum of fractions of HFPO-DA, PFBS, PFNA and
PFHXxS. The detailed formula is presented in Table 2 (EPA, 2024f). It has been highlighted
by the researchers that the six regulated PFAS under the US National Primary Drinking
Water Regulation (NPDWR), namely PFNA, PFOS, PFOA, PFHxS, HFPO-DA and PFBS,
make only a small fraction of the total extractable organofluorine (Ruyle et al. 2024). This
would suggest that the majority of the organofluorine compounds are not being detected or

controlled in drinking water (EPA, 2024a; Ruyle et al. 2024).

2.2.1 PFAS transfer processes in nature

Understanding the adsorption properties of PFAS on different interfaces, for example, air-
water, oil-water and air-oil, has been recognized as a critical area in PFAS research. This
information is pivotal in understanding the PFAS fate in nature and to effectively plan and
execute, for example, environmental risk assessments, site characterization, mitigation
programs and remediation projects (Brusseau and Van Glubt, 2021; Rasmusson and

Fagerlund, 2024).

There has been a lot of focus in PFAS research on two types of phase-transfer processes,
namely on the sorption to solids and air-water partitioning. Brusseau (2019) contributed to
this discussion and research by adding adsorption at fluid-fluid interfaces in focus and
highlighting its importance as a potential retention process in environmental systems. He
recognized four schemes in which the fluid-fluid interfacial adsorption of PFAS may
contribute to the compound transfer (Brousseau, 2019). These mechanisms are critical in
understanding, for example, the contamination pathways of drinking water and they

contribute to the remediation work planning.
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Atmospheric transport: Air-water interface created by water droplets and hydrated

aerosols in the atmosphere serves as a retention platform for contaminants.

Transport in vadose zone systems: Vadose zone has been recognized as the main
subsurface reservoir of PFAS and a source of long-term groundwater contamination.
It has been demonstrated with transport studies that air-water interfacial adsorption
impacts the transfer of surfactants and non-surfactants in water-unsaturated porous
media (e.g. Brousseau et al. 1997). The retention of PFOS and PFOA in unsaturated
porous media through air-water interfacial adsorption was demonstrated by

Brousseau et al. (2019).

PFAS source zones containing immiscible organic liquids: Oil-liquid surface

functions as the transport media for PFAS in the contaminated porous media.

Fate of PFAS in water and wastewater treatment systems: Water treatment processes
create air-water interfaces where interfacial adsorption of PFAS can occur. Meng et
al. (2014) hypothesized that PFAS compounds are trapped by air bubbles on the
surfaces of carbonaceous water treatment sorbents and serve as the primary source

of PFAS retention in the treatment.

Some generalizations can be made on the characteristics and environmental fate of PFAS.

Brusseau and Van Glubt (2021) presented the following rationales. Already earlier, Brusseau

(2019) highlighted the importance of the PFAS molar volume (V) as the “driving force” of

the hydrophobic interaction in the interfacial adsorption.

When the molar volume (Vm, cm*/mol) increases, the air-water interfacial adsorption

coefficient (Kj) increases.

The surface-activity and the interfacial adsorption coefficient increase in relation to

the PFAS carbon chain length.
With the increase of the PFAS concentration, the surface tension (mN/m) decreases.

Environmentally relevant solution ionic strength has a minimal impact on the PFAS
air-water interfacial adsorption. Hence, the K; values are expected to remain
somewhat constant in the environmental conditions due to the buffer capacity of the
soil that stabilizes the ionic strength in the natural system. Typical ionic strength of

soil pore-water ranges at 0.005 - 0.01 M.
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e Increasing the ionic strength beyond 0.1 NaCl enhances the reduction of surface
tension. The electrostatic repulsion is reduced between ionic headgroups at the
interface, and, at the same time, the activity of the hydrophobic tail is increased in

the solution. The latter increases the adsorption from the solution.

e The presence of other PFAS increases the K; value of those PFAS compounds that
have a stronger surface activity compared to those with a weaker one (for example,
Na-PFOA vs. K-PFOS). The compound with greater surface activity controls the

overall surface activity of the PFAS mixture.

e PFAS surface activity varies as a function of the counterion. The smaller the hydrated
radius of the counter ion is, the higher the surface activity is. With small counterions,
more surfactant monomers can house the adsorbed layer enhancing the surface

activity and reducing the surface tension.
e Kivalue for acid form of PFAS is greater than that of salt form.

e The headgroup influence together with pH is greater for the smaller compounds due

to their proportionally larger headgroup in the molecule.

Additionally, Brusseau and Van Glubt (2019) reported that the following factors have an
impact on the PFAS interfacial adsorption on fluid-fluid interface and the K; value. All the
studied factors impact the adsorption to some extent, although the impact was proven to be
less in dilute PFAS concentrations (< 1 — 10 mg/L). The observed impactful factors are listed
below. These factors are also relevant when planning PFAS removal and optimizing the

removal methods.

e Surface tension of PFAS and surfactant

e Surfactant headgroup charge (zwitterionic PFAS)

e Surfactant counterion (ionic PFAS) and headgroup size (nonionic PFAS)
e Solution ion composition

e Solution ionic strength

e Solution pH

e Co-solutes

e PFAS mixtures

e Surfactant mixtures



18

Even though the number of studies on PFAS has increased in the past decade (Figure 3),
more research is still needed to further understand the PFAS transport and fate in the
environment, their behavior in the source zones and migration to both surface and ground
water that are essential sources for drinking water (Rasmusson and Fagerlund, 2024;

Brousseau and Van Glubt, 2021).
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Figure 3. Number of publications on PFAS in 2000-2024 (Web of Science database with a
search term “perfluoro* OR polyfluoro*”, 17 April, 2025).

2.3 PFAS global prevalence in surface and ground waters

The global prevalence of PFAS started to unravel in the early 2000s when PFOS levels were
reported in various wildlife species in the samples that were collected from multiple
continents, including remote polar regions (Giesy and Kannan, 2001). The data was
conclusive and showed how widely spread PFOS was and predicted the possible
contamination by its kind. The study also proved the bioaccumulation of PFOS in predatory
species. As high as 3,680 ng/g PFOS levels were measured in minks in the Midwestern USA.

Lower levels were measured from species in remote, less industrialized regions (Giesy and
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Kannan, 2001). The contamination of Arctic wildlife is contributed to the long-range

atmospheric and oceanic transfer of PFAS (Lohmann et al. 2024).

Surface water together with groundwater is the main source for drinking water. Half of the
drinking water globally is sourced from groundwater, and it continues to be a critical water
resource in various regions (Johnson et al. 2022). The PFAS presence in global surface and
groundwaters was proven by Ackerman Grunfeld et al. (2024). They analyzed the PFAS
concentration in over 45,000 samples and compared the results with the European Union
drinking water limit that is 100 ng/L for the sum of 20 specific PFAS (European Union,
2024). The highest concentrations were measured in Australia, Eastern and Western US,

various locations in Europe and in Eastern China (Ackerman Grunfeld et al. 2024).

PFAS pollution in natural water areas is proven to be widespread in Europe. In their most
recent monitoring, European Environmental Agency reported that 51 — 60 % of rivers,
11 — 35 % of lakes and 47 — 100 % of transitional and coastal water areas exceeded the
environmental quality standards (EQS) for PFOS in 2018 — 2022 (EEA, 2024). Groundwater
contamination by various PFAS in Europe was proven already earlier by Loos et al. (2010).
They reported maximum concentrations for PFOA, PFOS, PFNA and PFBS at 39, 135, 25
and 10 ng/L, respectively, in the samples that were collected from 23 different countries and

164 locations.

Johnson et al. (2022) reported PFOA and PFOS as the most frequently detected PFAS in
groundwater based on the data from ca. 21,000 sites in 20 countries. They included primary,
secondary and non-source sites in their research and reported an arithmetic mean
concentration for all sites at 15,000 (+/- 12,000) ng/L for PFOA and 21,000 (+/- 11,000)
ng/L for PFOS. The maximum detected levels were at 6,570,000 and 4,600,000 ng/L,
respectively. The samples from the primary sources showed several orders of magnitude

higher PFAS levels than the secondary source and no-known source sites.

In their study from 2024, Pesticide Action Network (PAN) studied the concentrations of
trifluoroacetic acid (TFA), the shortest of the perfluorocarboxylic acids, in European
drinking water and bottled water samples. The water contamination by TFA, especially in
rural areas, is caused by the use of PFAS containing pesticides. PAN proved that 94 % of
the drinking water samples and 63 % of the bottled water samples from 11 European

countries were contaminated by TFA. The TFA concentrations ranged from < 20 ng/L to
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4,100 ng/L. The average concentration was 740 ng/L. TFA does not currently have substance
specific limitations in the European Drinking Water Directive. If TFA was included in the
sum of total PFAS in drinking water, then half of the studied samples would have exceeded
the maximum value of 500 ng/L for total PFAS. PAN reported that TFA is still considered
less hazardous than, for example, PFOA. PAN challenges this status due to the structural
similarities between the two compounds and reminds that the highly hazardous nature of

PFOA was underestimated until 2018, even by EFSA (PAN, 2024).

Yeung et al. (2017) studied the PFAS concentration in the Canadian rain and river water
samples and reported that 40 % of all the PFAS species in the samples were ultra-short-chain
ones and 80 % were either short- or ultra-short-chain ones. Ultra-short-chain PFAS have
also been detected in drinking water at levels 1 — 10 ng/L (Neuwald et al. 2022) and in human
serum at 2.3 — 78 ng/mL (Zheng et al. 2023). Inhalation of household dust and drinking
water were suggested as the biggest contributors to human exposure by Zheng et al. (2023).
An EPA (2021) toxicity report on GenX chemicals (HFPO-DA and its ammonium salt)
reported evidence of carcinogenic potential from oral exposure route in humans. With recent
research, it is becoming increasingly apparent that the prevalence of short and ultra-short-
chain PFAS and the risk they pose on human health and nature have been previously

underestimated (Brunn et al. 2023).

In the US, it was recently estimated that over 1/3 of the population might be exposed to
PFAS through drinking water. Tokranov et al. (2024) reported PFAS contamination in 37 %
of the studied groundwater systems (n = 1238) in the US. The highest concentration of
29 ng/L was measured as the sum of PFAS in the Biscayne Principal Aquifer in Florida. Out
of the 24 monitored PFAS compounds, the most frequently detected in groundwater systems

were PFBS, PFOS, PFOA, and PFHxS.

Smalling et al. (2023) studied the US drinking water at the point-of-use including private
wells and tap water across the country in their study. They found PFHxS, PFBS and PFOA
to be the most frequently detected PFAS. The sum of PFAS in the samples (n = 716) ranged
from 0.348 to 346 ng/L. The average concentration was 20.95 ng/L. The highest
concentrations were measured in Minnesota with an average of 70.13 ng/L. The highest
individual sample concentration, 346 ng/L, was also measured in Minnesota. The high PFAS
levels in Minnesota are connected to the 3M PFAS manufacturing that started back in the

1950s. The company manufactured a variety of PFAS based products and disposed the
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related production waste in several locations in the Twin City area. These disposal sites have
polluted the groundwater in a 150-square mile (ca. 390 km?) area that again has led to the

contamination of drinking water and human exposure (MCEA, 2024).

2.4 PFAS impact on nature and human health

The impact of PFAS varies based on the PFAS compound, trophic levels, and species in
focus. It is understood that the toxic effects of PFAS are initiated by activation of nuclear
receptors, oxidative stress, or direct interaction with membranes. These factors will cause
changes on the tissue level and lead to, for example, thyroid disorders, fatty liver or cell
death and have a negative effect on fertility rate, embryonic development and motoric
function (Brunn et al. 2023). PFOS and PFOA were amongst the first PEAS analyzed from
the human blood samples from various countries, and they are still the most frequently

analyzed PFAS in nature (Kannan et al. 2004; Reddy et al. 2024).

PFOS was the first PFAS detected in the wildlife by Giesy and Kannan (2001) in various
species of fish, marine mammals and birds in the Great Lakes Region, Baltic and
Mediterranean Sea. It has been proven that the exposure of PFOS at a concentration of
500 ng/L for 28 d changed hormone levels of rainbow trout in the clinical setting. The typical
diverse aquatoxic effect from PFAS takes place in a low pg/L range or even lower than that
with the more sensitive species. In plants, the impact of PFAS can lead to an increase or
decrease in biomass. For example, the growth of oilseed rape was enhanced at 0.3 mg/kg of
PFOA and PFOS in soil for 70 d but the photosynthesis of cucumber was reduced by the
presence of PFOA at 0.2 mg/kg (Brunn et al. 2023).
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In 2018, EFSA listed four critical effects by PFOA and PFOS in human health (EFSA, 2018):
1. Increase of serum low density lipoprotein (LDL) and total cholesterol with an
increased risk factor for cardiovascular diseases.

2. Increase in alanine aminotransferase (ALT) level that functions as a marker for
impact on liver cells.

3. Reduced birth weight.

4. Negative impact on immune system due to reduced antibody formation in response
to vaccines.

Through animal studies, a tolerable weekly intake (TWI) of 4.4 ng/kg body weight (kg bw)
per week for the sum of PFOS, PFOA, PFNA and PFHxS was established by EFSA in 2020.
Fish, meat, fruits and fruit products, eggs and egg products, milk and drinking water were

listed as the biggest contributors for the PFAS exposure in humans (EFSA, 2018 and 2020).

Kannan et al. (2004) studied PFOS, PFHxS, PFOA and PFOSA levels in human blood
samples (n = 473) taken from general public in nine different countries: USA, Colombia,
Brazil, Belgium, Italy, Poland, India, Malaysia and Korea. PFOS was the most frequently
detected PFAS in the samples. The highest PFOS concentrations were measured in the US
and Poland at > 30 ng/mL and the lowest in India, < 3 ng/mL. PFOA was the second most
abundant PFAS in the blood samples, but the levels were much lower than those of PFOS
(Kannan et al. 2004).

The highest PFAS levels in human serum have been analyzed from the samples taken from
the employees who have been working in the PFAS manufacturing. Typical exposure routes
at the PFAS manufacturing are inhalation as the main route, potential dermal adsorption,
and dust ingestion (Zahm et al. 2024). Girardi and Merler (2019) reported a PFOA
concentration with a geometric mean of 4,048 ng/mL with a range of 19 — 91,900 ng/mL in
their study and confirmed an increased mortality amongst their study subjects. Additionally,

they observed an increase in liver cirrhosis, liver cancer, and diabetes amongst the subjects.

International Agency for Research on Cancer (IARC) recognizes PFOA as Group 1
carcinogen (carcinogenic to humans) and PFOS as Group 2B carcinogen (possibly

carcinogenic to humans) (IARC, 2024).
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2.5 PFAS in drinking water regulation

The US EPA established the PFAS National Primary Drinking Water Regulation (NPDWR)
in 2024. It covers altogether six PFAS compounds of which five are assigned with individual
maximum contaminant level goal (MCLG) and maximum contaminant level (MCL) as
shown in Table 2. MCLG is a level of contaminant in drinking water below which the is no
known risk to health. MCL is the highest allowed level in drinking water and compliance is
considered as running annual average at each site. Additionally, the regulation includes a
Hazard Index as a sum of fractions of HFPO-DA, PFBS, PFNA and PFHxS (EPA, 2024a;
EPA, 2024f). Initial drinking water quality monitoring needs to be done by the drinking
water treatment sites by April 2027. The monitoring results, including the initial ones, are to
be reported in the Consumer Confidence Report 2027 — 2029. Failure to follow the
monitoring and testing requirements will lead to public notification. Drinking water
treatment sites are required to comply with all the MCLs from April 2029 onwards (EPA,
2024g).

Canada has published the PFAS limitation in drinking water as an objective of 30 ng/L as a
sum of 25 PFAS compounds that are listed below (Health Canada, 2024):

e [[-Chloroeicosafluoro-3 oxaundecane-1-sulfonic acid (11CIl PF30UdS)
e 9-Chlorohexadecafluoro-3 oxanonane-1-sulfonic acid (9CI-PF30ONS)

o 4,8-Dioxa-3H perfluorononanoic acid (ADONA)

e Hexafluoropropylene oxide dimer acid (HFPO-DA) (incl. its ammonium salt)
e Perfluorobutanesulfonic acid (PFBS)

o Perfluorodecanoic acid (PFDA)

e Perfluorododecanoic acid (PFDoA)

e  Perfluoroheptanoic acid (PFHpA)

o  Perfluorohexane sulfonic acid (PFHXxS)

e Perfluorohexanoic acid (PFHxA)

e Perfluorononanoic acid (PFNA)

o Perfluorooctane sulfonic acid (PFOS)

e Perfluorooctanoic acid (PFOA)

e Perfluoroundecanoic acid (PFUnA)

o Nonafluoro-3,6-dioxaheptanoic acid (NFDHA)

o Perfluorobutanoic acid (PFBA)

e [H IH, 2H, 2H-Perfluorodecane sulfonic acid (8:2 FTS)

o Perfluoro(2-ethoxyethane) sulfonic acid (PFEESA)
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o Perfluoroheptanesulfonic acid (PFHpS)

e [H IH, 2H, 2H-Perfluorohexane sulfonic acid (4:2 FTS)
e Perfluoro-3-methoxypropanoic acid (PFMPA)

o Perfluoro-4-methoxybutanoic acid (PFMBA)

e [H IH, 2H, 2H-Perfluorooctane sulfonic acid (6:2 FTS)
e Perfluoropentanoic acid (PFPeA)

o Perfluoropentanesulfonic acid (PFPeS)

The European Union (EU) Drinking Water Directive was adopted in December 2020, and it
entered into force in January 2021 (European Union, 2020a). The member states of the EU
then onboarded the directive into their national laws. The drinking water treatment sites need
to comply with the PFAS levels laid down in the directive by January 2026. The directive
sets two parameters for PFAS in drinking water, and the member states can decide to use
either one or both of them. The total PFAS limitation is set at 500 ng/L and the sum of 20
specific PFAS at 100 ng/L. The sum of PFAS is calculated for the following PFAS

compounds:

o Perfluorobutanoic acid (PFBA)

e Perfluoropentanoic acid (PFPA)

e Perfluorohexanoic acid (PFHxA)

o Perfluoroheptanoic acid (PFHpA)

e Perfluorooctanoic acid (PFOA)

e Perfluorononanoic acid (PFNA)

o Perfluorodecanoic acid (PFDA)

o Perfluoroundecanoic acid (PFUnDA)

e Perfluorododecanoic acid (PFDoDA)

o Perfluorotridecanoic acid (PFTrDA)

e Perfluorobutane sulfonic acid (PFBS)
e Perfluoropentane sulfonic acid (PFPS)
o  Perfluorohexane sulfonic acid (PFHXxS)
e Perfluoroheptane sulfonic acid (PFHpS)
e Perfluorooctane sulfonic acid (PFOS)
o Perfluorononane sulfonic acid (PFNS)
e Perfluorodecane sulfonic acid (PFDS)
o Perfluoroundecane sulfonic acid

o Perfluorododecane sulfonic acid

e Perfluorotridecane sulfonic acid
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The PFAS limits laid down in the EU Directive are the minimum requirement that each
member state has to meet. The member states are allowed to place stricter requirements for
their drinking water quality. For example, Denmark requires the sum of four PFAS, namely
PFOA, PFOS, PFNA and PFHxS, to be <2 ng/L in drinking water. Sweden is limiting the
sum of the same four PFAS in drinking water at < 4 ng/L (Grung et al. 2024).

Australia is still in the process of developing their drinking water regulation regarding PFAS
and currently lists the allowed concentrations for the sum of PFOS and PFHxS at
70 ng/L and 560 ng/L for PFOA (Australian Government, 2024). Table 2 summarizes the

PFAS limits in drinking water that were discussed above.

Table 2. PFAS limitations in drinking water in the USA, Canada, EU and Australia.

Chemical Maximum Contaminant | Maximum Contaminant Hazard Index
Level Goal (MCLG) Level (MCL) (ng/L) (unitless)
(ng/L)

USA ?

PFOA 0 4

PFOS 0 4

PFNA 10 10

PFHxS 10 10

HFPO-DA (Gen X) 10 10

Mixture of two or more:

PFNA, PFHxS, 1!

HFPO-DA, PFBS

Canada *

Sum of 25 PFAS 30

European Union

PFAS total * 500

Sum of 20 PFAS # 100

Denmark: Sum of PFOA, <2

PFOS, PFNA and

PFHxS 3

Sweden: Sum of PFOA, <4

PFOS, PFNA and

PFHxS °

EFSA TWI (ng/kg bw) ¢ 4.4

Australia ’

Sum of PFOS and 70

PFHxS

PFOA 560

" Hasard ndex = PIZTI | T T T

D EPA, 2024a; EPA, 2024f

3 Health Canada, 2024

4 European Union, 2020a

3 Grung et al. 2024

® EFSA, 2020. TWI is for the sum of PFOS, PFOA, PFNA and PFHxS.
D Australian Government, 2024
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2.6 PFAS removal from drinking water

PFAS are highly resilient in various water treatment processes and challenging to remove
with traditional water treatment methods due to their strong C-F-bonds, most electronegative
atom fluorine (F°), lipophobicity and amphiphilicity. PFAS removal efficacy through
sedimentation, flocculation and coagulation is limited, and typically 0 — 5 % removal rate is

reported with these methods (Zahra et al. 2025).

Various technologies have been used in PFAS removal from water matrices. The methods
can be categorized into physical, chemical, and biological processes based on the materials
used, interactions, or reactions taking place in the process. Physical processes include, for
example, adsorption and filtration technologies. Chemical processes include various
electrochemical and oxidation technologies, such as periodically reversing
electrocoagulation, ultrasonic oxidation, and electrochemical oxidation. In biological
treatment methods, a biological agent is used to break down PFAS. Examples of biological
methods are microbial, bacterial, fungal, and algal bioremediation (Zahra et al. 2025). Non-
conventional sorption materials are considered to be those that are readily available materials
but that have not yet been widely studied in PFAS removal such as proteins, nanocomposites
and cyclodextrins. While the conventional methods are further studied, there is an increasing
pressure to find new alternatives that would show high efficacy on various PFAS species,

be cost-effective and easy to handle pre- and post-treatment (Calore et al. 2024).

Adsorption is one of the most studied PFAS removal methods and also reported as highly
efficient in the PFAS removal, especially for the long-chain species (Park et. al, 2020; Zahra
et al. 2025; Sharma et al. 2024). PFAS compounds have the ability to bind to various
adsorbent materials and on their active sites through chemical interactions such as
hydrophobic and electrostatic interactions, hydrogen bonding and Lewis acid-base
complexation (Sharma et al. 2024; Liu et al. 2025). High removal efficacies have been
reported with activated carbon, biochar, ion exchange resins, metal organic frameworks and
nanomaterials. By choosing specific adsorbent starting materials and modifying the
adsorbent manufacturing conditions, for example temperature, pH or process duration, the
efficacy of the material can be enhanced. The efficacy of the adsorbent can be even further
improved by modifying the adsorbent surface with additional chemistries, such as polymers

and metallic nanomaterials (Zahra et al. 2025; Sharma et al. 2024; Liu et al. 2024). For
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example, granulated activated carbon (GAC) functionalized with Fe3O4 nanoparticles
showed ca. 20 % increased PFOA removal efficacy compared to GAC without additional
functionalization (Xu et al. 2020).

The PFAS removal efficacy is impacted not only by the characteristics and operating
conditions of each technology but also by the PFAS molecule of interest. Due to their
stronger hydrophobicity, the long-chain PFAS are typically easier to remove with
adsorbents. For example, GAC is shown to be more efficient in removing long-chain species
than short-chain ones. Powdered activated carbon (PAC), on the other hand, shows a higher
efficacy in removing the short-chain species compared to GAC due to its smaller pores,

shorter diffusion, and improved site accessibility (Zahra et al. 2025).

While there are studies reporting high PFAS removal rate (> 90 %) with activated carbon
(AC) (Reddy et al. 2024), it is argued that the PFAS removal from environmentally relevant
concentrations is still scarce (Sadia et al. 2024). Typical PFAS concentrations used in the
lab scale studies have been at mg/L or pg/L level (We et al. 2024a). The PFAS removal rate
< 50 % was reported by Sadia et al. (2024) when they studied the removal under realistic
conditions: 31 PFAS compounds with a concentration at ca. 5 ng/L each and water-to-GAC
ratio typical to the potable water treatment process. The majority of the studies are still
performed at bench scale and more understanding of the full-scale installations is needed

(Tisler et al. 2025).

The pore size, pore structure and acid-base properties of GAC can be modified, and its
functionality can be further enhanced with other chemistries which makes GAC an attractive
alternative in water treatment for contamination removal. The interference by natural organic
matter (NOM) is considered one of the limitations in the use of GAC. NOM competes for
the GAC active sites with contaminants and may decrease the PFAS removal rate. Another
limitation is the limited efficacy in the removal of short-chain PFAS as mentioned above.
Additionally, the regeneration of the material once it is exhausted is costly and the adsorption

efficiency is reduced in each regeneration cycle due to carbon loss (Tisler et al. 2025).

Table 3 shows the PFAS removal efficiency with various removal technologies and materials
from clean water matrix, such as tap water, synthetic water solution, and groundwater. Most
of the listed studies observed the removal of long-chain PFAS species. PFOA (C8) was

chosen from the studies for comparison purposes when data for this PFAS compound was
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available. PFBS (C4) and PFBA (C4) were chosen as short-chain PFAS for comparison
purposes when available. High (> 90 %) or fairly high (> 80 %) removal rate was reported
in most of the cases which indicates that various materials could be considered as suitable
for PFAS removal. The practical conditions in real-life installations are relevant to fully
understand the efficacy of these technologies. The removal technologies do not perform
equally in all conditions, and their efficacy is not similar with each PFAS compound. Of the
listed studies, Tisler et al. (2025) provided the most pragmatic example of PFAS removal
installation as their study was conducted at four different water treatment facilities where
the target level for the sum of four PFAS, namely PFOA, PFNA, PFHxS and PFOS, was
<2 ng/L. They also well noted the shortcoming of GAC in removal of short-chain PFAS
that broke through from GAC and the resin material.

Table 3. PFAS removal efficacies reported with various technologies and materials.

Removal Removal # of PFAS or Influent PFAS Water type | Reference
technology / efficacy (%) type of PFAS concentration
material monitored in (ng/L)
study
Nanofiltration 98 34 77 raw water | McCleaf et al.
(NF90-400) (2023)
BSA!3.5 uM 89 PFOA 250 000 tap water | Hernandez et
BSA 350 uM 75 PFBS al. (2022)
Bifunctional ~ 100 PFOA 103 600 000 aqueous Huang et al.
PEGDA *? ~ 100 PFBS 111 500 000 solution (2018)
Fe304@GAC 3 91 PFOA 200 000 000 — | aqueous Xu et al.
450 000 000 solution (2020)
DFB-CDP * ~100 PFOA 200 000 aqueous Xiao et al.
400 mg/L solution (2017)
Resinex ° 98 PFOA >28 ground Tisler et al.
5 PFBA water (2025)
GAC Mix A ¢ 94 PFOA >28 ground Tisler et al.
-57 PFBA water (2025)

D Bovine serum albumin, novel protein-based adsorbent
2 Polyethyleneglycol diacrylate, fluoridated and aminated hydrogel adsorbent
9 GAC loaded with Fe3O4 nanoparticles, composite material adsorbent

4 Decafluorobiphenyl substituted p-cyclodextrin polymer adsorbent

3 Microporous anion exchange, 600-800 kg/m’
% Proprietary GAC Mix adsorbent

?) Higher concentration was analyzed in the effluent vs. influent
8 Exact influent concentration was not specified in the article
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3 Foam Fractionation

Foam fractionation is a physicochemical process that aims to separate hydrophobic and
surface-active molecules from aqueous solution by using rising bubbles that form a foam on
top of the aqueous surface (Wang et al. 2023). The exact introduction of foam fractionation
as a separation technique is not known but there are publications dating back to 1940s and
early 1950s (e.g. Ross and Miles, 1941) discussing the kinetic energy of foam formation,
adsorption mechanisms and drainage between the bubbles (Stevenson and Li, 2014). Protein
and enzyme recovery are recognized as the first foam fractionation applications from the
1950s. Robert Lemlich, who dedicated his career to explaining the physical aspects of the
foam fractionation technology and behavior related to the gas-liquid interface, is referred to
as the father” of foam fractionation by the researchers in the field. The earliest publications
by him and his research group date back to the early 1960s and together with his team
Lemlich presented, for example, the use of reflux to increase the separation in the column

(Stevenson and Li, 2014; Buckley et al. 2022).

In the water treatment area, the foam fractionation has been researched as a removal
technology, for example, for the removal of dyes from dyeing wastewater (Goto et al. 2020),
proteins from food processing wastewater (Maruyama and Seki, 2022) and organic matter
from aquaculture wastewater (de Jesus Gregersen et al. 2021). As a separation technology,
foam fractionation can be used also for enrichment and recovery, for example, for proteins,
metals and surfactants (Sochacki et al. 2025). This study focuses on foam fractionation as a

contaminant removal technology.

Foam fractionation has gained interest recently among the research community due to its
fairly simple setup, low capital and operational cost, and high efficacy in various water
matrices (Buckley et al. 2022; We et al. 2024a). Foam fractionation does not require sorbent
regeneration or generate saturated sorbent waste which can be considered as an advantage
compared to some alternative removal solutions (We et al. 2024a). It has become an
attractive technology also in PFAS removal and multiple research groups have reported
> 90 % removal rate on PFAS in total or on specific compounds in various operating
conditions (e.g. Morrison et al. 2023; Buckley et al. 2023a; Meng et al. 2018). The PFAS

removal has been demonstrated from various water matrices, for example, from
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groundwater, landfill leachate and aqueous film forming foam (AFFF) concentrate (Meng et

al. 2018; McCleaf et al. 2021; Burns et al. 2021).

Traditional water treatment methods are designed to treat macropollutants, for example
nutrients, suspended solids, and some trace elements. They lack efficiency in the removal of
emerging micropollutants, such as pharmaceuticals, pesticides and PFAS, and, thus,
advanced systems are required to meet the foreseen and already enforced water quality

requirements to protect the public health and environment (Kosek et al. 2020).

3.1 Foam Fractionation technology

Foam fractionation is a physicochemical process that separates surface-active compounds
from a solution with the help of rising foam (Buckley et al. 2022). Surface-active compounds
have both hydrophilic and hydrophobic moieties in their structure, and they have the ability
to adsorb on air-liquid interface (We et al. 2024a). The basic principle of the foam
fractionation system is to separate surface-active substances from the liquid pool by using
air flow to form a foam. The surface-active compounds will adhere to the surface of the air
bubbles. By harvesting the foam, the compounds of interest are collected as well. The system
can be used either to remove the surface-active compounds as waste or enrich them as
valuable products (Buckley et al. 2023a; We et al. 2024a). Figure 4 illustrates PFAS placing
themselves on the air-liquid interface of a gas bubble in such a way that the hydrophobic
fluorinated carbon chain is reaching towards the air phase of the bubble and the hydrophilic
moiety, such as carboxylic or sulphonic acid, is facing towards the liquid pool. The foam
fractionation is illustrated as a simple single-column setup in Figure 4, and it is described in

more detail in the upcoming discussion.
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Figure 4. Representation of single-column foam fractionation setup facilitating the
adsorption of PFAS at the air-liquid interface (e.g. We et al. 2024a; Buckley et al. 2022).

Foam fractionation process is executed typically with a long cylinder column that can vary
in size depending on the scale of the setup. The foam fractionation process starts by
introducing a dispersed continuous gas flow, typically air or nitrogen, into the liquid pool
from the bottom of the column. This can be done with an air stone, sparger, venturi, or other
method. The density difference between the gas and liquid causes the bubbles to travel
through the liquid pool towards the surface (Buckley et al. 2022). While rising, the bubbles
cause a slight agitation in the liquid. The bubble flow is referred to as “bubble swarm”
(Stevenson and Li, 2014). The major contributor to the bubble size is the gas flow together
with the physical and chemical properties of the system. For example, an ionic strength of a
solution contributes to an increase in bubble formation (We et al. 2024a; Slauenwhite et al.
1999). Bubble swarms establish air-liquid interphases to which surface-active compounds,
like PFAS, are adsorbed. The smaller the bubbles in the swarm are, the larger the combined
surface area for adsorption is. The elongated form of a column is critically important in the
adsorption process as it allows the surface-active compounds to absorb on the air-liquid
interface as the air bubbles rise in the column (We et al. 2024a). The foam height in the
column depends on the depth of the liquid pool through which the bubble swarm is

channeled. Liquid pool needs to be deep enough to allow the adsorption equilibrium
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formation. Therefore, the height of the foam bed can be considered secondary (Stevenson

and Li, 2014; We et al. 2024a).

The foam layer forms on top of the liquid pool having PFAS or other surface-active
compounds adsorbed to it. The foam generated in the foam fractionation system is also
referred to as “pneumatic foam” (e.g. Stevenson, 2006a and 2007) and can be further defined
as a “froth created by continuously sparging gas into a surfactant solution so that it can rise
up a column” (Stevenson, 2006a). The foam is collected from the top part of the cylinder
through a valve, and the collection can be assisted with a vacuum pump to ensure a
continuous collection process. The use of vacuum may also enhance the removal rate
(McCleaf et al. 2021). The final step of foam fractionation is called foam harvesting. Foam
collapses into liquid form after harvesting and is known as “foamate”. The liquid pool, which
remains in the column after the foam fractionation process, is known as “bottoms”. The
process steps taken after harvesting are not considered as part of the foam fractionation (We

et al. 2024a).

It has been suggested that some of the PFAS compounds are removed with higher efficacy
at the bottom of the foam pillar in the foam fractionation column. For example, Meng et al.
(2018) reported that PFOS removal decreased from 99 to 87 % when collecting from the top
of the foam pillar instead of the bottom. There are still limited studies on this topic, and
typically the role of foam height is understood as the secondary function after the liquid pool
depth as described above.

Foam fractionation allows easy control of gas flow. The faster flow rate generates more
bubbles which could imply that it also leads to improved contaminant removal efficacy.
However, the bubble swarm may become sporadic with too high gas flow rate and, thus,
rather disturbs the removal efficacy. Increasing the gas flow may lead to an increase in
bubble size and superficial gas velocity. The superficial gas velocity is defined as “the gas
volumetric flow divided by the column cross-sectional area” (Li et al. 2011). The superficial
gas velocity has been suggested as a more important contributor to the removal of PFAS
than bubble size alone (We et al. 2024a). The increase in gas flow will lead to an increase in
the gas velocity in a specific cross-sectional area. With the higher superficial gas velocity,
the bubble generation frequency increases. The increase in bubble frequency increases the
air-liquid surface area for the contaminants to adsorb to. The increase in the gas flow rate

may lead to an increase in bubble size which will have a negative impact on the PFAS



33

adsorption due to decreasing adsorption surface area. In practice, there is a compromise
between the superficial gas velocity and bubble size. It has been shown, however, that the
superficial gas velocity overwrites the impact of bubble size. Therefore, it has been
suggested that the former should be prioritized in the process optimization over the latter

(Crofcheck and Gillette, 2003; We et al. 2024a).

Ozonated air as sparging air has been used as a method to increase the PFAS removal rate.
The results have been positive and an increased removal rate from 81 to 95 % was shown by
Asghar et al. (2022). This has been explained by the hydroxyl radical formation as a result
of ozone degradation in water and the potency of these radicals as electron binders. The
PFAS structures have negatively charged peripheral functional groups, such as COO™ and
SO*, that can attach to hydroxyl radicals. This would increase the PFAS adsorption in the
air-liquid interface with the help of hydroxyl radicals. Despite the increased efficiency in the
PFAS removal, this would apply only to the long-chain PFAS and even with this method the
removal of short-chain PFAS has proven to be limited. Since the gas flow plays such a
critical role in bubble formation, it is evident that each installation will require optimization

before the highest possible removal rate can be reached (Asghar et al. 2022; Dai et al. 2019).

The foam fractionation can be operated either as batch, semi-batch, or as continuous mode.
There is no consistent data confirming that one method would be more effective than the
other in PFAS removal. While Stevenson and Li (2014) reported a decreased efficacy with
the continuous removal method, McCleaf et al. (2021) showed no significant difference
between the operation modes in the removal of long-chain PFAS. However, it seems that the
short chain PFAS are more sensitive to the operation method setup. McCleaf et al. (2021)
reported a decrease up to 25 % in the short-chain PFAS (C < 6) removal with the semi-batch
method vs. the continuous method removal. Stevenson and Li (2014) suggested that their
finding of the decreased removal of PFAS with a continuous method could be due to the
need to maintain the surface-active concentration in the system at an optimal level in the
liquid pool, so that the foam formation can take place continuously. In practical operations,
a continuous feed would likely be applied, and the batch processes are of interest in
theoretical setups. In scaled-up operation modes, the continuous method would likely be
combined with a continuous feed from upstream and coupled with a continuous waste feed

(Stevenson and Li, 2014; We et al. 2024a).
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Combining several foam fractionation stages in the same process can increase the removal
efficacy of PFAS when the foamate of the previous step is used as a feed in the next foam
fractionation step. This allows an enriched concentration of PFAS in foamate. For example,
Burns et al. (2021) introduced a three-step foam fractionation setup where the removal of
PFOS, PFHxS and PFOA was > 98 %. The group reported an enrichment factor of 860,000
after the third step compared to that of 11,000 in the second step and five after the first one.
The multi-step foam fractionation setup has shown to increase especially the removal rate of
the short-chain PFAS, but a more limited impact has been reported on the removal efficacy

of the long-chain species (Wang et al. 2023).

3.2 Foam characteristics

Foam can be described as a congregation of bubbles that evolves in time by aging, deforming
and losing liquid (Weaire et al. 2012). Stevenson and Li (2012) defined aqueous foam more
specifically as a dispersion of gas in an aqueous liquid that contains a foam-stabilizing agent,
like detergent or protein. Foam is constructed by two phases, gas and liquid, and the ratio of
these phases can be defined by the size of the bubbles and the amount of liquid held between
the adjacent bubbles, also known as interstitial liquid (Buckley et al. 2022). The foam is
typically a heterogeneous system that has various sizes of bubbles and a varying degree of
liquid and gas. The bubble structures are polyhedral with rounded edges. Thin lamellae
separate the bubbles in foam. Only a minimal volume of liquid is held in lamellae. The
connection point of three lamellae is referred to as Plateau border, and the intersection of
Plateau borders is known as the vertex or node. The interconnected network of channels
created by the Plateau borders and vertices hold the majority of the liquid in foam (Neethling
et al. 2003; Buckley et al. 2022).

Based on the liquid content, the foam can be described as being wet or dry foam. The liquid
content in foam is represented by liquid volume fraction (¢), and the value can range from
<1 % to ca. 30 %. The gas fraction (1 - ¢p) can be referred to as the foam quality (Weaire et
al. 2012). The volumetric liquid fraction is impacted by various parameters: gas interface,
interstitial liquid properties, bubble size, and gas rate (Stevenson, 2006a). The foam is

considered as dry when the liquid fraction is < 0.1 (Sochacki et al. 2025).



35

In the most stable form of foam, three films intersect symmetrically at 120° angle to each
other, and bubbles take a more polyhedral form than in the wet foam where the bubble form
is more spherical. The dry foam with its symmetry is suggested to be an idealized form of
foam and likely is not present in real life as such. In the wet form of foam, each sphere is in
contact with three others, and the average number of contacts is six in a disordered manner.
Characteristics of the wet foam are also small spheres that are trapped in large cages. In
practical applications, the foam is typically an in-between form of these two extremes
(Weaire et al. 2012). Bolton and Weaire (1990) researched the rigidity loss of foam and were
able to demonstrate the change in the foam structure in relation to its liquid content. They
discovered that foam loses its mechanical stability at the liquid fraction of 0.16 since, at this

value, the bubbles travel further apart from each other.

Stable foam is critical for a successful foam fractionation process. Unless the material that
is to be removed foams by itself, the system requires an addition of surfactant for the foam
formation that again facilitates the adsorption. The adsorption is a critical step not only for
the removal process itself but also for the stability of the foam. The adsorption phenomenon
itself reduces the surface tension of the system (Li and Stevenson, 2012). Addition to
surfactants, other co-formulants, such as metal ions, salts and thickeners can be used to
enhance the contaminant removal (Wang et al. 2023). In the setup, where the surfactant is
not continuously fed to the system, the surfactant concentration decreases during the process,
which ultimately leads to a less stable foam. When the system is no longer able to produce
stable foam, the system has foamed out and this means the end of the operation. Before
foaming out, the foam starts coarsening out. This can happen in two ways, namely by the
film rupture between two cells and via Oswald ripening. The latter happens through inter-
bubble gas diffusion. It is a slow process and more relevant in systems where the foam is
stagnant, for example in long-term foam stability studies. The film rupture is more relevant
to foam fractionation as the foam is continuously flowing in it. Coarsening leads to a

decrease in surface area and an increase in the average bubble size (Li and Stevenson, 2012).

Buckley et al. (2022) discussed the net movement of bubbles in foam fractionation where a
bubble swarm moves upwards in the column and, at the same time, interstitial liquid flows
downwards between the bubbles due to gravity. The liquid backflow in the foam is known
as drainage. The hydrophobic species are attached to the lamellae, a film separating the

bubbles. When the lamellae break, the bubbles rupture. This phenomenon combined with
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the bubble coalescence releases the adsorbed compounds back into the Plateau borders and
interstitial liquid network and adds to the rate of drainage in the foam system. The drainage
includes the phenomenon of the liquid traveling through the network of Plateau borders and
nodes, the low-pressure regions in the intersection of Plateau borders. The liquid movement
is assisted by capillary forces. When the hydrophobic species are not attached to lamellae,
they can move all the way back to the liquid pool. In summary, the drainage is impacted by
three forces: movement downwards due to gravity, viscous drag due to liquid moving
relative to the gas bubbles and capillary forces (Buckley et al. 2022; Neethling et al. 2003).
There are two scenarios of drainage depending on the research group addressing it: In the
scenario of channel dominated drainage, the viscous loss takes place in the Plateau borders.
The opposite scenario states that the drainage takes place in intersecting areas instead and is
known as node-dominated drainage (Buckley et al. 2022; Neethling et al. 2003). Based on
findings by Buckley et al. (2022), it seems that the former is the more widely used theory in
research. Stevenson (2006b), however, has presented that the combination of the two can be

considered simultaneously.

In summary, the foam degradation includes three phases that are interdependent. These
stages are foam drainage, bubble coalescence, and foam coarsening (Li et al. 2024). Foam
drainage is the prevailing factor for the foam weakening at the beginning of the foam
degradation. The gravitational and capillary forces pull and channel the liquid from the foam
down to the liquid pool and destabilize the foam. As the liquid content in the foam decreases,
the film thickness between the bubbles decreases which allows gas transfer between bubbles
and bubbles become coarser. The films between bubbles start rupturing, and bigger bubbles
are formed. The bubble coarsening is also known as the Oswald ripening (Li et al. 2024).
The bubble size can be used to observe the changes in foam stability (Koehler, 2012). The
fast drainage can be mitigated by increasing the surfactant concentration that is expected to

lead to increased liquid hold-up (Zakari et al. 2025).

3.3 Adsorption

Surfactants self-assemble on the gas-liquid interface in water solution due to their
amphiphilic properties and reduce surface tension (Czajka et al. 2015). An imbalance of

intermolecular interactions on a liquid surface causes the surface tension. Molecules that are
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on the surface layer do not have molecules above them and are therefore attracted to the
liquid pool (“bulk™). This creates an imbalance on the surface and an excess of energy. This
free energy is also known as “surface free energy” (Czajka et al. 2015). When surfactant is
added to the solution at a low concentration, surfactant molecules start self-adsorbing to the
air-water interface. They form a monolayer on the surface which alters the surface free
energy and changes the effort that is required to expand the liquid surface. The surface
tension is the interfacial free energy per unit area, presented with units J/m or N/m, and it is
applicable to gas-liquid interface. At equilibrium, the surface tension is known as the

“equilibrium surface tension” for that specific concentration (Buckley et al. 2022).

Tensiometer can be used to measure the equilibrium surface tension at different
concentrations. The adsorption isotherms, such as Gibbs (Eq. 1) and Langmuir (Eq. 2)
isotherms, are widely used to explain the phenomenon. The measurement relates the
surfactant bulk concentration to the difference between the surfactant in the bulk and on the
surface layer (or surface excess, I'). The Langmuir isotherm assumes no interaction between
the surfactant molecules and water or solvent but suggests that they cover equal areas on the
interface. The Gibbs isotherm (Eq. 1) can be described with an equation where I is surface
excess, Cpis surfactant in the bulk, R is the universal gas constant and T is the temperature
in the system. The Langmuir isotherm (Eq. 2) is described with the equation where b is the
adsorption activity coefficient, o is the area occupied by each molecule at the interface and

I'o is the surface coverage. (Buckley et al. 2022; Gibbs, 1875 and 1877; Langmuir, 1918)

) T'=2(5)
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3.4 Surfactant use in foam fractionation and PFAS removal

Surfactants can be used to improve the efficacy of the foam fractionation process. They assist
the foam formation by reducing the surface tension of the aqueous solution as described
above (Brousseau and Van Glubt, 2019; Buckley et al. 2023). Surfactant compounds have a
hydrophilic head group and a hydrophobic tail. The hydrophobic moiety of surfactant causes

the surface tension decrease in an aqueous solution to which the surfactant is added. The
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surface tension of a solution will continue to decrease with the addition of surfactant until
the critical micelle concentration, CMC, is reached. After the CMC point, the addition of
surfactant no longer decreases the surface tension and surfactant starts forming agglomerates
in the solution. The agglomerates are known as micelles. After this point, no more surfactant
molecules are adsorbed at the interface (Kawale et al. 2015). The increase in the surfactant
concentration below the CMC value has a more significant impact on foamability than at
concentrations above CMC. The surfactant concentration slightly above CMC value
produces the most stable foam (Majeed et al. 2020; Martin, 2012). The decrease in foam
stability above CMC is explained by the gravitational effect. This is due to the increase of
excess surfactant molecules at the lamella. The excess surfactant molecules increase the
gravitational drainage of the foam, which leads to continuous liquid drainage from the film
between the bubbles. Ultimately the film ruptures and leads to bubble coalescence (Majeed
et al. 2020).

The decrease in the surface tension of the liquid pool in foam fractionation enables smaller
bubble formation, stabilizes the bubbles in the bubble swarm, and, thus, increases the foam
formation. With time, liquid will drain from the foam. This phenomenon is known as
drainage that was earlier described in more detail. Faster drainage from the foam is observed
when the foam consists of larger bubbles. Surfactants increase the counterionic interactions,
especially when using such a surfactant that has an opposite charge to the compound to be
removed. It has been shown that PFAS removal in foam fractionation can be increased
regardless of the surfactant charge. Best results, however, are reached with cationic
surfactants as most PFAS structures are anionic. The removal efficacy with a cationic
surfactant is followed by zwitterionic surfactants, then non-ionic and anionic surfactants
(Buckley et al. 2023). It has been demonstrated in various studies that the use of surfactants
supports the PFAS removal, and it is required especially in those systems where the foam is
not readily formed (e.g. Buckley et al. 2023b; Lee and Venkatesan, 2024; Li et al. 2021).
For example, in environmental samples as well as in drinking water, the PFAS concentration

remains at such a level that does not produce foam as is.

Two phenomena have been suggested to take place in the removal of PFAS together with
co-surfactants: 1) PFAS is a surface-active agent in its own right and adsorbs to the air-water
interface without interaction with the co-foaming agent; 2) PFAS and the co-formulant with

the opposing charge bind together either in the solution or on the air-water interface and the
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entity starts to accumulate at the interface. The binding of the opposite charges and complex
formation takes place through electrostatic attraction (Buckley et al. 2023a). Adsorption
isotherm or surface activity of each PFAS can be used to estimate the removal efficacy in
the first phenomenon. The higher the surface activity, the better the removal rate. The
complex formation (phenomenon 2) explains the increased PFAS removal efficacy with
cationic surfactants compared to anionic, non-ionic or zwitterionic surfactants, and it is
especially relevant with the PFAS species that have a low surface activity. Following this
rationale, lower removal efficacy with anionic surfactant can be explained by the repulsion
between the anionic surfactant and anionic PFAS. The second phenomenon is considered a
breakthrough especially in the removal of the short-chain PFAS species that are proven to

be a challenge in the removal processes (Buckley et al. 2023a; We et al. 2024a).

It has been demonstrated that the foam fractionation removal efficacy of PFAS increases
with the increase of the carbon chain length. The lower hydrophobicity, high solubility, and
increased mobility of short-chain PFAS make them a challenging target in the removal
process (We et al. 2024a). For example, Smith et al. (2023a) showed > 90 % removal of
long-chain PFAS from groundwater but only 20 % removal of short-chain species. The
presence of cationic surfactant has proven to assist in the removal of the challenging short-
chain variety (Buckley et al. 2023a). The short-chain PFAS form surface-active entities with
the cationic surfactant and these entities are then adsorbed to the air-liquid interface for
further removal as explained above with regards to phenomenon 2. It is suggested that a ratio
of 1000:1 of cationic co-foaming agent and PFAS in the liquid pool would support the
capture and separation efficacy overall (Buckley et al. 2023a). The removal efficacy of short-
chain PFAS with the surfactant addition is not consistent though which has led to an
understanding that the quality of water matrix impacts the results. For example, Vo et al.
(2023) reported a high removal rate for some of the short-chain PFAS species from leachate
with the addition of cationic surfactant (Hexadecyltrimethylammonium bromide, CTAB).
However, the removal rate of short-chain PFCAs, such as PFBA(C4) and PFPeA(CS),
remained as low as 5 and 45 %, respectively, after 60 min of foaming time. The research
group reported the highest removal rate overall, > 90 %, with the cationic CTAB which
mirrors the results from their peers. The low removal rate for PFBA contradicts the results
from Buckley et al. (2023a) where the removal rate of PFBA was > 90 % from synthetic

drinking water with CTAB addition and 30 min foaming time. This supports the rationale
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that the quality of the water matrix impacts the removal rates even with the surfactant

addition.

Surfactant residual in the foamate and bottoms is identified as one of the research areas that
requires more work. The surfactants are removed together with PFAS in the adsorption
process. High levels of the surfactants in the foamate would require an efficient removal
method or destruction to non-toxic compounds, just like PFAS. Higher level of surfactant
improves the PFAS removal rate only to a certain extent. It is suggested that there is an
optimal range for the surfactant dose after which the surfactant increase does not improve
the PFAS removal rate (We et al. 2024a). Li et al. (2021) reported this by showing no
improvement in the PFOA removal rate when the cationic surfactant, n-octyltrimethyl-
ammonium bromide (C8TAB), concentration was increased from 1.25 mM to 12.5 mM.
Optimized surfactant dose is important not only for the optimal removal of PFAS but also
for environmental and financial considerations. There is still limited evidence on
environmentally friendly surfactant options. A cysteine-based surfactant has been developed
and tested for the removal of PFOA in foam fractionation. The study demonstrated 72 %
PFOA removal and showed promising potential in the removal of heavy metal ions, such as
Cadmium, Copper and Nickel, with up to 99 % removal rate (Taseidifar, 2020; Ziaee et al.
2021).
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4 Materials and methods

There were two main themes in the study, namely foam characterization and PFAS removal
from synthetic water with foam fractionation. The methods used in each theme are discussed
in this section. The work also included building a single-column setup that is described
below. The same column was used in the foam characterization studies as well as for the

PFAS removal from synthetic water.

4.1 Single-column setup

A single-column laboratory-scale foam fractionator was built in-house for the PFAS removal
from synthetic water (Figure 5). The same column was also used in the foam characterization
studies but without the vacuum. An acrylic resin cylinder column (height 54.61 cm, diameter
6.27 cm) was set up and a 5 cm nano air stone (Carefree Fish NANO AIR STONE 2in.) was
placed and sealed at the base of the column for bubble generation. A Tygon® plastic tube
was attached to the air stone through the column and connected to an in-house air outlet with
a regulator (Gast AA80S). The flow meter (DWYER Area Flowmeter RMA-14-SSV, range
200 — 2500 mL/min) was attached to the air tube to allow air flow adjustment. An outlet
valve was placed on the top section of the column, and a plastic tube was attached to the
outlet to allow foam collection. The foamate was collected into a glass flask (KIMAX®
Erlenmeyer Flask, 1000 mL). A vacuum pump (Ashcroft 0 — 30 inHg, Norgren NST4) was
attached to the flask with a PVC plastic tube to enhance the foam collection. The vacuum
pump was connected to the in-house air outlet with a regulator (SMC). Since the foamate
was not analyzed in this study, using the glass flask as the foamate container was not seen
problematic. It is acknowledged that the glassware is not considered suitable in the PFAS
related work otherwise (EPA, 2024h). References to similar foam fractionation setups can

be found, for example, in McCleaf et al. (2023), Buckley et al. (2022) and Li et al. (2021).
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Figure 5: Simplified illustration of the single-column setup for the foam characterization and
PFAS removal studies in this work.

4.2 Surfactant screening study

The surfactant screening studies were performed to develop an understanding of the possible
differences between the surfactants and their properties that might impact PFAS removal.
The following sub-sections will discuss foamability, drainage, ripening, density, and surface

tension measurements.

4.2.1 Foamability

Five trimethylammonium bromide surfactants with different carbon chain lengths were
sourced as shown in Table 4. The surfactants were evaluated based on their foamability to
understand their suitability in the foam fractionation that requires sufficient foam formation

in the contaminant removal process (We et al. 2024a).
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Table 4: Surfactants used in the present research. MW (g/mol) data was collected from
PubChem. Water solubility data was collected from the safety data sheets (Sigma Aldrich,
2025a — d). (MW = molecular weight, CMC = critical micelle concentration)

Surfactant name / CAS# | Purity MW CMC Water Supplier Catalogue or
Carbon chain (%) | (g/mol) (mM) solubility Lot number
length (g/L, 20 °C)
Octyltrimethyl- 2083-68-3 98 | 252.23 140! n/a* Sigma 102570439
ammonium bromide / Aldrich
C8
n-Dodecyltrimethyl- 1119-94-4 98 | 308.34 15.62 954 Sigma S8286122 337
ammonium bromide / Aldrich
Cl12
Tetradecyltri- 1119-97-7 98 336.4 3.69° 200 Sigma S7949106 332
methylammonium Aldrich
bromide / C14
Hexadecyltri- 57-09-0 98 364.4 0.922 36.4 Tokyo ZHDS5J-RH
methylammonium Chemical
bromide / C16 Industry

Co. Ltd
Octadecyltrimethyl- 1120-02-1 98 392.5 0.1722 0.095° Sigma 359246-10G
ammonium bromide / Aldrich
C18

) Gadelha et al. (2014)
%) Lee et al. (2025)

3) Roy et al. (2019)

4) Not available.

3) Measured at 25 °C.

The foamability study was done in a 1000 mL glass graduated cylinder (KIMAX Kimble
USA). A small air stone (Aquaneat Aquarium Air Stone, 1in.) was attached to an air tube
and placed in the graduated cylinder. The air tube was connected to an adjustable flow meter
(DWYER Area Flowmeter RMA-14-SSV, range 200 — 2500 mL/min) and air pump
(Vivosun Aquarium Air Pump). The air flow was set at 1500 mL/min. The surfactant
solution was measured at ca. 500 g on an analytical scale (Denver Instrument XL.-3100) and
added to the graduated cylinder. The measurement started when the air flow was switched

on and ended when the foam reached the 1000 mL mark in the graduated cylinder.

The surfactant solutions were prepared in the 1000 mL HDPE sample bottles in six
concentrations per surfactant: 1000, 500, 250, 100, 50 and 25 mg/L. For the preparation of
1000 mg/L solution, the surfactant sample weight, ca. 1 g, was measured on the analytical
scale (Sartorius) directly into the sample bottle and distilled water was added to reach the
total weight of ca. 1000 g on the analytical scale (Denver Instrument XL-3100). The other
concentrations were prepared in series by diluting the higher concentration solution. The

threshold for foamability was at a 1000 mL mark in the glass graduated cylinder. If the
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surfactant solution foamed up to 1000 mL at 1000 mg/L concentration, the test was

continued with the more dilute solutions. Each concentration was tested in triplicate.

Three surfactants, namely C14TAB (C14), C16TAB (C16) and CI8TAB (C18), were chosen
based on their foamability and these three surfactants were also used in the next steps of this
research. At this point, CSTAB (C8) and CI2TAB (C12) were excluded from the study
because their foam generation did not reach the 1000 mL threshold even at the highest
concentration 1000 mg/L. The lowest concentration, 25 mg/L, was considered relevant to
the foam fractionation from the sustainability and cost perspective. Therefore, this
concentration was also used in the other foam characterization studies. The CMC level
concentrations were chosen as another observation point in the studies as it is mentioned that
the surfactants are generating the most stable foam at or slightly above the CMC level

(Majeed et al. 2020). Table 5 shows the relevant surfactant concentrations in this study.

Table 5: Relevant surfactant concentrations in this study.
(CMC = critical micelle concentration)

Cl4 C16 C18
CMC (mM) 3.69 ! 0.922 0.1722
CMC (mg/L) 1241 335 67.5
25 mg/L./ CMC (%) * 2 7 37
Molarity (mM) of 25 mg/L sol. 0.074 0.069 0.064

D Roy et al. (2019)
2 Lee et al. (2025)
3 Indicates the percentage that a 25mg/L concentration represents relative to CMC of each surfactant.

4.2.2 Foam drainage and ripening

The foam stability was observed through drainage and ripening that are interconnected
processes in the foam degradation, as described earlier in Chapter 3.2 (Li et al. 2024; Fei et
al. 2017). To support the findings from the drainage and ripening studies, foam density, gas
fraction, and surface tension measurements were performed to further explain the foam
quality generated with each surfactant. These studies are discussed in their respective

chapters, 4.2.3 —4.2.5.
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Foam drainage

The single-column setup without a vacuum (Chapter 4.1) was used in the foam drainage
measurement. For the observation of drainage progress in the column, a measurement tape
was attached on the side of the column. The surfactant solutions were prepared in a similar
manner as described in the foamability study (Chapter 4.2.1). The concentrations used for
the drainage measurements were 25 mg/L and close to the CMC level of each surfactant:
Cl4 at 1241 mg/L, C16 at 335 mg/L and C18 at 67.5 mg/L (Table 5). The higher
concentration solutions with target levels close to 1241 mg/L and 335 mg/L were prepared
from the surfactant powder that was dissolved in distilled water. The lower concentration
solutions were prepared by diluting them from the 1000 mg/L solution. The column was
filled up to 20 % of its capacity with a surfactant solution. The air flow was set at 1000
mL/min, and the foam was generated in the column up to 100 % capacity. As soon as the air
flow stopped, the drainage of the foam started, and its progress was measured in volume and
time from the bottom of the column as the foam level was receding and liquid level rising.
Each concentration was tested in triplicate. The half-life (s) of the foam was recorded when
50 % of the liquid had drained back to the bottom of the column from the foam. In practice,
this meant when the liquid reached again 10 % of the column capacity after foaming. Foam
height (mm) together with half-life was used to calculate the drainage velocity (mm/s)

(Zakari et al. 2025).

Foam ripening

The ripening of the foam was observed in the same setup and at the same time as the foam
drainage but from the top of the column. The foam was generated in the column up to
100 % of its capacity. As soon as the air flow was stopped, a standard sized ping-pong ball
(Meizhouer, weight 2.7 g, diameter 40 mm) was placed on top of the foam. The function of
the ball was to facilitate the reading of the foam level in the column and observe the foam
collapse (Hashim and Tantray, 2021). The column capacity in 10 % increments was used to
observe the progress of the foam ripening. The ripening was measured in volume and time.

Each surfactant solution was measured in triplicate.



46

4.2.3 Foam density

For the foam density study, the surfactant solutions were prepared in a similar manner as
discussed earlier in the foamability study (Chapter 4.2.1). The solutions were prepared at
CMC concentration of each surfactant and at 25 mg/L. The foam density measurement was
performed in the single-column setup without vacuum (Chapter 4.1). The surfactant solution
was added to the column at 80 % of the column capacity. Foam was generated up to 100 %
capacity of the column and at this point the foam started exiting the column through a valve
and plastic tube. Instead of collecting the foam into a flask, it was channeled through a plastic
tube to a shallow, open container that was placed on the scale (Mettler Toledo). A small
amount of commercial defoamer, FennoTech 6006, was added on the surface of the foam
outlet tube to facilitate the collapse of the foam and smooth entry to the scale. The amount
of defoamer was insignificant and did not add to the foam weight. The scale measurement
was read by a computer program LabX Direct Balance (Mettler Toledo AG 2013) that was
registering the increase of the foam weight over time. A measuring tape was attached on the
column for the observation of the foam built in the column. The increase of the foam was
measured in volume and time. To ensure the accuracy of the reading, each test run was

recorded on video. Each concentration was measured in triplicate.

Condition optimization for the density study was done before the final test run to ensure
consistency, repeatability, and comparability of the results. The target was to generate
uniform foam, avoid excess liquid outflow and perform the test within a similar time frame

ca. 15 —20 s. The final setup for the density measurements is shown in Table 6.

Table 6: Conditions used in the foam density measurements.

C14 C16 C18 C14 C16 C18

25 mg/LL 25 mg/L 25 mg/LL CMC CMC CMC

Air (mL/min) 800 700 700 500 500 500

Liquid level (%) 80 80 80 80 80 80
in column (*

*) 100 % column capacity is 1142 g.
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4.2.4 Surface tension

The surface tension of each surfactant was measured at CMC and 1000 mg/L with Kibron
AquaPi Plus Tensiometer. The surfactant solutions were prepared as discussed earlier in
Chapter 4.2.1. The measurements started from the 1000 mg/L concentration. Dilutions (1:1)
were prepared from each previous concentration as the work progressed and used as check
points to ensure the trend in the measurements was correct. Analytical scale (Precisa 3100C)
was used in the dilution preparation. The measurements were operated and recorded with a
computer program AquaPiPlus. The Wilhelmy measurement of AquaPiPlus was used in this

experiment.

For the surface tension measurement, a DyneCup was filled with the surfactant sample to
the top with a pipette. The cup was placed in the Kibron cup holder for the measurement
with a plate probe. The probe was cleaned with a lab burner torch (Bernzomatic) before each
measurement. The cup was cleaned with water and dried with an air flow between each
measurement. The experiment was done at ca. 20 °C. Before starting the measurements,

Kibron was calibrated with water (72.8 mN/m).

4.2.5 Dynamic surface tension

To support the surface tension measurement results with Kibron, the dynamic surface
tension measurement for each surfactant was requested from another in-house research
center. The measurement was done with BPT Mobile device (system firmware
1.4.6.104600257, serial number 30016405) with the settings listed in Table 7. The surfactant

solutions were prepared and measured at 1000 mg/L.

Table 7: Dynamic surface tension conditions.

Measuring method Dynamic
Start bubble age [ms] 10
Stop bubble age [ms] 20000
Values per decade 20
Data smoothing Middle
Values for mean 3
Purge time [s] 0
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4.3 Foam fractionation for PFAS removal

This section focuses on the methods used in the foam fractionation based PFAS removal
from synthetic water and the removal efficacy. The PFAS solution preparation steps are
being discussed as well as the HPLC MS/MS -method that was used in the PFAS
concentration analyses. All three surfactants, C14, C16, and C18, were used in the studies

discussed in this section.

4.3.1 PFAS solution preparation

Analytical grade chemicals were purchased as listed in Table 8 and two types of PFAS

solutions were prepared:

1) 6 x PFAS at 160 ng/L each in distilled water.
2) 6 x PFAS at 160 ng/L each in surfactant solution (25 mg/L).

Table 8: PFAS chemicals used in the research. The carbon chain length considers the
fluorocarbon chain without the head group (e.g. McCleaf et al. 2021).

PFAS CAS# Carbon Purity Supplier Catalogue
abbreviation / chain / (%) Number
common Functional
name group
Long-chain
PFNA 375-95-1 C8 97 Sigma Aldrich 394459-5G
Perfluoro- Carboxylate
nonanoic acid
PFOS 1763-23-1 C8 >97 Santa Cruz SC-235283B
Perfluoro- Sulfonate Biotech
octanesulfonic
acid
PFOA 335-67-1 C7 95 Sigma Aldrich 171468-5G
Perfluoro- Carboxylate
octanoic acid
PFHxS 355-46-4 C6 >95 Synquest 6164-3-27
Perfluoro- Sulfonate Laboratories
hexanesulfonic
acid
Short-chain
HFPO-DA 13252-13-6 Cs5 >96 Santa Cruz SC-257987
(Gen X) Carboxylate Biotech
Perfluoro(2-
methyl-3-
oxahexanoic)
acid
PFBS 375-73-5 C4 >97 Sigma Aldrich 562629-5G
Nonafluoro- Sulfonate
butane-1-
sulfonic acid
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The final PFAS solution contained six PFAS compounds listed in Table 8 at ca. 160 ng/L
each. Due to the low target concentration level, three dilution steps were applied. For the
first solution, ca. 0.015 g of PFAS was measured and mixed with ca. 250 g of distilled water.
The PFAS concentration of the first solution was ca. 60 mg/L. For the second solution, ca.
0.2 g of the first solution was measured and diluted with ca. 60 g of distilled water. The
PFAS concentration of the second solution was ca. 0.2 mg/L. The PFAS in water solution
was prepared by weighing ca. 0.24 g of the second solution and diluting it with ca. 298 g of
distilled water. The total weight of the solution was ca. 300 g and the PFAS concentration
of this solution was ca. 160 ng/L of each PFAS. The PFAS in surfactant solution was
prepared by measuring ca. 0.8 g of the second solution and diluting it with ca. 995 g of the
surfactant solution (25 mg/L). The PFAS concentration of this solution was ca. 160 ng/L of
each PFAS. The target PFAS level, 160 ng/l, was reached on average with 13.5 % accuracy
throughout the study. The surfactant solution was prepared as described in Chapter 4.2.1.
HDPE containers were used throughout the sample preparation. In summary, the sample
preparation steps were:
1) First solution (250 mL HDPE bottles):

Ca. 0.015 g of PFAS + ca. 250 g of distilled water.
PFAS concentration ca. 60 mg/L.

2) Second solution (60 mL HDPE bottles):
Ca. 0.2 g of first solution + ca. 60 g of distilled water.
PFAS concentration ca. 0.2 mg/L.

3a) Final solution 1 — PFAS in water (1000 mL HDPE bottle):
Ca. 0.24 g of second solution + ca. 300 g of distilled water.
PFAS concentration ca. 160 ng/L.

3b) Final solution 2 — PFAS in surfactant solution (25 mg/L) (1000 mL HDPE bottle):
Ca. 0.8 g of second solution + ca. 995 g of surfactant solution.
PFAS concentration ca. 160 ng/L.

4.4 Foam fractionation: Equipment, optimization and process

A single-column setup, as described in Chapter 4.1, was used in the foam fractionation.

The optimization of the foam fractionation setup was done with three surfactant solutions:
C14, C16, and C18. The surfactant solutions were prepared at 25 mg/L as described earlier.

The surfactant solution was measured at 995 g on an analytical scale and added to the
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column. This equals ca. 70 % of the column capacity. The target was to generate a good
quality foam in the column, avoid liquid overflow and excess foamate generation. For C16
and C18, the most suitable air flow was at 200 mL/min and vacuum at 1 inHg. C14 was run
at variable conditions with air flow at 350 — 500 mL/min and vacuum at 1 inHg. C14 run
was started with the air flow at 500 mL/min and reduced to 350 mL/min once the foam

formation stabilized and foamate collection was steady.

For the PFAS removal in the foam fractionation column, a solution containing a surfactant
at 25 mg/L and each PFAS at 160 ng/L was prepared. The column was filled in up to 70 %
(ca. 995 g) with the solution. The foam fractionation was run at optimized conditions. The
surfactant was not continuously fed into the column during the process. Each sample was
run for 70 min or until there was no longer foamation or until low liquid pool level was
observed. The liquid pool level needed to remain above 300 g as 2 x 125 mL was collected

for the PFAS HPLC-MS/MS analysis in an external lab.

The same sample preparation procedure and PFAS removal with foam fractionation was
repeated with all surfactants: C14, C16, and C18. In addition to three PFAS-surfactant
solutions, the analyzed sample set included a PFAS in distilled water solution with each
PFAS at 160 ng/L. The distilled water used in the work was analyzed for PFAS at the

beginning of the study to ensure there was no contamination from the water.

4.5 PFAS analysis with HPLC-MS/MS

The PFAS concentration of the samples was analyzed in an external, accredited laboratory
(Eurofins, EF) with the EPA Method 1633 LC-MS/MS (EPA, 2024c). Additionally, the
samples were analyzed with the same method in a non-accredited laboratory at the local
water treatment site (WT). The EPA Method 1633 allows the analysis of various matrices
such as aqueous, biosolids, and tissue samples. The sample processing allows the spiking of
the samples either before extraction or before analysis. The Extracted Internal Standard
(EIS) is prepared in methanol from prime stock. EIS is added to each sample before
extraction typically at 50 pl. The method lists the relevant isotope analytes and their amount
(ng) in the standard (EPA 2024c). The list currently includes 24 PFAS isotopes for EIS. The
method also allows the use of Non-Extracted Internal Standard (NIS) that is prepared in

methanol from prime stock. The NIS list includes currently seven PFAS isotopes and their
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relevant amount (ng) in the standard solution. NIS is added to each sample before the

instrumental analysis. Typical volume is 50 pul per sample.

In this work, both EIS and NIS were used by the external research laboratory (EF). The EPA
Method 1633 lists the suitable standards as shown in Table 9.

Table 9: The EPA Method 1633 non-extractable and extractable internal standards (EPA

2024c, Table 3).

Internal standard Amount added (ng)
13C3-PFBA 20
13C,-PFHxA 10
13C4-PFOA 10
BCs-PFNA 5
13C,-PFDA 5
130,-PFHxS 10
13C4-PFOS 10
External standard Amount added (ng)
13C4-PFBA 40
13Cs-PFPeA 20
13Cs-PFHxA 10
13C4-PFHpA 10
13Cs-PFOA 10
13Cy-PFNA 5
13Cs-PFDA 5
13C;-PFUnA 5
13C,-PFDoA 5
13C,-PFTeDA 5
13C;-PFBS 10
13C;-PFHxS 10
13Cs-PFOS 10
13C,-4:2FTS 20
13C,-6:2FTS 20
13C,-8:2FTS 20
3Cs-PFOSA 10
D3-NMeFOSA 10
Ds-NEtFOSA 10
D3-NMeFOSAA 20
Ds-NEtFOSAA 20
D7-NMeFOSE 100
Do-NEtFOSE 100
13C;-HFPO-DA 40
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After spiking the samples with EIS, the samples were treated with the solid phase extraction
(SPE) using the weak anion exchange (WAX) cartridges. The method suggests using Waters
Oasis WAX 150 mg, Cat# 186002493 or equivalent. In commercial laboratories, the SPE
process is automized and typically run at stabilized conditions with no amendments through

the process. The EPA Method 1633 includes the following steps in the SPE process:

e Silanized glass wool is placed in WAX SPE to capture any impurities that might be
left in the sample after possible pre-treatment.

e Pre-conditioning: Cartridges are washed with 15 mL of 1% methanolic ammonium
hydroxide and followed by 5 mL of 0.3M formic acid. The pre-conditioning is done
with gravitational flow.

e Sample is run through the cartridge with a flow rate at 5 mL/min. Vacuum is
adjusted accordingly. The sample target volume for the SPE treatment was
ca. 125 — 140 mL in this study.

e The walls of the reservoir are rinsed twice with 5 mL of water and 5 mL of 0.1M
formic acid-methanol (1:1) using the vacuum. After the solutions have run through
the cartridge, the cartridge is dried by running air through it for 15 s.

e C(Clean propylene collection tubes (13 x 100 mm) are used in the manifold to collect
the eluate.

e The sample bottles are rinsed with 5 mL of 1 % methanolic ammonium hydroxide
and rinsate is added to the cartridge reservoir. Vacuum is used to assist the run
through.

e 25 ul of acetic acid 100 % is added in each eluate sample and samples are vortexed
to ensure thorough mixing.

e Syringe filter (25 mm, 0.2 pum membrane) is used to transfer the eluate into 1 mL
polypropylene micro vial for LC-MS/MS analysis.

For the LC-MS/MS quality control, the laboratory (EF) used a blank water sample with
isotopes for the recovery tracking and three laboratory control samples with six PFAS
compounds and their isotopes in water. Each LC-MS/MS batch included all the quality
control samples in this order: Method blank, control sample A, control sample A duplicate,
control sample B. Control sample A and A duplicate had the PFAS level at 17.0 — 76.8 ng/L
and control sample B at 2.27 — 10.2 ng/L. The exact laboratory control PFAS concentrations
are shown in Table 10. The wide range of the spike concentration is explained by the nature
of the compounds. For example, HFPO-DA (GenX) has proven to cause challenges in the

analysis and the sensitivity is ensured by a higher concentration. The acceptable recovery
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limits (%) of the quality control samples ranged from 55 to 150 % between the PFAS

compounds.

Table 10: Laboratory quality control (QC) spike concentrations (ng/L, Eurofins).

PFAS QC A | QC A Duplicate QCB
PFNA 19.2 19.2 2.56
PFOS 17.9 17.9 2.38
PFOA 19.2 19.2 2.56
PFHxS 17.5 17.5 2.33
HFPO-DA 76.8 76.8 10.2
PFBS 17.0 17.0 2.27

The EPA Method 1633 includes a reference list of pooled method detection limits
(MDL, ng/L) and ranges for limit of quantification (LOQ, ng/L) (EPA, 2024c). These limits
are set as a reference value for the laboratories performing PFAS analysis with Method 1633
and can be used for evaluating the sensitivity of the results. MDL and LOQ values are
generated in each laboratory based on their specific conditions. MDL refers to the lowest
analyte concentration that can be identified from the noise. LOQ is the lowest concentration

at which the analyte can be quantified with accuracy (Jannetto, 2017).

The method recommends the analysis with ultra high-performance liquid chromatograph
(UPLC), or high-performance liquid chromatograph (HPLC) equipped with a tandem
quadrupole mass spectrometer (Waters Xevo TQ-S Micro or equivalent) capable of
collecting at least 10 scans across a chromatographic peak. The equipment should be
equipped with C18 analytical column, 1.7 pm, 50 x 2.1 mm (Waters Acquity UPLC® BEH
or equivalent), guard column (Phenomenex Kinetex® Evo C18 or equivalent) and trap
column (Purospher Star RP-18 endcapped [3 um] Hibar® RT 50-4 or equivalent) (EPA,
2024c).

The samples were analyzed also in a non-accredited laboratory for comparison purposes and
to test the solid phase extraction manually and in adjustable conditions. The non-accredited
laboratory was using the methods ASTM D8421-22 and EPA Method 1633 with minor

in-house modifications.
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5 Results and discussion

5.1 Screening study

The aim of the screening study was to understand the characteristics of the foams generated
with various surfactants by observing the foam generation through foamability, drainage,
ripening, density, and surface tension. The first step of the screening study, namely

foamability, was done to select suitable surfactants for further evaluation.

5.1.1 Foamability

Out of five surfactants that were included in this study, three reached the foamability
threshold of 1000 mL in the glass graduated cylinder. The following three surfactants were
chosen for the next steps in the foam characterization and as co-formulants for the PFAS

removal from the synthetic water with foam fractionation:

e Tetradecyltrimethylammonium bromide (C14)
e Hexadecyltrimethylammonium bromide (C16)

e Octadecyltrimethylammonium bromide (C18)

Octyltrimethylammonium bromide (C8) did not build foam in this study even in the initial
1000 mg/L concentration. n-Dodecyltrimethylammonium bromide (C12) at 1000 mg/L
concentration foamed well up to 950 mL in the glass graduated cylinder but started
collapsing at that point and never reached the threshold. Due to the observed weak

foamability, these surfactants were excluded from the study at this point.

C18 reached the 1000 mL threshold at the 25 mg/L concentration in 70 s and was the only
one of the three surfactants to reach the threshold in all six concentrations in the range
25 — 1000 mg/L (Figure 6). The lowest concentrations at which C16 and C14 reached the
threshold were 100 mg/L and 250 mg/L, respectively. The performance of C16 and C18 was
similar in the concentration range 250 — 1000 mg/L. For example, both reached the threshold

of 1000 mL in 30 s at 250 mg/L concentration. C14 formed the foam fastest in the
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concentrations of 500 and 1000 mg/L but lost some of its foamability potency in the lower

concentrations.

The best foamability of C18 at the lowest concentrations, 25 and 50 mg/L, can be explained
by its low CMC, 67.5 mg/L. Even at low concentrations, C18 was still close to its CMC, at
which the surfactants are known to foam the fastest and form the most stable foam (Mortada
et al. 2022). Similarly, C14 was close to its CMC, 1241 mg/L, at the highest concentration
used in the study, 1000 mg/L, and showed the fastest foam formation (ca. 23 s) of all three
surfactants at this concentration. CMC of C16 is at 335 mg/L, and C16 was able to form the
foam quickly, still at 250 mg/L, but the foam formation slowed down at lower
concentrations. The surfactants with longer carbon chain lengths have a higher tendency to
form micelles due to lower free Gibbs energy for micellization (Lee et al. 2025). When the
alkyl chain is longer, a lower concentration of surfactant molecules is needed to reach CMC,

which explains the low CMC value of C18 compared to C14 and C16 (Lee et al. 2025).

As a conclusion, it was observed that each surfactant was able to form a stable foam up to
the threshold at their respective CMC point in < 30 s, but the foam formation slowed down
when the surfactant solution concentration was < 50 % of the respective CMC. Thus, the
foaming time decreased with an increase in surfactant concentration. At a higher
concentration, more surfactant molecules are available for adsorption on the air-liquid
interface, and they form a more densely packed layer to support the stability of the foam

(Wang et al. 2018).
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Figure 6: Screening study on foamability.

5.1.2 Foam drainage and ripening

Foam drainage was recorded as half-life (s) that was reached when half of the liquid in the
foam had drained back to the liquid pool at the bottom of the column (Fei et al. 2017). As
shown in Figure 7, C14 had the longest half-life, 64.32 s, at CMC. The longest half-life at
25 mg/L, 8 s, was recorded with C16. The longer the half-life is, the more stable the foam is
in that specific concentration (Mortada et al. 2022). C18 formed the least stable foam both

at CMC and 25 mg/L concentrations.
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Figure 7: Surfactant half-life (s) at CMC and 25 mg/L concentrations.

For the observation of foam half-life, the liquid volume increase (mL) was measured as a
function of time (s). Figure 8 shows the liquid increase in the liquid pool at 25 mg/L of each
surfactant after the foam generation was stopped. Each surfactant graph ends at its half-life
point. Even if C16 was the most stable foam at 25 mg/L (8 s), it also had the highest standard
deviation (4.9 s). C18 was observed only at three measurement points due to its rapid
drainage progress and short half-life (4.7 s). The drainage of C14 and C16 progressed quite
similarly in the beginning of the process, but the drainage of C16 took slightly longer than
that of C14 (6.7 s).

At CMC, the difference between the surfactants became more obvious. The longer the
process continued, the more apparent the difference became. At CMC, the longest half-life

was measured with C14 (64.32 s) (Figure 9).
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Figure 8: Liquid drainage volume (mL) increase as a function of time (s) at the surfactant

concentration 25 mg/L.
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Foam stability can also be observed with the drainage velocity (mm/s) that is calculated
based on the foam height (mm) and half-life (s) (Zakari et al. 2025). The highest foam
stability is observed at the slowest drainage velocity. The foam height in this study was the
same for all surfactants, 355.6 mm, since the foam was generated from 20 to 100 % capacity
level in the column. Therefore, the drainage velocity is impacted mostly by the foam
half-life (s) and not by the foam height (mm). Figure 10 shows the lowest velocity at 25
mg/L for C16 (48.73 mm/s) and at CMC for C14 (5.58 mm/s). Since the concentration
25 mg/L is of most interest from the practical point of view, it is relevant to notice that C16

seemed to form the most stable foam at this concentration based on the drainage study.
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Figure 10: Drainage velocity (mm/s) at CMC and 25 mg/L.

Foam ripening was measured as a decrease in foam volume (mL) in the column after the gas
generation was stopped. At 25 mg/L, C14 and C16 foams showed a steadier decrease than
C18 (Figure 11). During the bubble coalescence, C18 formed a loose but rather strong
network of lamellae that connected the edges of the column and, thus, made the progress of
the ripening slower and more inconsistent than that of C14 and C16. At 25 mg/L, C18

seemed to have formed the most stable foam based on the ripening results. As shown in
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Figure 12, at CMC concentration, the ripening was more consistent throughout the process,
although it is noted that C14 ripening accelerated after the 10 min mark. Based on the
ripening at CMC, C16 seemed to form the most stable foam and C14 the least stable one.

In gravitational systems, such as those in this study, the foam column height is known to
impact the capillary pressure (P.) that again impacts the foam stability: P. = pgH, where p
is the density of the solution, g is the acceleration due to gravity (9.81 m/s) and H is foam
height (Stubenrauch and Khristov, 2005). Therefore, all the foam properties, such as film
thickness, border and film radii, and foam stability, change along the foam column.
Stubenrauch and Khristov (2005) suggested that in a gravitational system, foam stability is
impacted mostly by drainage and not so much by films. In systems, where the capillary
conditions were reduced, the surfactant foam stability increase was reported with the
increase in the carbon chain number from C10 to C16 among the trimethylammonium
bromide surfactants, and the foam stability decreased with the increase in applied capillary
pressure (Stubenrauch and Khristov, 2005). Improved film and foam stability were reported
with surfactants that had a carbon chain length > C14. However, due to differences in the
gradient pressure systems and defined pressure systems, it was suggested that direct
comparison between the foam quality results cannot be made between these two systems.
The study from Stubenrauch and Khristov (2005) included trimethylammonium bromide
surfactants only up to C16. Thus, it is unknown if the rationale for stability increase with the

carbon number would still apply for C18 in the defined pressure systems.

In the present study, the stability increase was not linear with the increase of the carbon
number and the stability increase at CMC is reported in the order: C14 > C16 > C18. The
drainage results in the present study align with the foam density data. The latter is described
in more detail in the next chapter. The foam height at the beginning of the drainage study
was the same in all cases due to foam formation from 20 to 100 % of the column capacity.
Therefore, the capillary pressure is impacted only by the density of the foam that was the
highest with C16 at 25 mg/L and with C14 at CMC. Thus, the highest capillary forces at the
beginning of the drainage study were in the C14 CMC system and in the C16 25 mg/L
system. The foam drainage occurs under gravity and the process thins the films that separate
the bubbles which leads to coarsening of the foam. The capillary activity in the foam

counteracts the drainage and hinders the liquid from fully draining from the foam (Okesanjo
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et al. 2023). Thus, it is hypothesized that the highest initial capillary pressure impacts the
foam stability by delaying the drainage in the C16 25 mg/L and C14 CMC systems.

Earlier foam stability studies have been conducted most often at CMC concentrations (e.g.
Mortada et al. 2022; Stubenrauch and Khristov, 2005). Wang et al. (2018) analyzed the
stability of C16 in various concentrations and confirmed that the most stable foam was
formed at CMC. Similar phenomenon to that of Wang et al. (2018) was observed in the
present study that showed the higher stability at CMC concentration both in the foamability
study and in the drainage test. Similar findings were observed by Mortada et al. (2022) for
both C14 and C16. Based on the present studies, it is not apparent whether the stability at
CMC would also reflect the stability at lower concentrations when various CnTAB
surfactants are compared, especially, when the lower concentration is not an equal distance
from CMC of each surfactant. For more equal comparison, it would be relevant to compare
the surfactants at the same level in relation to their respective CMC, for example, at the

concentration that represents 10 % of the respective CMC (0.1 CMC) (Mortada et al. 2022).
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Figure 11: Foam ripening measured as foam volume (mL) decrease as a function of time (s)
at 25 mg/L concentration.
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Figure 12: Foam ripening measured as foam volume (mL) decrease as a function of time
(min) at CMC concentration.

5.1.3 Foam density

The foam density was measured and calculated based on the increase in foam volume (mL)
and mass (g) as a function of time (s). C14 showed the highest foam density at CMC
concentration (0.24 g/mL), followed by C16 (0.19 g/mL) and C14 (0.12 g/mL) (Figure 13).
At the concentration of 25 mg/L, the highest density was measured with C16 (0.14 g/mL),
then with C14 (0.13 g/mL) and C18 (0.11 g/mL). The density difference was more
significant at CMC concentrations, which is not surprising as the CMC concentrations vary
greatly between the surfactants, as shown in Chapter 4.2.1. As discussed above, the density

results follow the same trend as was seen in the drainage study.
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Figure 13: Foam density at CMC and 25 mg/L.

The foam density was calculated based on the weight (g) and volume (mL) of the foam that
was generated in the single column setup: p = m/V. Each measurement was done in
triplicate, and the values in Figure 13 show the average density and standard deviation based
on these calculations. Figures 14 — 17 show the measurement results in more detail. The
graphs were prepared based on the volume and weight averages and relevant standard
deviations of each measurement point. As shown in the graphs, C18 generated a high volume
of foam with the least weight which reflects its high gas fraction that is discussed in more

detail in the next paragraph.



300

250

200

150

Volume (mL)

100

50

64

4 5] g 10 12 14 16 18
Time (s)
—e—C14, 25 mg/L —e—C16, 25 mg/L —e—C18, 25 mg/L

Figure 14: Volume (mL) increase in time (s) in the density measurement at 25 mg/L.

Weight (g)
]

10

10 15 20 25
Time (s)

—»—C14,25 mg/L —e—Cl16,25mg/l —e—C18,25 mg/L
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The gas fraction of each foam was calculated based on the foam density: 1 — ¢, where ¢
refers to the liquid volume fraction (Bolton and Weaire, 1990). The foam generated with
C18 held the most air in the foam at both concentrations, CMC and 25 mg/L. C18 gas
fraction at CMC and 25 mg/L were 0.88 and 0.89, respectively (Table 11). C14 foam at
CMC held the least air and had the gas fraction of 0.76. At 25 mg/L, the least air was held
by C16, with a gas fraction of 0.86.

Table 11: Gas fraction of the foams generated with three surfactants.

C14 C16 C18
CMC 0.76 0.81 0.88
25 mg/L 0.87 0.86 0.89

The foams in this study at 25 mg/L concentration can be considered mechanically stable as
their liquid ratio remained < 0.16 (Bolton and Weaire, 1990). All the foams at 25 mg/L
concentration were so-called wet foams based on their liquid ratio that remained at 0.1 — 0.2
(Sochacki et al. 2025). C18 was the driest one with the highest gas fraction, 0.89, and lowest
liquid ratio, 0.11, at 25 mg/L. C16 formed a foam with the lowest gas fraction at 25 mg/L
concentration but differed only by 0.01 from that of C14. It seems that the higher liquid
fraction may increase the stability of the foam when the foams are observed within the liquid
ratio of 0.1 — 0.2. Thus, C16 seems to form the most stable foam also based on the density

and gas fraction analyses.

It was observed that the air fraction increases with the increase of the carbon chain length
from C14 to C18 at CMC. This observation mirrors the hydrophobicity of these surfactants
that increases as the carbon chain length increases (Naskar, 2025). At the concentration of
25 mg/L, the difference between the air fraction of the foams decreased. The air fraction did
not increase with the increase of the surfactant carbon chain length at the lower
concentration, and C16 was observed as the one with the smallest air fraction instead of C14.

However, the difference was minimal, 0.01.
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5.1.4 Surface tension

The surface tension was measured to support the foam characterization data and to illustrate
the potential that each surfactant has to reduce the surface tension. A surfactant with lower
surface tension has a stronger ability to reduce the surface tension of a solution (Czajka et
al. 2015). Figure 18 presents the results from the Kibron tensiometer measurements. The
dotted line right above 70 mN/m mark refers to the surface tension of water, 72.8 mN/m, at
ca. 20 °C (e.g. Czajka et al. 2015). The surface tension of water was measured during the
system calibration. Among the tested surfactants, C18 displayed the highest surface tension
at both the 1000 mg/L concentration (46.1 mN/m) and at its CMC (42.57 mN/m). The lowest
surface tension, 34.86 mN/m, was observed with C14 at the CMC concentration. C14 was
not measured at 1000 mg/L. The surface tension of C16 remained the same both at 1000

mg/L and CMC, at 37.4 mN/m.

The differences in the surface tension values of the surfactants in the present study can be
explained by the differences in their efficiency in packing at the air-liquid interface and
capacity of interfering with the hydrogen bonding network of water (Lee et al. 2025). The
higher surface tension value of C18 and, thus, its lower potency to decrease the surface
tension of the solution can be attributed to its longer carbon chain length. The longer alkyl
carbon chain decreases the surfactant solubility and promotes bulk aggregation that limits
the availability of free molecules for adsorption on the air-liquid interface. On the other hand,
the shorter alkyl chain of C14 increases its solubility and molecular mobility, which allows
the surfactant to pack efficiently at the air-liquid interface. Therefore, C14 shows higher
potency in decreasing the surface tension of the solution. The order of surface tension
measurements at CMC from the lowest to highest C14 < C16 < C18 observed in this study

agrees with the surface tension data reported by Sigma Aldrich (2025b — d).
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Figure 18: Surface tension (mN/m) measurement results of C14, C16 and C18 surfactants at
the concentrations 1000 mg/L and CMC in 20 °C. The measurement was done with Kibron
AquaPi Plus Tensiometer.

The quicker the surface tension decreases in time in the dynamic surface tension
measurement, the more efficiently the surfactant reduces the surface tension (Loubiére and
Hébrard, 2004). C14 showed the fastest reduction of surface tension at 1000 mg/L followed
by C16 (Figure 19). C18 reduced the surface tension the slowest and the least of these three
surfactants also in the dynamic surface tension measurement. The results from both surface
tension measurements are consistent, indicating that C14 would have the most potency in
surface tension reduction. The rationale for this can be found in the molecular structure of
the surfactants and C14 having the shortest alkyl carbon chain length of the three surfactants
which leads to increased mobility and efficiency in packing on the air-liquid interface as
discussed above. In foam fractionation, the decreased surface tension of the liquid pool
allows the generation of smaller bubbles and, hence, the creation of larger surface area for
the PFAS to adsorb to. Lower surface tension also stabilizes the bubbles and increases foam
formation (Buckley et al. 2023). The surface tension measurements in this study support the
other foam characterization results indicating that C16 might be the most suitable surfactant
for the PFAS removal from synthetic water due to its higher foam stability compared to C14
and C18. This would lead to an expectation that C16 foam would retain PFAS the most

efficiently and remove them from the liquid pool and enrich into foamate. The PFAS
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removal study was done with all three surfactants, and the results are discussed in detail in

Chapter 5.3.
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Figure 19: Dynamic surface tension (mN/m) at 1000 mg/L, 20 °C.

5.2 Column optimization

The foam fractionation column setup was optimized for each surfactant before the PFAS
removal study. The target was to run the PFAS removal study with all the surfactants in the
same conditions using the air flow at 200 mL/min and vacuum at 1 inHg which were found
to be suitable for C16 and C18. However, using the same conditions proved to be impractical
since C14 was behaving differently from C16 and C18 and produced a high yield of foamate,
up to ca. 650 g, in the same conditions as C16 and C18 (Figure 20). In the optimized
conditions, C16 and C18 generated foamate of ca. 70 — 200 g. Running C14 in the same

conditions as the other surfactants also generated liquid overflow from the column which
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proved that the conditions were unsuitable for this surfactant. Finally, C14 was run in
variable conditions meaning that the air flow was adjusted throughout the test run to avoid
liquid overflow and to ensure efficient foam formation and sufficient, but limited, foamate
collection. Each column optimization run was 45 — 60 min. The 60 min target was not
reached if the foam generation or collection stopped earlier due to foam coarsening and
collapse. The target time in the optimization was set at 60 min to ensure the efficient removal
of PFAS but also to remove the surfactant from the liquid pool and to avoid potential
interference of surfactant with the solid phase extraction column. The 60 min removal time
has also been reported in some of the earlier studies (e.g. Buckley et al. 2023a; Morrison et
al, 2023; Ziaee et al. 2021). The optimized conditions for each surfactant are listed in Table
12.

PFAS in water solution, 1000 mL, where each PFAS was present at ca. 160 ng/L, was
prepared and its foamability in the column was tested as well. No foam formation was
observed with the PFAS only solution. This confirmed that the PFAS removal from synthetic
water with foam fractionation would not be feasible without surfactant addition when PFAS

concentration is at ca. 160 ng/L for each six PFAS.
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Figure 20: Foam fractionation optimization with C14, C16 and C18 (25 mg/L).



Table 12: The optimized conditions for each surfactant for the PFAS removal with foam

fractionation.
Surfactant Air flow Vacuum Liquid (*
(mL/min) (inHg) (g)
Cl14 350 - 500 1 995
C16 200 1 995
C18 200 1 995
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*) Liquid pool at 70 % of the maximum column capacity.

5.3 Foam fractionation and PFAS removal

5.3.1 Foam fractionation conditions in PFAS removal

In the PFAS removal study, the target was to run the foam fractionation for 70 min to ensure
the maximum removal of PFAS and minimal surfactant residue. Increased PFAS removal
efficacy with longer foaming time (up to 60 min) has been reported, for example, by Vo et
al. (2023) and Buckley et al. (2023a). In the present study, reaching the target time was
feasible only with C16. C18 foamed sufficiently and allowed the foamate collection until ca.
45 min mark. At this point, the foam was coarsening fast and collapsed to the point where
no collection was possible. The C14 test run was stopped at 50 min due to low level of liquid
pool. The volume of 2 x 125 mL was required for the HPLC-MS/MS analysis, so a sufficient
level of liquid was needed in the column to facilitate the sample collection. The low liquid
pool level with C14 was due to the higher foamate outflow compared to that of C16 and
C18. The conditions of the foam fractionation used in the PFAS removal are shown in Table
13. The foamate mass was weighed after each test run. Even with the adjusted flow rate, C14
generated quite large amount of foamate, 523.11 g. C18 generated the highest volume of
foamate, > 1000 mL, even if the weight of the foamate was the lowest in this study,
119.09 g. This is explained by the high air fraction (0.89) of the C18 foam. The higher air
fraction is due to the long alkyl carbon chain of C18, and increased hydrophobicity as

discussed in Chapter 5.1.3.
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Table 13: Conditions used in the foam fractionation for PFAS removal and foamate weight.

Surfactant Air flow Vacuum Liquid Time Foamate
(mL/min) (inHg) (2) (min.s) (2)
C14 500 1 995 0.40!
400 1 995 1.30!
350 1 995 50.19? 523.11
C16 200 1 995 70.09? 273.23
C18 200 1 995 45.00? 119.09

1) Indicates the time at which the condition was changed to the next one.
%) Indicates the time at which the test run was stopped.

5.3.2 PFAS removal efficacy

The PFAS samples were analyzed with the EPA Method 1633 in an accredited (Eurofins,
EF) and a non-accredited (local water treatment site, WT) laboratory. Additionally, the
samples were analyzed with a direct injection following the method ASTM D8421-22 (LC-
MS/MS) at WT. EF used a C18 column in their HPLC-MS/MS, whereas WT used a phenyl-
hexyl column in their HPLC-MS/MS. Per information from WT, the phenyl-hexyl column
was a preferred choice in the direct injections which explained the choice of column in their
system at the time. Due to the differences in the setups between the laboratories, it is
acknowledged that 100 % comparison between the laboratories is not feasible. A new set of
samples were prepared and treated for each laboratory. Despite the aforementioned
differences and potential causes of deviation in the results, similar patterns in the results

were noticeable as discussed below.

The average PFAS removal rates in the present study were found to be 94.7 — 100 % when
the results from both laboratories were considered (Table 14). The removal rates were
calculated based on the analysis results from EF and WT and the average removal rates were
94.7 — 100 % and 99.0 — 99.9 %, respectively. The lowest average removal rates were
observed in the C16 and C18 samples analyzed by EF, 96.2 % and 94.7 %, respectively. The
100 % removal rate is considered based on the analytical results in relation to the method
detection limits (MDL) and reporting limits (RL) that were reported by the laboratories.
Similar approach has been used in earlier studies (e.g. Li et al. 2021; Buckley et al. 2023a;
Malovanyy et al. 2025). Since the NPDWR thresholds were used as a target level for the
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PFAS removal in this study, ideally the MDL would have been at 4 ng/L at the highest, but
it was not the case with all the samples or compounds in this study. Further details and
discussion on the MDLs and RLs and their impact on the results are available in Annex L.
The initial estimated PFAS concentrations in the samples before the foam fractionation
treatment are shown in Table 15. The PFAS target level per compound was at 160 ng/L that

was reached on average with 13.5 % accuracy through the study (n=4).

Table 14: PFAS removal rates (%) based on the analysis results reported by Eurofins (EF)
and local water treatment site laboratory (WT). Analysis was done according to the EPA
Method 1633.

CI14EF| C14 WT C16 EF| Cl16 WT CISEF| CI8WT
PFNA 100.0 99.9 98.2 99.8 98.5 99.6
PFOS 100.0 100.0 78.9 99.4 70.4 95.0
PFOA 100.0 100.0 100.0 99.9 100.0 99.9
PFHxS 100.0 99.9 100.0 99.8 99.4 99.8
GEN X 100.0 99.8 100.0 99.8 99.7 99.8
PFBS 100.0 100.0 100.0 100.0 100.0 100.0
Average 100.0 99.9 96.2 99.8 94.7 99.0

Table 15: The estimated PFAS concentrations (ng/L) in the samples before the foam
fractionation treatment.

CI14EF| C14WT| Cl16EF| Cl6 WT| CI8EF| Ci18WT
PFNA 166 160 159 157 158 162
PFOS 163 158 157 158 160 161
PFOA 157 162 159 164 160 160
PFHxS 157 158 157 159 159 161
GEN X 160 162 158 159 166 161
PFBS 160 166 160 173 157 160

The removal rates of individual PFAS compounds ranged from 70.4 to 100 % among the
laboratories and all the samples. The lowest removal efficacies were recorded with the long-
chain PFAS, PFOS and PFNA, which was against the expectation as the removal of the
short-chain species is known to be challenging (We et al. 2024a; Smith et al. 2023b). Of the
single species, PFOS was removed with the lowest efficacy, by 90.6 %, on average. The EF
analysis resulted in the lowest PFOS removal rates in the C16 and C18 samples, 78.9 and
70.4 %, respectively (Table 14). Similarly, among the WT samples, the least efficient

removal was observed with PFOS, 95 %, in the C18 sample. The second lowest removal
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efficacy was observed with PFNA, 99.3 % on average (EF). The PFNA removal rate was
the lowest, 98.2 %, in the C16 sample analyzed by EF. The other long-chain PFAS in the
study, PFOA and PFHxS, were removed on average by 100 and 99.8 %, respectively. The
short-chain PFAS in the study, Gen X and PFBS, were removed on average by 99.8 and
100 %, respectively (Figure 21).
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Figure 21: PFAS removal rates (%) based on the results from the accredited laboratory
(EF) and non-accredited laboratory (WT). Analyses were done according to the EPA
Method 1633.

Also the direct injection method results by WT showed PFOS residuals in the C18 sample
and removal rate of 96.5 % was calculated for PFOS. The other PFAS were not detected in
the samples with direct injection. The samples used in the direct injection were the same
ones that were used in the EPA Method 1633 analysis at WT. The direct injection results at
WT mirrored the EPA Method 1633 results by EF and WT and indicated the lower efficacy
of the PFOS removal.

A similar pattern was noticed in the C16 samples that were analyzed in the optimization

phase of the study. Two sets of C16 samples were prepared and analyzed for PFAS residuals.
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The first sample contained only C16 solution (25 mg/L) that was treated with the foam
fractionation for 20 min. The second sample was prepared as described earlier in this study
and contained six PFAS at ca. 160 ng/L in C16 solution (25 mg/L). The second sample was
treated with foam fractionation for 20 min. The samples were analyzed by EF with the EPA
Method 1633. No PFAS were detected in the C16 blank sample (first sample). This indicates
that there should not be any PFAS contamination from the foam fractionation system in the
samples. In the second sample, PFOS residual of 44.9 ng/LL was reported by EF. No other
PFAS were detected. The results from the optimization phase mirror the results that were
discussed earlier and confirm the conclusion that the PFOS removal in this process was less
effective than the removal of other PFAS included in the study. The results from the C16
analyses are combined in Table 16. Higher MDL and RL were reported for the samples that
combined C16 and PFAS than for C16 alone. This indicates that C16, together with PFAS,
caused a stronger interference in SPE than C16 solution alone. With a longer foam
fractionation treatment time, a lower MDL was reached with C16 + PFAS sample, but it still

was not as low as with C16 only sample that showed no interference.

Table 16: Summary of C16 sample analyses that were done in the study. The samples
included a blank sample with no PFAS and two samples with six PFAS at 160 ng/L each.
The foam fractionation treatment times were 20 and 70 min. (nd = not detected, n/a = not
applicable)

SAMPLE 1 | SAMPLE 2 | SAMPLE 2 | SAMPLE 2 | SAMPLE 3 | SAMPLE 3 | SAMPLE 3
C16, no C16, PFAS, | C16, PFAS, | C16, PFAS, | C16, PFAS, | C16, PFAS, | C16, PFAS,
PFAS, FF prior FF after FF after FF prior FF after FF after FF
PFASng/L | PFASng/L | PFASng/LL | Removal % | PFASng/L | PFAS ng/L | Removal %
PFNA nd 159 nd nd 159 2.89 98.2
PFOS nd 160 44.9 71.9 157 33.1 78.9
PFOA nd 161 nd nd 159 nd nd
PFHxS nd 157 nd nd 157 nd nd
GEN X nd 159 nd nd 158 nd nd
PFBS nd 160 nd nd 160 nd nd
MDL 1d n/a 5@ n/a n/a 250 n/a
RL 44 n/a 20 @ n/a n/a 106 n/a
FF time 20 n/a 20 20 n/a 70 70

Sample 1 = C16 solution (25 mg/L) with no PFAS addition, treated with foam fractionation (FF) for 20 min.
Sample 2 = C16 solution (25 mg/L), with PFAS added, treated with FF for 20 min.
Sample 3 = C16 solution (25 mg/L), with PFAS added, treated with FF for 70 min.

UPFNA: MDL 0.2, RL 4 ng/L; Gen X: MDL I, RL 3 ng/L
YPFNA: MDL 1, RL 20 ng/L; Gen X: MDL 5, RL 15 ng/L
YPFNA: MDL 0.5, RL 10 ng/L; Gen X: MDL 2.5, RL 7.5 ng/L
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Both laboratories used quality control in their analyses. EF reported all the results with the
acceptable isotope dilution recovery at 40 — 130 % (PFBS 40 — 135 %). Similarly, the
recovery of the quality samples remained within the acceptable range, 55 — 150 %, at EF.
WT reported the quality control recoveries at 91.5 — 99.5 % for all the samples and

92.2 — 105.8 % recoveries for the additional control sample.

Table 17 shows the PFAS residuals (ng/L) in each sample. The residual concentrations were
used to calculate the removal efficacies that were discussed earlier and also to evaluate
whether the foam fractionation treatment was efficient enough to remove the individual
PFAS concentrations below the NPDWR thresholds. None of the samples exceeded the
NPDWR Hazard Index (Table 17). PFOS concentrations exceeded the NPDWR threshold
of 4 ng/L in three of the six samples. The highest PFOS concentrations were analyzed in the
C16 and C18 samples by both laboratories. All the other PFAS concentrations remained
below their respective NPDWR thresholds.

Table 17: PFAS residual concentrations (ng/L) in the samples treated with C14, C16 and
C18 and analyzed by two laboratories, Eurofins (EF) and local water treatment site
laboratory (WT).

CI14EF | C14 WT| CI16EF| C16 WT | CI18EF | C18 WT
PFNA 0.00 0.12 2.89 0.31 2.33 0.71
PFOS 0.00 0.07 33.10 0.89 47.20 8.09
PFOA 0.00 0.00 0.00 0.18 0.00 0.18
PFHxS 0.00 0.23 0.00 0.30 0.99 0.36
GEN X 0.00 0.32 0.00 0.38 0.53 0.27
PFBS 0.00 0.00 0.00 0.00 0.00 0.00
Sum of PFAS 0.00 0.74 35.99 2.06 51.05 9.62
Haz. index NPDWR! 0.00 0.07 0.29 0.10 0.39 0.13

1) Hazard index = HFPO-DAppt PFBSppt PFNAppt PFHxSppt
10ppt 2000ppt 10ppt 10ppt

Even if the PFAS removal efficacies differed between EF and WT analyses, both
laboratories showed the same trend in their results: The long-chain PFAS were removed on
average with a lower efficacy than the short-chain species. PFOS removal efficacy was the
lowest in this study, and the highest removal rate was recorded with PFBS. It has been
reported that PFBS can have a higher film-liquid partition coefficient in a cationic surfactant

solution than PFOS or PFNA which could explain the more efficient removal of PFBS also
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in this study compared to the long-chain species (Buckley et al. 2023a). In a solution without
a cationic surfactant, PFOS would have a higher tendency to adsorb to an air-liquid interface
than PFBS. This tendency can be explained by the higher hydrophobicity and reduced
mobility of PFOS, which is attributed to the longer fluorocarbon chain length of the
compound. A short carbon chain length reduces the hydrophobicity of PFAS and a sharp
reduction in the separation factors of short-chain PFAS has been reported (Vo et al. 2023).
The cationic surfactant assists especially in the removal of short-chain PFAS species. The
cationic surfactants have a positively charged head-group, opposite to that of PFAS, so the
cationic surfactant can act as a “collector” in the solution and form complexes with the short-
chain PFAS. This enhances the hydrophobicity of the associated pair and increases the
effective molar volume, and, thus, improves the interfacial adsorption coefficient (Vo et al.

2023; Buckley et al. 2023a).

In summary, three main observations were made in the study: 1) C18 formed the weakest
foam based on the screening study both at CMC and 25 mg/L concentrations. C18 also had
the lowest PFAS removal efficacy from synthetic water. The foam stability studies predicted
lower PFAS removal efficacy with C18 in this study. 2) At the concentration of 25 mg/L,
C16 formed the most stable foam based on the foam characterization studies. 3) The long-
chain PFAS were removed with lower efficacy than the short-chain species with the average
removal efficacies at 97.4 and 99.9 %, respectively. A notable observation in the study was
the lower removal of PFOS compared to other PFAS compounds. The lowest PFOS removal

efficacy, 70.4 %, was recorded in the C18 sample.

It is hypothesized that, in addition to the stability of the foam, the surfactant concentration
(25 mg/L) in relation to each surfactant’s CMC could impact the observed PFAS removal
efficacies. Lee et al. (2025) reported that the stability of nanobubbles increases towards
CMC. C18 at 25 mg/L concentration was at 0.37 CMC compared to C14 and C16 that were
at 0.02 CMC and 0.07 CMC, respectively, at the same concentration. Lee et al. (2025)
reported that the maximum C18 surfactant adsorption on the nanobubbles is reached at 0.4
CMC after which no change of the surfactant adsorption was observed. The present study
did not measure the size of the bubbles in the system. However, the nanobubble air stone
was used as an air source in the column which could indicate that the bubble swarm consisted
of nano size bubbles. If we assumed this was the case, it could mean that C18 was observed

in the study near the maximum adsorption level of C18 on the nanobubbles. If C18 has a
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higher adsorption coefficient meaning a higher affinity towards the air-liquid interface than
the long-chain PFAS, it could result in interference in the system and reduce the adsorption
of the long-chain PFAS that pursue adsorption on the air-liquid interface based on their own
surface activity rather than in conjunction to surfactant like the short-chain species (Buckley
et al. 2023a). One of the main observations in the study was the more efficient removal of
the short-chain PFAS compared to the long-chain species. The short-chain PFAS form
surface-active moieties with the cationic surfactant through electrostatic interactions and get
adsorbed on the air-liquid interface as a joint entity with the surfactant (Buckley et al. 2023a).
This could explain the higher removal rate of the short-chain PFAS in this study, especially

if the interference happened as hypothesized above.

Among the long-chain PFAS, PFNA, PFOA and PFHxS were removed more efficiently than
PFOS in the present study. Silva et al. (2021) reported that a non-ideal competitive
adsorption at the air-water interface is possible in PFAS mixture solution. They suggested
that the adsorptive affinity for the air-water interface of individual PFAS can change in
response to competitive preferential adsorption when the PFAS concentration increases. The
non-ideal competitive adsorption became more apparent when the mixture contained
components that had a wide difference in their respective adsorption selectivity. In the lower
concentrations, at 0.001 — 0.01 mg/L, the adsorption still occurred in the order of individual
surface activities (Silva et al. 2021). It was reported that in PFCA only solution, PFNA had
a higher adsorption coefficient than PFOA (Silva et al. 2019). PFOS had a higher adsorption
coefficient than PFNA or PFOA in multicomponent systems (Silva et al. 2021). In a single
PFAS system, the affinity constant (Ki) followed the order PFOS > PFNA > PFOA >
PFHxS, which can be considered the linear removal expectancy based on the chemical
structures of the compounds. PFOS and PFNA (C8) have the longest alkyl carbon chain
length of these four PFAS and, thus, show higher hydrophobicity than PFOA (C7) or PFHxS
(C6). In a practical installation, where no co-surfactant was used, the highest removal rates
were reported for PFOS, PFOA and PFHxS and the lowest one for PFBS. The removal rates
99, 99, 96 and 56 % were reported for PFOS, PFOA, PFHxS and PFBS, respectively
(Temme et al. 2024). Based on the above, the expected removal efficacy for the long-chain
species in the present study was PFOS > PFNA > PFOA > PFHxS but instead the results
demonstrated an order PFOA > PFHxS > PFNA > PFOS. Silva et al. (2019 and 2021) did
not include any surfactants in their studies, but the surfactant impact on the competitive

adsorption in PFAS systems has been studied elsewhere. Guo et al. (2023) reported the
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competitive adsorption in the multicomponent system that contained various PFAS and
anionic surfactant (sodium dodecyl sulfate, SDS) and demonstrated that competitive
adsorption can reduce the adsorption coefficient of both PFAS and SDS. They reported that
PFOS adsorption was delayed the most in the systems where SDS was present. This was
explained by the similar surface activity of SDS and its relatively high concentration in the
solution. The results are not directly applicable to the results of the present study since the
cationic surfactant was used in this one. It would seem that less competitive adsorption is
expected in the low PFAS concentration solutions, like the one in the study, but the presence
of surfactant may alter the adsorption behavior of PFAS, especially in the high concentration
(Silvaetal.2021; Guo et al. 2023). Lee and Venkatesan (2024) also reported slightly reduced
removal of PFAS when the removal was done from a PFAS mixture vs. a single PFAS
solution. Nguyen et al. (2023) reported a low removal efficacy of PFOS (80 %) in their
study, where multiple PFAS compounds were included, and removal was assisted with
continuous CTAB feed at 2 mg/L. They attributed the lower removal efficacy of PFOS to
increased PFOS desorption and/or surfactant inhibition. The surfactant concentration in the
present study (25 mg/L) was rather high compared to some of the earlier studies where
cationic surfactants have been used at ca. 1 —2 mg/L level (Buckley et al. 2023a; Nguyen et
al. 2023; Lee and Venkatesan, 2024). The higher surfactant concentration could potentially
increase the competitive adsorption in the system even if the PFAS concentration remains at
the ng/L level. The possible interference in the presence of high surfactant concentration
could also impact the removal efficiency among the long-chain PFAS and reverse the order
of the removal efficacy as was seen in the present study where PFOS was removed with the
lowest efficacy. It is to be noted that in this research, the surfactant was not fed into the
column continuously, which caused a decrease in the surfactant concentration over the
treatment time. In a practical installation, where co-surfactant was not used, a linear increase
in removal was observed according to the increasing hydrophobicity of PFAS and the
highest removal rates were reported on PFOS (C8), PFOA (C7) and PFHxS (C6) and the
lowest one on PFBS (C4) (Temme et al. 2024). Similar linear pattern has also been reported
elsewhere with and without surfactant use (e.g. Malovanyy et al. 2025; McCleaf et al. 2023;
Meng et al. 2018). Typically, higher removal rates are reported on PFSA than PFCA which
is attributed to the higher adsorption affinity of PFSA compared to PFCA (Smith et al.
2023b).
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Because the linear pattern was not observed in this study and short-chain PFAS were
removed on average with a higher efficacy than the long-chain ones, and especially PFOS
removal was lower than that of the other PFAS in the study, it is hypothesized that there was
interference in the mixture caused either by various PFAS compounds with a wide variety
of adsorption affinities or by the high concentration of cationic surfactant, or possibly by
both (Silva et al. 2019; Silva et al. 2021; Guo et al. 2023). This may impact the adsorption
of the long-chain PFAS that otherwise would have a tendency to adsorb on the air-water

interface based on their respective adsorption coefficients (Buckley et al. 2023a).

Due to the high MDL and RL with C14 and C16 samples at EF, it cannot be concluded with
certainty which of the surfactants, C14 or C16, would remove PFAS with the highest
efficacy. Based on the foam characterization studies, it would seem that C16 is the most
stable of the three surfactants that were studied. Higher stability could indicate higher PFAS
removal efficacy. The differences between C14 and C16 in the foam characterization studies
were minimal at times. Since MDL and RL with C14 were higher than those with C16, it
seems that C16 shows less interference with the automated SPE process and, therefore, could
be favored in the PFAS removal when analyzed with the EPA Method 1633. C16 also
produced more consistent results in the optimization phase and did not generate such a large
volume of foamate as C14 which would promote the use of C16 over C14. Successful PFAS
removal using C16 as cationic surfactant in the foam fractionation process has been reported
earlier by various groups (e.g. Lee and Venkatesan, 2024: Buckley et al. 2023a; Nguyen et
al. 2023). Table 18 lists studies where foam fractionation was used as PFAS removal

technology and high removal rates were reported.
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Table 18: PFAS removal efficacies from various matrices with foam fractionation that
have been reported in earlier studies.

Matrix Co-formulant # of PFAS or PFAS PFAS removal Reference
type of PFAS concentration efficacy (%)
monitored in (ng/L)
study
Synthetic water C16 (CTAB) PFHxS, 6:2 FTS, 6,700 — 58,000 ~100 Buckley et al.
PFOS, PFOA, 2023a
PFBS, PFBA
AFFF solution Alkyl PFOS, PFOS >99.9 Meng et al. 2018
polyglucoside PFOA, 3,000,000,000 ! 85
(present in PFHxS, 50
AFFF) PFBS 30
NF concentrate Montaline™ PFPeA, PFHxA, ca. 300 — 400 McCleaf et al.
from drinking C40 2 PFBS, PFOA, 943 2023
water PFPeS, PFHxS,
PFOS, PFHpA
Synthetic water Whey soy PFOS, PFOA 5,000,000 — 94 — 98 Hu et al. 2024
(“industrial protein 20,000,000
wastewater”)
Synthetic water Cetyltrimethyl- PFBS 500 >99 Lee and
ammonium PFBA 81 Venkatesan,
chloride + NaCl 2024
Municipal n/a 21 PFAS up to 160 564 Malovanyy et al.
wastewater compounds 933 2025
Synthetic water Cl4 PFNA, PFOS, 160 © 1007 This study
Cl6 PFOA, PFHxS, 98
C18 HFPO-DA, 97
PFBS

D Estimated PFOS concentration was reported.
2 Cocamidopropyl betainamide MEA chloride

3 Average removal efficacy. Lower removal rates were reported for short-chain PFAS.
4 Removal efficacy for the sum of 21 PFAS. No surfactant addition.

% Removal efficacy for the sum of PFOS, PFOA, PFNA and PFHxS. No surfactant addition.

% Each PFAS was present in synthetic water at ca. 160 ng/L.

) Average removal efficacy with each co-formulant, C14, C16 and CI8.

The analytical work in the present study was limited and, therefore, the results should be

confirmed for repeatability with additional sample preparation and analyses. Further

considerations for potential future studies are discussed in the following chapter.
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6 Conclusions

The present study demonstrated the potential of cationic surfactant-assisted foam
fractionation for the effective removal of PFAS at low (ng/L) concentrations from synthetic
water. The research included six different PFAS compounds, namely PFNA, PFOS, PFOA,
PFHxS, HFPO-DA (Gen X), and PFBS. Each of the compounds were present in the synthetic
water at ca. 160 ng/L. Additionally, the study aimed to determine which of the selected
commercial cationic trimethylammonium bromide surfactants
(tetradecyltrimethylammonium bromide, hexadecyltrimethylammonium bromide or
octadecyltrimethylammonium bromide) exhibited the highest performance in PFAS
removal. Comparing the removal efficiencies of these surfactants towards the same PFAS
compounds at the same experimental conditions was also a key aspect of the study. The foam
characteristics were evaluated based on the foamability, drainage, half-life, ripening,
density, and surface tension. The PFAS concentrations were analyzed with the EPA Method
1633 using HPLC-MS/MS. The US National Primary Drinking Water Regulation (NPDWR)
PFAS limits were chosen as the regulatory threshold in the study as these requirements are
one of the most recent and stringent set of federal restrictions on individual PFAS

concentrations in drinking water.

Among the studied surfactants, C16 formed the most stable foam at 25 mg/L concentration.
This concentration was also used in the foam fractionation for the PFAS removal from the
synthetic water. Increased foam stability predicted an increase in the PFAS removal efficacy
in this study. A robust evaluation of the foam stability was achieved with a combination of
the characterization results rather than focusing on a single metric alone. This observation is
consistent with prior studies where multiple parameters were analyzed to characterize the
foam stability of various surfactants. Commercial foam analyzers facilitate more
comprehensive and detailed analyses. For example, they allow evaluation of bubble size
distribution and its impact on foam stability and structure, which was not done in the present
study. The foam analyzer could be considered as an option for future studies if more detailed

information on the foam characteristics was needed, or to confirm the current findings.

The average PFAS removal efficacy was found to be ~94.7 — 100 % in the study. The results

demonstrate that effective PFAS removal can be achieved with a laboratory-scale, single-
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column setup even from the low PFAS concentrations from synthetic water. The results align
well with the earlier studies where similar technology and cationic co-formulants were used
for the PFAS removal from various water matrices and high removal efficacies (> 90 %)
were reported. Notable observation from the study was the higher average removal efficacy
of the short-chain PFAS (99.9 %) compared to the long-chain ones (97.4 %). This was
contrary to the initial expectation that was based on the earlier research where challenges
especially in the removal of short-chain PFAS were reported. The high removal efficacy of
the short-chain PFAS supported the understanding that using a co-foaming agent with an
opposite charge to that of PFAS enhances the PFAS adsorption to the air-liquid interface
and, thus, increases the efficacy of the process. In this study, the complex formation between
the cationic surfactant and short-chain PFAS seemed to explain the PFAS removal more

than the surface activity of PFAS alone.

Significant removal efficiencies were achieved for nearly all PFAS compounds, except for
PFOS, where the removal was inadequate to meet the NPDWR limit for residual PFOS in
synthetic water. The less efficient removal of PFOS could potentially be explained by
interference in the solution by the surfactant and/or PFAS mixture, and with the wide
adsorption coefficient range in the latter. The foam outlet location at the top part of the
column could also contribute to the lower PFOS removal efficacy. The foam removal point
at the top of the column might have been sub-optimal for the PFOS removal as increased
PFOS removal rates have been reported in the mass balance studies when the foamate has
been removed from the bottom of the foam pillar. All other PFAS compounds in this study
were removed below their respective NPDWR thresholds. The Hazard Index was not

exceeded in any of the samples after the foam fractionation treatment.

Various trimethylammonium bromide surfactants have been analyzed in parallel in prior
surfactant studies. However, it seems that the three surfactants used in this study might not
have been compared earlier in parallel in foam fractionation for PFAS removal. The present
study built on the existing information of the surfactants, highlighted the differences between
them in the same foam fractionation setup, demonstrated an increased foam stability with
C16 and, hence, suggested it as a preferred choice for the PFAS removal from synthetic
water with foam fractionation. One of the limitations in the previous studies on the PFAS
removal with foam fractionation has been the rather elevated initial PFAS concentrations

(ug/L — mg/L) and information on the removal of low (ng/L) PFAS levels remains limited.
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This study contributed to this topic by reporting high PFAS removal efficacy from synthetic

water with a low (ng/L) PFAS concentration.

All the surfactants used in this study are hazardous to nature and people. Even if the NPDWR
limits were used as a threshold in this study, it is not suggested that any of these surfactants
would be suitable in drinking water treatment due to the expected surfactant residuals after
treatment. Less hazardous and more sustainable surfactants could widen the application
scope of foam fractionation. As a more sustainable alternative to the currently available
cationic surfactants, for example, amino acid-based surfactants have been suggested due to
their lower toxicity, biodegradability, and sustainable synthesis. To minimize the negative
impact of the surfactant residuals, an additional treatment step could be considered to remove
the residuals. Addition to surfactant use, the process could benefit from the addition of non-
hazardous thickeners, salts or polymers as co-formulants which might allow reducing the
surfactant concentration while keeping the PFAS removal at effective level. A single
treatment technology may be insufficient for optimal PFAS removal, and, rather, a treatment
train might be required for the removal of various PFAS together with the possible
co-formulants. A risk-benefit evaluation should be performed with each technology as PFAS
removal continues to remain a challenge, and a variety of solutions are likely needed to

achieve efficient removal from various water matrices.

In summary, the objectives of the study were met, and the following main conclusions were

made:

e Among the three surfactants, C14, C16 and C18, C16 formed the most stable foam
at 25 mg/L and, hence, was considered more suitable for the PFAS removal over C14

and C18.

e PFAS can be removed with high efficacy (> 94 %) from the synthetic water at low
concentrations (ng/L) with a laboratory-scale, single-column, foam fractionation

process that is enhanced with a cationic surfactant.

e The cationic surfactant-assisted process increased the removal of the short-chain
PFAS (HFPO-DA, PFBS) that were removed on average with a higher efficacy than
the long-chain ones (PFNA, PFOS, PFOA, PFHxS) in the study. The increased
removal of the short-chain species is explained by the formation of surface-active

moiety between the cationic surfactant and short-chain PFAS which increases the
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adsorption affinity of the moiety on the air-water interface. PFOS removal was the
lowest one in the study. It is hypothesized that the less efficient removal of PFOS
may be caused by interference in the system by the cationic surfactant and/or PFAS

mixture and the wide adsorption coefficient range in the latter.

e The removal efficacy of five out of six PFAS was sufficient to meet the NPDWR
PFAS residual thresholds. Only PFOS residual exceeded its respective threshold.

Hazard Index was not exceeded in any of the samples.

The analytical work in the present study was limited and the work should continue with
further analyses to ensure the repeatability of the results. In the foam characterization, further
details could be gained with a foam analyzer. The comparison between the surfactants should
be made with concentrations that are equidistant from the respective CMC of each surfactant.
This would likely create a more distinct difference between the three surfactants studied in
this research and give further insight on the materials and their potential in the application.
The column optimization and foamate collection points should be re-evaluated for improved
PFOS removal. Furthermore, additional co-formulants could be considered for the overall
efficacy enhancement and reduction of the surfactant concentration. And finally, finding
alternative non-hazardous surfactants would allow the use of foam fractionation in a wider

application scope.
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Annex 1. Additional information on MDLs and RLs used in the study

Figures S1 and S2 demonstrate the method detection limits (MDL) and reporting limits (RL)
by each laboratory on individual PFAS compounds against the analyzed concentrations. The
target of this study was to understand if PFAS can be efficiently removed under the
thresholds set by NPDWR with a surfactant assisted foam fractionation from synthetic water.
The enforceable threshold for PFOA and PFOS is 4 ng/L and 10 ng/L for PFNA, PFHxS
and Gen X. The unitless Hazard Index value one is calculated for four PFAS: Gen X, PFBS,
PFNA and PFHxS. More detailed information on the thresholds is available in Chapter 2.5.

Figure S1 illustrates the MDLs and RLs as reported by EF to the C14, C16 and C18 samples
and each individual PFAS compound. It becomes apparent that the MDL and RL levels vary
significantly between the samples and individual PFAS compounds. The difference in the
MDLs and RLs was explained by the interaction that the residual surfactant in the sample
had with the SPE column. This means that the laboratory was not able to elute the total
sample amount through SPE but only a fraction of it. The volume of C14 sample, that was
eluted through SPE column, was 12.5 mL. The eluted volume for C16 was 25 mL and
134.5 mL for C18. The target was to elute at least 125 mL per each sample. EF used Waters
Oasis Weak Anion Exchange (WAX) columns. It seemed that C14 showed the most
interference with the column which led to MDL 5 ng/L (PFNA 1 ng/L) and RL 20 ng/L (Gen
X 15 ng/L). C16 showed the second strongest interference with the column and MDL 2.5
ng/L (PFNA 0.5 ng/L) and RL 10 ng/L (Gen X 7.5 ng/L) were reported by EF. C18 residuals
caused no interference in the SPE column and similar MDL and RL levels were reported
with C18 as were reported with the PFAS + water solution where no surfactant was added.
C18 MDL and RL were at 0.465 ng/L (PFNA 0.0929 ng/L) and 1.86 ng/L (Gen X
1.39 ng/L), respectively. C18 stopped foaming at ca. 45 min in the foam fractionation which
would indicate that the surfactant was consumed from the liquid pool towards the end of the
test run. Therefore, it could be expected that the lowest surfactant residual level was in the
C18 sample. The surfactant residual concentration was not analyzed from any of the
samples. Hence, it remains unknown whether it was the surfactant residual concentration in

the sample or the surfactant characteristics that caused the interference.



MDL shows the level at which the laboratory is confident in what is being detected. RL
shows the level at which the laboratory has confidence to quantify the detected compound
(Janetto, 2017). EF detected no PFAS in the C14 sample. This would mean that they show
no PFAS at or above 5 ng/L. Since the threshold in NPDWR is at 4 ng/L for PFOA and
PFOS, the EF C14 results leave a question whether these PFAS might be present at <5 ng/L.
Also, it is to be noted that C14 RL is at 20 ng/L, so the confidence of quantification is much
higher than the NDPWR threshold.

EF reported the PFOS residual concentration at 33.10 ng/L and PFNA at 2.89 ng/L in C16
sample (Table S1). PFOS concentration is above RL. PFNA concentration is above MDL
but not above RL. Therefore, it can be concluded that PFNA is present in the sample, but
the concentration may be uncertain. In the C18 sample, EF reports a rather high residual
concentration of PFOS, 47.20 ng/L, and lower concentrations of PFNA (2.33 ng/L), Gen X
(0.53 ng/L) and PFHxS (0.99 ng/L). Of these, the PFOS and PFNA concentrations are above
RL and those of Gen X and PFHxS remain only above MDL. Even if not all the PFAS
concentrations reach RL, based on these results it can be concluded that the highest PFAS
residual concentrations were detected in C18 sample in which the total sum of residual PFAS

was at 51.05 ng/L. The total sum of PFAS in C16 was 35.99 ng/L.

In the samples analyzed by EF, only the PFOS residual concentration in C16 and C18
samples exceeded the NPDWR threshold. None of the samples exceeded NPDWR Hazard
Index 1 (Table S1). The highest Hazard Index was calculated on C18 at 0.39. Hazard Index
on C16 was 0.29. Hazard Index remained at 0 with C14 sample due to no PFAS detection.
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Figure S1: PFAS concentrations (ng/L) and their method detection limits (MDL, ng/L) and
reporting limits (RL, ng/L) (Eurofins, EF).

Table S1: PFAS residual concentrations (ng/L) in the samples treated with C14, C16 and
C18 and analyzed by two laboratories, Eurofins (EF) and local water treatment site (WT).

CI14EF | C14 WT| CI16EF| C16 WT | CI18EF | C18 WT
PFNA 0.00 0.12 2.89 0.31 2.33 0.71
PFOS 0.00 0.07 33.10 0.89 47.20 8.09
PFOA 0.00 0.00 0.00 0.18 0.00 0.18
PFHxS 0.00 0.23 0.00 0.30 0.99 0.36
GEN X 0.00 0.32 0.00 0.38 0.53 0.27
PFBS 0.00 0.00 0.00 0.00 0.00 0.00
Sum of PFAS 0.00 0.74 35.99 2.06 51.05 9.62
Haz. index NPDWR! 0.00 0.07 0.29 0.10 0.39 0.13

HFPO-DAppt PFBSppt PFNAppt PFHxSppt
10ppt 2000ppt 10ppt 10ppt

Y Hazard index =



In the samples analyzed at WT, the total sum of PFAS residuals in the C14, C16 and C18
samples was 0.74, 2.06 and 9.62 ng/L, respectively (Table S1). The levels are lower than
those measured at EF, except for C14 sample in which EF reported no PFAS.

WT reported different MDLs for each PFAS compound but reported no differences between
the samples treated with C14, C16 or C18 (Figure S2). Similar MDLs can be explained by
the SPE process. The elution was done manually, and no interference was observed between
the surfactants and the SPE column in the process. The elution flow rate was kept at
ca. 5 mL/min throughout the process with the adjusted vacuum as suggested by the EPA
Method 1633. The total sample volume of 125 mL was eluted through SPE with each sample.

The individual PFAS residual levels ranged between 0.00 — 8.09 ng/L in the samples
analyzed at WT. The highest concentration was analyzed on PFOS in the C18 sample,
8.09 ng/L. The PFOS concentration exceeded the reported MDL, 2.5 ng/L (Figure S2). The
second highest concentration, 0.71 ng/L, was reported on PFNA in C18 sample although the
reported concentration remained under MDL, 2.6 ng/L. Similarly, < 1 ng/L residual
concentrations were reported for other PFAS species, but the results remained under their
respective MDLs. RL was not reported by WT, so it was calculated based on the estimate
RL = 3.3 x MDL (JRC, 2016). None of the PFAS concentrations exceeded RL. Following
to this, the results show some uncertainty even with the detection of PFAS (MDL) and
especially with their concentrations (RL). With the most certainty, it can be concluded that
PFOS was present in the C18 sample. The sum of PFAS was also the highest in the C18
sample, at 9.62 ng/L. The sum of PFAS was 2.06 and 0.74 ng/L in the C16 and C14 samples,
respectively. None of the samples exceeded the Hazard Index 1 that was 0.13 in C18, 0.10
in C16 and 0.07 in C14 (Table S1). The PFOS level from the direct injection was reported
at 5.6 mg/L by WT. No other PFAS was detected in the direct injection.
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Figure S2: PFAS concentrations (ng/L) and their method detection limits (MDL, ng/L) and
reporting limits (RL, ng/L) (local water treatment site, WT).



