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Abstract

Evaluation of Commercial Sorbents for Separation of Ultrashort-, Short-, and Long-chain Per-
and Polyfluoroalkyl Substances (PFAS) from Municipal Wastewater Effluent

Kovas Saulius Zygas
Chair of the Supervisory Committee:
Jessica Ray
Civil and Environmental Engineering
PFAS are a diverse class of synthetic compounds that, are persistent, mobile, and have been
detected ubiquitously in the environment in all parts of the world. In addition to the continued
detection of "legacy PFAS" such as, PFOA and PFOS, there is increasing awareness and concern
over ultrashort-chain and short-chain perfluoroalkyl acids (PFAAs) in treated wastewater effluent.
Traditional adsorptive media such as granular activated carbon (GAC) and ion exchange (IX)
resins have demonstrated inhibited PFAS removal due to the presence of organic matter (OM), co-
occurring ionic constituents, and relatively poor uptake of short- and ultrashort-chain PFAAs.
This study evaluated commercially available sorbent media for the removal of ultrashort-,
short-, and long-chain per- and polyfluoroalkyl substances (PFAS) from a variety of aquatic
matrices including ultrapure water, synthetic wastewater effluent and treated municipal wastewater
effluent — with a focus on addressing the influence of matrix interferences in the form of
wastewater effluent-derived organic matter and co-occurring constituents on PFAS removal. The
adsorptive media we evaluated included GACs, non-selective and "PFAS-selective" ion exchange
resins (IX), and two alternative adsorbent materials that are commercially marketed as PFAS

treatment technologies: an anonymized surface-modified clay (SMC), and a B-cyclodextrin-based

polymeric adsorbent (DEXSORB®, Cyclopure®). Batch adsorption capacity and kinetics tests
3



were conducted in both ultrapure (UP) and synthetic wastewater (SW) matrices to characterize
PFAS removal prior to continuous-flow rapid small-scale column tests (RSSCTs) using artificially
spiked tertiary treated municipal wastewater effluent from an ultrafiltration (UF) membrane pilot
system.

In UP water, long-chain PFAS outcompeted and displaced (ultra)short-chain PFAS across
all sorbents, suppressing (ultra)short-chain uptake and driving strong preferential adsorption of
long-chain PFSAs and PFCAs. While GAC and DEXSORB® exhibit pronounced chain-length—
dependent sorption dominated by hydrophobic interactions, the IX resins show more balanced
uptake across PFAS chain-lengths, reflecting the greater role of electrostatic interactions in their
removal. Despite strong adsorption in ultrapure water, IRA910 IX performed similarly to GAC in
the SW matrix, demonstrating inhibited adsorption kinetics and capacities across all PFAS chain-
lengths, especially for PFCAs and short- and ultrashort-chain PFAS, while PFA694 1X and
DEXSORB® were least affected by the SW matrix. In the RSSCTs, the PFA694 X resin treated
the suite of 18 PFAS to the lowest effluent concentrations for the longest operational times
compared to DEXSORB, F400 GAC, and non-selective IRA910 IX resin. Although, PFA694 IX
only exhibited incremental improvement over GAC for treating short- and ultrashort-chain PFCAs.

Agreement between SW batch tests and column results underscores the need to evaluate
PFAS treatment media under realistic wastewater conditions. Fundamentally, further
characterization and elucidation of the physical and chemical characteristics of the adsorbent
media, particularly the proprietary PFAS-selective IX resins, in addition to evaluations of single-
PFAS solute systems in ultrapure and complex aqueous matrices, will help improve the
mechanistic understanding of the removal of ultrashort-, short-, and long-chain PFAAs and other

PFAS widespread in the environment and municipal wastewater effluents. The results of this study



suggest that in an ideally designed treatment train scenario installation of a PFAS-selective IX
resin employed as a polishing step following tertiary treatment of secondary wastewater effluent

could be a feasible method to target PFAS for removal from municipal wastewater.
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1. Expanded Introduction

1.1.  PFAS Introduction

Per- and polyfluoroalkyl substances (PFAS) are a diverse family of organic, xenobiotic,
bioaccumulative, persistent, mobile, and hazardous chemicals which have been used in a wide
variety of industrial applications and consumer products since the 1940’s.!? The PFAS family
includes more than 4,700 compounds with unique chemical abstracts service (CAS) registry
numbers; over 1,900 chemicals “without explicit structures” identified by the United States
Environmental Protection Agency (US EPA); and in total, estimated to include more than 14,000
compounds.> Due to their strong resistance to biodegradation, PFAS are generally highly
environmentally persistent, and have come to be known as “forever chemicals” in common
discourse. Importantly, PFAS are widely considered to be potentially toxic, mutagenic, or

carcinogenic in humans and other organisms.*°

In 1968 a researcher at the University of Rochester School of Medicine and Dentistry who
was investigating the effects of inorganic fluoride in drinking water, Donald Taves, first reported
“the presence of a fluorocarbon molecule” in human blood serum, which more than a decade later
were identified as PFAS.” Subsequently, research on the human health and environmental impacts
of PFAS have steadily increased from the late 1970s through to the early 2000s,”® including
numerous studies documenting the widespread occurrence of anthropogenic fluorinated organic
compounds in the environment; in the blood of marine mammals, birds, and fish in remote areas

far from human industry;*>"~

and, most significantly, concentrations of PFAS were detected in
blood serum of humans living in all regions of the United States and across the globe.®!*12 As a

result, over the past two decades, regulatory bodies in the United States (U.S.), Canada, Latin

America, Asia, the European Union and elsewhere have begun to address PFAS in terms of their
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production, commercial and industrial uses, health effects, and occurrence in the environment—

including in drinking water supplies, a potential significant source of PFAS exposure.®%!3-16

Only in 2024 did certain PFAS become regulated under the Safe Drinking Water Act
(SDWA). As of April 2024, the Environmental Protection Agency (EPA) finalized National
Primary Drinking Water Regulations (NPDWRs) which established legally enforceable maximum

contaminant levels (MCLs) for six PFAS to be monitored in public drinking water supplies:'’
(1) perfluorooctanoic acid (PFOA),
(2) perfluorooctanesulfonic acid (PFOS),
(3) perfluorobutanesulfonic acid (PFBS),
(4) perfluorononanoic acid (PFNA),
(5) perfluorohexanesulfonic acid (PFHxS) and,

(6) “GenX Chemicals,” which refers to hexafluoropropylene dimer acid (HFPO-DA)
(CAS# 13252—13-6) and its ammonium salt (CAS# 62037-80-3). It is the latter compound, which
is patented by Chemours (originally, DuPont) under the tradename “GenX.”!'®?! Table 1.1
contains the name, chemical structure, classification, and relevant physicochemical properties of
ultra-short, short-, and long-chain PFAS, that are commonly discussed in the context of
environmental regulation and water treatment. The 18 compounds listed in Table 1.1 are those that
were evaluated in the study discussed in Part 2 of this report. The new leaders of the U.S. EPA that
assumed power under the 2025 administration, however, have rescinded the MCLs for all but
PFOA and PFOS despite Occurrence Data from the Unregulated Contaminant Monitoring Rule

demonstrating that 113 public water systems in the United States, serving approximately 8 million
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people have exceeded the no-longer-actionable MCLs for PFBS, PFNA, PFHxS, and/or HFPO-

DA at least once between 2023 and 2025.2>%* The modified regulation also extends the deadline

for municipal public utilities to comply with the MCLs for PFOA and PFOS from 2029 to 2031.

There are currently no federal guidelines requiring the monitoring of PFAS discharged from

municipal wastewater treatment plants (WWTPs), but the State of Washington has begun

permitting certain wastewater treatment plants to monitor for PFAS in the influent and effluent,

and for the control of industrial point-source inputs to the WWTP.?*

Table 1.1 Chemical structure, name, grouping and relevant physicochemical properties of the “18 PFAS mix” evaluated in the study discussed in Part

2.

Structure Acronym Compound CAS# Formula pKa log Kow! Grouping
(0]
F . . . e Ultrashort-chain
Fh/lkOH TFA Trifluoroacetic Acid 76-05-1 C2HF302 0.3 0.91 PFCA
F
"
Foo -chai
Fo X ~0 PFPrA Perfluoropropionic Acid 422-64-0 CsHF502 1.37 1.61 Ultrals)}ll:(gtAchaln
_ F
F7F
o) \\S/OH
\ Trifluoromethanesulfonic Ultrashort-chain
F N\ -13- -
7( o TFMS Acid 1493-13-6  CHF30s3S 15 1.15 PESA
FF
F . _oH
\ ~
E E\/S\\ Ultrashort-chain
/( PFEtS Perfluoroethanesulfonic Acid 354-88-1 C2HF503S 3.31 1.23
TN PFSA
F
. oL /OH
\S 1 - 1
NI /< Yo PEP:S Perﬂuoropropanesulfomc 423-41-6  CsHF103S 331 1.93 Ultrashort-chain
F - Acid PFSA
/ P

! National Center for Biotechnology Information (2025). PubChem Compound Summaries
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™ ] o PFBA Perfluorobutanoic Acid 375-22-4 CsHF702 0.17 22 3413 5 Short-chain PFCA
F .
.

PFPeA Perfluoropentanoic Acid 2706-90-3 CsHF9O2 0.4 33(;1"25 Short-chain PFCA
PFHxA Perfluorohexanoic Acid 307-24-4 CsHF9O2 0.42 34 73172’5 Short-chain PFCA
PFHpA Perfluoroheptanoic Acid 375-85-9 C7HF 1302 0.47 45 :’13 5 Short-chain PFCA
PFBS Perfluorobutanesulfonic Acid 375-73-5 C4HF9O3S -3.57 22 3312’5 Short-chain PFSA
PFPeS Perﬂ“"“’pzrc“iznes“lf"“‘c 2706-91-4 CSHIS:“O3 -3.56 338 Short-chain PFSA

;iw Short-chain

F O 1de-

g N HFPO-DA Hexafluoropropylencoxide- 3,5, 13 ¢ coHp05  2.84 366  perfluorocthercarb

. O dimer acid oxylic Acid

¢ ¥ (PFECA)

) . Long-chain

6:2 FTS 6:2 Fluorotzlcoiglersulf"“‘c 27619-97-2 C8H5§ PO 3.85  fluorotelomersulfo
3 nic Acid (FTSA)
PFNA Perfluorononanoic Acid 375-95-1 CoHF 1702 0.5 7.27 Long-chain PFCA
o
OH
e o -0.5 to 6.3, .

e PFOA Perflurooctanoic Acid 335-67-1 CsHF 1502 49 51125 Long-chain PFCA

14



e/ ¥ CsHF 1703

e PFOS Perfluorooctanesulfonic Acid ~ 1763-23-1 S <-1.0 5.43% Long-chain PFSA
i an PFHpS P erﬂuor"h/i‘;tiznes“lfo“‘c 375-92-8 C7H§15O3 -3.29 531 Long-chain PFSA

PFHxS Perfluorohexanesulfonic Acid 355-46-4 CeHF 1305 0.14 4.34,

S 4.03% Long-chain PFSA

1.2.  Legacy PFAS

Amongst the non-polymeric perfluoroalkyl substances, a significant group of compounds
that receive the most attention in terms of regulation, concern over human health impacts, and
occurrence in the environment are the perfluoroalkyl acids (PFAAs). The PFAA group includes
further perfluorinated sub-groups based on the composition of terminal functional group, which
can be a sulfinic (PFSIA), phosphonic (PFPA), phosphinic (PFPiA), carboxylic (PFCA), or
sulfonic (PFSA) acid moiety, amongst other possible functional groups.®?® Each of these groups
contain compounds with homologous structures of varying perfluorinated alkyl-chain length.
Long-chain PFAS are defined based on the number of perfluorinated carbon atoms that constitute
the namesake fluoroalkyl moiety.” For the perfluorosulfonic acid (PFSA) group, long-chain
compounds are defined as those with C > 6 (i.e. PFHxS, perfluoroheptanesulfonic acid [PFHpS],
PFOS, etc.); while for the perfluorocarboxylic acid (PFCA) group, long-chain compounds are

defined as those with C > 8 (i.e. PFOA, PFNA, perfluorodecanoic acid [PFDA], etc.).

Long-chain PFOA has a long history and variety of uses including as an industrial

surfactant, and as a processing aid in the production of fluoropolymers such as PTFE (commonly
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known as “Teflon”). Similarly, long-chain PFOS, was utilized in a wide variety of applications,
including water-proofing, metal plating, and in firefighting foams.* These two PFAS were the first
to be confirmed as present in the blood serum of humans and mammals across the globe by at least
2003,>7? and are the two primary PFAS targeted for regulation across the globe and scrutinized

for their toxicity and carcinogenicity to humans—thus they are known as “legacy PFAS.”?"~%°

Between 2000 and 2002, the US EPA reached a voluntary agreement with 3M (the sole US
manufacturer of PFOS) to phase-out the production and use of PFOS and a compound used in its
manufacture, perfluorooctane sulfonyl fluoride (POSF); and in 2009 the European Union listed
PFOS as a Persistent Organic Pollutant (POP) under Annex B of the Stockholm Convention on
POPs.!7 Furthermore, between February and March 2006, the EPA reached agreements with eight
major fluorochemical manufacturers, including 3M and DuPont (now Chemours), to participate in
the 2010/2015 PFOA Stewardship Program. The goals of this program were to achieve a 95%
reduction (relative to 2000 levels) in the production and emissions of PFOA and PFOA -precursors
to the environment by 2010; and to achieve complete elimination of PFOA and related compound
emissions by 2015.%!2° Despite the early 2000’s EPA-mediated voluntary phase-outs conducted
by major U.S. manufacturers of these “legacy” PFAS, the two compounds are still widely detected
in the environment in tandem with short-chain PFAS, as well numerous other distinct PFAS sub-

classes. 193031

One of the main effects of phasing-out production and use of PFOA and PFOS, has been
the emergence of ‘fluorinated alternative’ compounds intended to achieve many of the same
desirable properties of PFOA and PFOS: hydrophobicity (water-repellency), lipophobicity
(grease-repellency), high chemical and thermal stability, and high-performance dielectric and

surface-tension-lowering properties.”>!%1%32 Examples of short-chain PFAS that have been
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employed as replacements for more bioaccumulative long-chain PFAS are (hexafluoropropylene
oxide-dimer acid (HFPO-DA) and perfluorobutanoic acid (PFBA) as replacements for PFOA, and
PFBS as a replacement for PFOS.!!21:27:333% I 3 2013 review by Wang et al. titled 4 review of
sources, multimedia distribution and health risks of novel fluorinated alternatives, the authors
suggest that short-chain perfluorinated alkyl chains (compared to legacy, long-chain PFAS) do not
invariably impart lower bioaccumulative potential to certain compounds. PFBA,
perfluorobutanesulfonic acid (PFBS), and perfluorohexanoic acid (PFHxA) were reported to have
shorter half-lives in humans and other biota compared to their long-chain homologues; however,
perfluorohexanesulfonic acid (PFHxS) was shown to have a half-life in human blood serum
between 8 and 13 years, compared to a half-life of approximately 6 years for PFOS.* Another
systematic review conducted by Gomis et al. (2018), established that the differences in toxicities
between long-chain and short-chain alternatives are minimal, and that the short-chain alternatives,
PFBA, PFHxA, PFBS, and GenX showed greater tendency to partition to blood serum as opposed
to the liver when compared with the legacy compounds PFOA and PFOS. That review also
determined that ‘fluorinated alternatives’ are likely to have similar inherent toxicity to the long-
chain homologues, but apparent lower toxicities may be attributable to faster elimination from the
body, and lower distribution to the liver.*® The historical use of many different classes and sub-
classes of PFAS in the U.S., particularly long-chain PFAAs such as PFOA and PFOS, coupled with
their inherent environmental persistence and mobility have contributed to long-chain PFAS
becoming a trace, yet significant contaminant of concern in surface waters and groundwaters used

for drinking water supplies across the globe.!*3’
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1.3.  Ultrashort-chain PFAS

Historically, as regulation and treatment targets have focused on long-chain PFAS (and,
more recently, short-chain PFAS), ultrashort-chain (C<4) PFAS have been overlooked.?”*
Ultrashort-chain PFCAs include trifluoroacetic acid (TFA), the fluorinated analogue of acetic acid
(commonly known as vinegar), and perfluoropropionic acid (PFPrA); while the ultrashort-chain
PFSAs (C<4) include perfluoropropanesulfonic acid (PFPrS), perfluoroethansulfonic acid
(PFEtS), and trifluoromethanesulfonic acid (TFMS), also known as perfluoromethanesulfonic acid
(PFMeS) and/or triflic acid.?” Ultrashort-chain PFAS are very commonly detected in rain,*® bottled
water,” tap water,*! surface waters,®® within wastewater treatment plant influents and
effluents,*and in human blood and waste*? from samples of each media collected across the globe.
TFA in particular is gaining much attention due to the increasing recognition of its potential
adverse health effects to humans and aquatic species,*® its widespread occurrence,* and presence
in the environment at concentrations often orders of magnitude greater than other PFAS.!>* For
example, in a 2022 survey of 13 German drinking water sources evaluating for 40 distinct PFAS,
Neuwald et al. reported that ultrashort-chain TFA, PFPrA, and TFMS comprised up to 98% of the

total PFAS composition in the samples.

There are still significant data gaps regarding the occurrences and sources of ultrashort-
chain PFAS,* including in WWTP effluents; however, degradation of PFAA precursors present in
WWTP influents is considered a significant source of PFAAs., PFAA precursors refer to the many
PFAS groups, such as fluorotelomer alcohols, perfluoroalkyl ethers, or perfluorinated
sulfonamides, and other polyfluoroalkyl substances have the potential for oxidative degradation to
terminal persistent PFAAs.*” Additionally, there is a lack of research evaluating the use of

adsorbent technology to treat ultrashort-chain PFAS, especially when considered in a mixed
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system containing an extended spectrum of perfluorinated alkyl chain length compounds. While
several studies conducted by Wang et al. (2020),*® Murray et al. (2021),* Ellis et al. (2022),%°
Chow et al. (2022),°! Gorji et al. (2023),>? Lenka et al. (2024),% Tajdini et al. (2025),>* and Lobitz
(2025) report data on the removal of at least one ultrashort-chain PFAA from various aqueous
matrices by GAC, IX, and select alternative adsorbents, peer-reviewed research featuring
evaluation of a mixed-system with a continuous spectrum of PFAA chain-lengths from C1-C8 are
critically lacking. Several examples of studies considering adsorptive treatment of ultrashort-chain
PFAS are discussed below highlighting (1) the overall increased PFAS treatment capacity of X
resins compared to GAC, and (2) the preferential removal of long-chain PFSAs and PFCAs over

their short- and ultrashort-chain homologues is a limitation for adsorptive media in general.>!-36-%

In batch tests Wang et al. (2020)** demonstrated low removal percentages of PFPrS by
GAC (4%), Purolite® “PFA694E” ion exchange (IX) resin (65%), and several B-cyclodextrin

polymers (B-CDPs, 3-36%) from an aqueous firefighting foam (AFFF)-contaminated groundwater
sample with a contact time of 48 hours. In a pilot-scale comparison of non-selective and PFAS-
selective IX resins by Ellis et al. (2022), each of the IX resins exhibited the lowest relative PFAS
removal for ultrashort-chain PFPrS relative to longer-chain PFSAs. Interestingly, the removal
efficiency for all investigated PFCAs (C4 PFBA to C8 PFOA) was lower than for PFPrS by all
examined IX, highlighting a widely demonstrated trend that PFCAs are more recalcitrant to
adsorptive treatment technologies than PFSAs.’° Chow et al. (2022) reported on the relatively short
service times for successful treatment of PFEtS, PFPeA, PFBA, and PFPrA in pilot-scale,
continuous flow tests treating PFAS-impacted groundwater for PFAS-selective Purolite® PFA694
IX and Amberlite PSR2+ IX, with a substantially lower number of bed volumes (BVs) treated

prior to PFAS breakthrough for Norit 1240+ GAC.’! PFAS-selective IX resins treated PFEtS
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PFPeA, PFBA, and PFPrA occurred after treatment of 120,000 BVs, 60,000 BVs, 20,000 BVs,
and <15,000 BVs, respectively, with no long-chain PFSA breakthrough above 10% after treating
more than 210,000 BVs.>! Comparatively, the 1240+ GAC exhibited breakthrough above 10% for
PFEtS, PFPeA, PFBA, PFPrA after treatment of 13,000 BVs, 20,000 BVs, 10,000 BVs, and <5000

BVs, respectively.®!

Lenka et al. (2024) evaluated one GAC, one non-PFAS-selective strong-base IX resin
identified as A900 (Lenntech Ambersep® 900 OH (A900) (Netherlands), a macroporous, PS-DVB
polymer with quaternary ammonium functional groups balanced with exchangeable hydroxide
anions®'), and two experimental weak-base IX resins for the removal of three PFAS (ultrashort-
chain: PFPrA; short-chain: PFBA and PFBS) from ultrapure and 100 mM CaCl; aqueous matrices
with initial PFAS concentrations ranging from 50 pg/L to 6,400 pg/L (or 6.4 mg/L) (each PFAS).>
Their results demonstrate the greater adsorption capacities for the strong-base IX resin arising
primarily from dominant electrostatic interactions between the anionic PFAS and positively-
charged resin surface. While the relative lack of attractive electrostatic interactions between short-
or ultrashort-chain PFAS and the activated carbon surface inhibit their adsorption to GACs—
particularly at more environmentally-relevant PFAS concentrations. A further notable result from
this study is that short-chain PFAS are preferentially adsorbed over ultrashort-chain PFAS,
suggesting that hydrophobic interactions are an important mechanism of removal for short-chain
PFAS from aqueous matrices, regardless of sorbent media type. Additionally, co-occurring
divalent cations (e.g. CaCl) can decrease the PFAS adsorption capacity and kinetics for both
media types via direct competition, compression of the electrical double-layer surrounding

dissolved PFAS ions, and adsorbent surface charge suppression.>?
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1.4.  PFAS Occurrence in Wastewater Treatment Plants

Municipal wastewater treatment plants have been identified as a major pathway of PFAS
to the environment as they receive waste from diffuse sources (e.g., residences, commercial
businesses, industrial facilities) which are aggregated in the wastewater influent in concentrations
ranging from a few nanogram/liter (ng/L or ppt) to more than 10,000 ppt.>*26* Data collected
from wastewater treatment plants across the globe suggest that little to no removal of PFAS
detected in wastewater influent sampled is being removed in the effluent. As a result, municipal
wastewater effluent is considered to be an important pathway of PFAS release to freshwater

SOUI'CCS.56’62’64’65

Short-chain (C<5 for PFSAs and C<7 for PFCAs) and ultrashort-chain PFAS (C<4) are
increasingly becoming a significant fraction of the total PFAS mass detected in WWTP effluents—
partially due to the tendency of long-chain PFAS and PFAA precursors to be biologically degraded
during conventional wastewater treatment processes.’®® % A meta-analysis of the PFAS
concentrations in WWTPs across the globe by Cookson and Detweiler (2022) indicates that there
is negligible PFAS removal from influent to effluent in conventional treatment plants, and that the
concentrations of short-chain PFAS in wastewater effluent increased from 2005 to 2020.% A
similar long-term meta-analysis spanning 2012 to 2020 by Thompson et al. (2022) suggests that
legacy PFOA and PFOS concentrations are decreasing in U.S. wastewater effluents; however, the
concentrations of PFBA and PFBS show an increasing trend.®® Similarly, studies from Schaefer et
al. (2023) and Kim et al. (2022) suggest that short- and ultrashort chain PFAS will tend to exit
WWTPs via aqueous effluent discharges in a higher proportion than they occur in the influent, and
at higher proportions compared to long-chain PFAS which tend to partition to biosolid

discharges. -6
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The persistence, distribution, and toxicity of PFAS combined with their frequent detection
in WWTPs has driven extensive research on innovative approaches to separate PFAS from water

in treatment and reclamation facilities.%04%6:70-72 Ag

changing climates due to global warming
threaten the sustainability and dependability of water supplies globally, direct or indirect potable
reuse is becoming a more feasible approach to reclaiming water resources.’ Identification of pilot-
scale adsorbents that can be utilized for PFAS separation following tertiary wastewater treatment

is a critical component for the implementation of cost-effective potable reuse applications.’®’+7

1.5.  PFAS Treatment Methods

Conventional aerated activated sludge treatment of municipal wastewater, as well as
traditional drinking water treatment techniques such as coagulation, flocculation, sedimentation,
sand filtration, and chlorine or UV disinfection all fail to destroy or remove PFAS from aqueous
matrices.’*’%7® In fact, both conventional biological wastewater treatment and many advanced
oxidation processes have been shown to convert polyfluorinated precursor compounds into

degradation byproducts, both of which can form into more environmentally persistent and mobile

PFAAs, including short-, and ultrashort-chain PFCAs and PFSAs. 477930

A variety of treatment techniques do exist for removal or destruction of PFAS in water,
such as reverse osmosis (RO) or nanofiltration (NF) membrane treatment, sonolysis,
electrochemical oxidation, and advanced reductive processes (ARPs);”*8! however, many of these
methods are not mature enough for widespread adoption or are too costly or poorly understood to
feasibly implement at scale.”” Adsorption-based treatments are currently the best available process
due to relatively low-cost, ease of operation, and technological maturity.>**? Examples of other
promising treatment techniques that could become more feasible or developed in the future are

83,84

foam fractionation, and advanced reduction processes (ARPs), such as the hydrothermal

22



alkaline treatment, which has demonstrated the capability to mineralize both PFOS and TFA under

relatively mild conditions.>%

1.5.1. PFAS Adsorption from Aqueous Matrices

Dozens of modified and novel media have been developed in the past two decades for the
purpose of investigating their efficacy to remove PFAS from aqueous matrices via adsorption to
solid surfaces.”®%788 Despite this, traditional adsorptive media such as GAC and IX resins are two
of the most well-established commercial technologies for the separation of PFAS from water due

,56,59,70,77,89,90 However
b

to their effectiveness, passive operation, and relatively low cost.>*
evaluations of adsorbent technologies considering the combined effects of co-occurring organic
matter and inorganic ions are minimal.”>’®°! Particularly, there is limited published data available
for the effectiveness of GAC, IX or other novel adsorbents to remove short- and ultrashort-chain
PFAS from water matrices with high wastewater-derived organic matter content, and co-occurring

inorganic ions, and other co-occurring organic micro-pollutants,’#77-78.90-93

1.5.1.1. Granular Activated Carbon (GAC)

The main mechanism through which GAC adsorb PFAS are through hydrophobic
interactions between the nonpolar GAC surface and the hydrophobic tail of the PFAS — where
hydrophobicity can be explained as the noncovalent interaction between water-repellent molecules
or materials.”* Specific characteristics of GAC that are important in determining their effectiveness
at PFAS removal are the particle size, surface area, pore size distribution, and the surface chemistry
composition.>>*’® More recently, surface basicity of activated carbon (AC) has been shown to
have a significant role in the adsorption of more hydrophilic short-chain PFAS via electrostatic

interaction.?>*>~%°
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In continuous flow operation, GAC tends to exhibit much earlier breakthrough of short-
chain PFAS compounds relative to long-chain PFAS, potentially resulting in higher costs for the
treatment plant operators due to more frequent change-out of the GAC media.'>* For example,
laboratory-scale continuous-flow tests were conducted by Murray et al. (2021) treating simulated
aqueous firefighting foam (AFFF)-impacted groundwater with a series of triply-segmented
columns packed with Calgon F400 GAC. The source waters were relatively low total organic
carbon (TOC) containing tap water (2.6 mg/L) spiked with AFFF to concentrations consistent with
real AFFF-impacted groundwaters (i.e. 12.5 pg/L PFOS, 3 pg/L PFHxS, 0.72 pg/ PFBS , 0.45
png/L PFOA, 0.44, 0.72 ng/L PFHxA, 0.18 pg/L PFPeA etc.). They show that the F400 GAC at
50% breakthrough (i.e., when column effluent concentrations reach 50% of the contaminant
influent concentrations) of the first column had an adsorption capacity of 8 pg/g for PFOA, 1.5
ug/g for PFPeA, 250 pg/g for PFOS, 60 ng/g for PFHxS, 13 pg/g for PFBS, and 5 ng/g PFPrS,
highlighting the capability of GAC to preferentially treat long-chain PFAS(particularly PFSAs)
over short- and ultrashort-chain PFAS. In that study and others, GAC was shown to require long
contact times to reach equilibrium and to have relatively poor affinity to adsorb short-chain PFAS.
In pilot-scale continuous flow tests using, Kempisty et al report that PFCAs with fewer than six
carbon atoms and PFSAs with fewer than four carbon atoms are not viable for treatment via

GAC.!®

An additional well-established limitation of GAC for PFAS treatment is that they are
typically inhibited in the targeted removal of trace contaminants by the presence of dissolved
organic matter (DOM).”6.77:79:100-104 [hye to the somewhat similar characteristics (i.e. net negative
charge, high MW, hydrophobic structures), competitive sorption between hydrophobic PFAS and

DOM typically can cause the inhibited uptake of PFAS from solution; however, DOM and PFAS
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can also mutually interact hydrophobically, electrostatically (i.e. via cationic functional groups on
DOM), or via cation bridging with (e.g. with Ca2+, Fe3+, Al 3+), so predicting GAC inhibition is
difficult to predict without characterization of DOM characteristics.’®!% In an evaluation of the
role of DOM in PFAS adsorption to GAC utilizing rapid small-scale column tests (RSSCTs)
treating groundwater (0.7 mg-C/L TOC) and surface waters (2-2.7 mg-C/L TOC) with Calgon
Carbon Filtrasorb 600 GAC (F600 GAC) and Norit 1240 GAC.!® They determined that GAC
treated approximately 50-60% more volume of the groundwater compared to the surface water,
and that GAC treatment is only economically feasible for long-chain PFAAs.!” DOM has also
been shown to variably impact the removal of long-chain PFAS, sometimes improving
hydrophobic PFAS removal via DOM-PFAS associations. For example, Kothawala et al. (2017)
conducted batch sorption tests using F400 GAC for removal of a range of 12 short- and long-chain
PFAAs and perfluorooctanesulfonamide (FOSA) while varying the concentration and
characteristics of the DOM in the system. They determined that both the quantity and quality of
the DOM can increase removal of the most hydrophobic long-chain PFAS, while simultaneously

removing DOC from solution.®

Significantly, GAC is least effective for the treatment of PFAS in aqueous matrices that
contain low PFAS concentrations with co-occurring DOM, inorganic ions, and other co-

t. 56,60,70,74,78,106-108 A recently

contaminants, as would be expected in a municipal wastewater effluen
conducted evaluation using RSSCTs by Mortazavian et al. (2025) evaluated the feasibility of F400
GAC, Norit 400 GAC, and a commercial biochar for treating real samples from two wastewater
treatment plants in Ontario, Canada (5.9 and 5.6 mg/L DOC) that were spiked to 200 ng/L with
PFOS, PFHxS, PFOA, and PFHxA.” Each of the GACs displayed a trend of treating a greater

number of BVs t prior to 50% breakthrough in the order PFOS > PFHxS > PFOA > PFHxA, while
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the biochar exhibited near immediate breakthrough of all four PFAS.”® Overall, GAC has been
shown to have relatively poor performance for the uptake of hydrophilic short-chain PFAS and

this effect is amplified with increasing complexity of the water matrix.

Concern is increasing around the world about the widespread occurrence of PFAS, and
more recently, the occurrence of short- and ultrashort-chain PFAS in drinking water sources.*
Alternatives to GAC capable of treating (ultra)short-chain PFAS in relatively complex matrices
could be a crucial development for long-term removal of PFAS from the urban water cycle.**-621%
GAC, however, may continue to be a key component of treatment train systems due to its broad
selectivity for a range of PFAS compounds beyond PFAAs and anionic PFAS, such as cationic,

zwitterionic, and polymeric PFAS 3474110

1.5.1.2. Ion Exchange (IX) Resins

Like GAC, contaminant adsorption via IX resin is an established treatment technique that
has been evaluated for separation of PFAS from groundwaters impacted by PFAS
contamination,'% landfill leachate,'*” and primarily for treatment of drinking water sources.!!1-114
When compared to GAC, certain IX resins demonstrate longer service lives, higher capacities to
adsorb short-chain PFAS, and varying degrees of influence from co-occurring matrix

constituents. 78,89,92,96,115-118

Early research into IX for PFAS separation primarily focused on legacy PFAS; utilized
experimental doses many orders of magnitude greater than expected environmental occurrences;
and included limited evaluation of the removal of short-chain and ultrashort-chain PFAS.
Significantly, research into the use of ion exchange resins between c¢. 2010-2020, were primarily

focused on evaluating previously existing IX resins designed for treatment of non-PFAS
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35:49.76.0.91.93,104, 112,113, 119123 Apjon exchange resins can be classified as weak-base

constituents.
resins, or strong-base resins, depending on their functional group’s tendency to lose or maintain a
positive surface charge in solution at basic pH.%!93:106:122.124 A5 indicated by their low pKa values,
many PFAS, PFAAs, PFECAs, and fluorotelomer sulfonates (FTSs) tend to exist in the anionic
form at environmentally relevant pH ranges. Thus anion exchange resins, typically loaded with CI°
or OH™ as counter ions, are employed to target removal of PFAS as opposed to cation exchange, or
non-ionic resins. IX resins can have variable physical structure, typically comprised of either a
macroporous or microporous (i.e., gel-like) base polymer constituted from either polystyrene (PS),
polyacrylic (PA), or polymethacrylate and functionalized with positively charged functional

groups (typically quaternary ammonium or tertiary amine),>>196.123

The polymer composition of IX resins generally impacts their performance for PFAS
removal, where PS IX resins have been shown to be more effective for PFAA removal due to the
favorable hydrophobic interactions. PA IX resin has been shown to be more effective for uptake of
DOM due to higher water content of the PA polymer, and greater ability for intraparticle
diffusion.'?® PA IX resins have typically demonstrated lower removal capacities of PFAAs
compared to PS resins particularly in the presence of DOM, 27 while gel-type IX composed of PS
backbones crosslinked with divinylbenzene (DVB) have typically shown rapid uptake and a high
capacity for PFAS sorption.”®?!122 Increasing the size of the IX resin functional groups (i.e.
increasing the number of methyl groups on the alkyl chains attached to the cationic group) can
increase the adsorption of PFAS by increasing the non-electrostatic interactions of the resin with
more hydrophobic PFAS. Specialized functional groups can be designed to selectively adsorb
short-chain PFAS, as is likely the case for the emergent commercially available PFAS-selective IX

resing >>01939BI2LIZLISI8 1 ohit7 et al. (2025), which illustrates how a commercial IX resin can
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be functionalized with novel fluorinated functional groups to enhance the adsorption capacity and
kinetics of ultrashort-chain and short-chain PFAS compared to an un-modified resin.>> Figure 1.1
displays the different sub-components of the PS-divinylbenzene (PS-DVB) base polymer (top
left), the structures of the functional groups for the IX resins evaluated in the study described in
Part 2 (bottom left), as well as a reproduction of a figure from Lobitz et al. (2025), which illustrates
how a commercial IX resin can be functionalized with novel fluorinated functional groups to
enhance the adsorption capacity and kinetics of ultrashort-chain and short-chain PFAS compared

to an un-modified resin.”’
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Figure 1.1 PS-DVB IX resin structural components (top left); functional groups of the commercial IX resins evaluated in this
study (bottom left); and reproduced figure from Lobitz et al. (2025) illustrating their successful modification of a commercial IX
resin with fluorinated alkyl-chain functional groups, resulting in an adsorbent with enhanced capacity to adsorb ultrashort-chain
PFCAs, compared to un-modified IX resin.

In general, IX resins have been shown to be more successful at removing short-chain PFAS,
compared to carbon-based adsorbents;3*%1LIAI2T however, IX resins have not been
comprehensively evaluated in the context of the removal of ultrashort-, short-, and long-chain
PFAS from complex water matrices such as WWTP effluent.*l-! 113114126 Ty 3 review of PFAS
removal via IX resin by Dixit et al. (2021)°!, the authors highlighted that the presence of DOM

can decrease PFAS removal efficacy, and that the type and composition of the DOM can influence
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the degree of inhibition;!:'??

while some IX have been shown to be less inhibited by DOM, or
effective at simultaneous removal of DOM and PFAS.**"127 A primary knowledge gap for PFAS
treatment regarding PFAS-selective IX is a lack of understanding of the impacts of dissolved ions,
additional contaminants, and wastewater-derived organic matter present in the aqueous

matrix.’+124

Since at least 2016, the number of peer-reviewed publications investigating IX for PFAS
separation has been increasing, and there has been progression in the number of commercially
manufactured “PFAS-selective” IX resins that are explicitly marketed for the removal of PFAS
from aqueous matrices.>*>>!212 Examples of which include, Purolite PFA694 (wastewater),
PFA694E (drinking water), and AS92E (point-of-use), Amberlite PSR2+, Calgon CalRes2301,
ECT?2 Sorbix A3F, ResinTech SIR-110-HP, Lewatit TP 108 DW and MP 62 WS, and Resinx PFCR-
1 and PFCR-2. 4347688 11L124.129-131 Thege products are purported to have high affinities for PFAS,
and are reportedly designed for operation in a single-use mode, despite evidence that saline solvent
washes can successfully re-generate PFAS-selective IX resins.!? Single-use PFAS-selective 1X,
may still present site-selective operational economic benefits to treatment plant operators due to
the long operational lives of IX and the expected costs associated with solvent regeneration of the

resin material.>%-6%°!

The mechanisms through which these PFAS-selective media adsorb PFAS are a
combination of hydrophobic, electrostatic, ion exchange interactions, and potentially fluorophillic

interactions.55’60’91 ,93,94,113,115,122,125 Crucially, F

—F interactions are gaining attention for their
potential to be employed in the design of PFAS-removing adsorbent media.**!12%128-132.133 [ btz et
al. (2025) reported successful synthesis of fluoroalkyl-modified commercial IX resin, and that such

an adsorbent demonstrated an increase in the sorption kinetics and a 28% increase in the adsorption
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capacity of TFA.%> Both of the PFAS-selective IX resins evaluated in this study are manufactured
as PS-DVB polymer microporous gels; the PSR2+ IX resin has a tri-N-butylamine, while the
PFA694 IX resin reportedly employs a proprietary “complex amino” functional group. The study
described in Part 2 was designed partially to evaluate the performance of an industrial high-
capacity non-PFAS-selective IX resin (IRA910) marketed for “general demineralization”, against
the performance of two novel PFAS-selective I1X resins (PFA694 and PSR2+) marketed for

targeted PFAS uptake.

1.5.1.3. Alternative Adsorbents

A variety of polymer-based adsorbents, biomaterials, natural materials, nanomaterials, and
modified-clay minerals have been in the early-stages of research and development for PFAS
adsorption from aqueous matrices within the last two decades.'** Few of these media have proven
efficient, economical, and feasible in terms of their large-scale application for PFAS-treatment,
but in recent years, at least two commercially available adsorbent technologies specifically
marketed as PFAS-selective have emerged as contenders to replace GAC or IX as sorbent media
for PFAS removal and remediation from diverse aqueous matrices: Cyclopure DEXSORB®

(DEXSORB) and CETCO Fluorosorb® (Fluorosorb).

DEXSORB® is a proprietary B-cyclodextrin-based polymeric adsorbent with fluorinated
aromatic cross-linkers and quaternary ammonium functionalized comonomers (Figure 1.2) that is
sold commercially as a component in point-of-use drinking water treatment systems,* and has
been deployed in packed-bed filtration systems for treating PFAS in groundwater, drinking water,
landfill leachate concentrate, and industrial and municipal wastewaters.'*>!* B-cyclodextrin is a
naturally occurring cyclic oligosaccharide made up of seven a-D-glucopyranoside molecules,

forming a toroidal ring molecule with a central hydrophobic cavity that can encapsulate
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contaminants through formation of host-guest complexes, and is utilized as the active ingredient
in the commercial aerosol deodorizer Febreeze.!3>137:140-145 The cavity on the B-cyclodextrin
monomer is uniformly 0.78 nm in diameter, which provides molecular selectivity and
simultaneously prevents pore blockage via size exclusion of DOM.'*>!%* Similar to IX resins, it is
hypothesized that the mechanisms through which B-cyclodextrin-based adsorbents (like
DEXORB) function for PFAS-removal are hydrophobic interactions and electrostatic interactions,
the formation of host-guest complexes, and fluorophillic interactions arising from the use of

fluorinated cross-linkers such as tetrafluoroterephthalonitrile (TFN),5292:144.146,147

Lin et al. (2023) demonstrated that B-cyclodextrin polymers functionalized with fluorinated
and cationic crosslinkers and co-monomers exhibit superior performance for removal of PFOA,
PFHxA, and PFHxS when operated in a packed-bed filtration column treating filtered municipal
wastewater effluent, when compared to Calgon Carbon F400 GAC, and PFAS-selective IX resin
Amberlite® PSR2+.'* Additionally, DEXSORB® reportedly outperformed both GAC and IX
without interruption from biofouling or clogging due to co-occurring matrix constituents in pilot-
scale systems treating PFAS-impacted industrial wastewater and a reverse osmosis concentrate

from a PFAS-contaminated surface water.'*®

The cyclodextrin-based product has demonstrated a capacity to treat an average influent
PFOS concentration of 23 ng/L for approximately 125,000 BVs prior to initial breakthrough
compared with eight different GACs which treated a maximum of 40,000 BVs prior to initial
breakthrough.!'* In terms of the short-chain PFAS, DEXSORB® was able to treat an average
influent concentration of 14.6 ng/L. PFBS for approximately 30,000 BVs, compared to a maximum
of 17,200 BVs for the eight GACs evaluated.!"* DEXSORB® also has the potential for

regeneration and reuse of the media via a saline wash in a methanol solution. For example, an
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early-stage P-cyclodextrin-based polymeric adsorbent demonstrated effective regeneration
between 90-100% with no apparent loss in adsorption capacity over four cycles of

adsorption/desorption batch tests evaluating for PFOA, PFHxA, and PFHxS removal from

Apolar Cavity 8 Secondary side

n Primary Side

0.57 nm 0.78 nm
L —>! | —>!

Figure 1.2 Depictions of B-Cyclodextrin molecular model and structure (top left); the differential structural schemes of
a-,f-,and y-cyclodextrins (bottom left); a schematic illustration example of various conformations of “host-guest”
interactions between cyclodextrins and target compounds. (bottom right) (images reproduced from Crini, G. (2014)).!%
Top right panel is a schematic of the polymerization of B-Cyclodextrin monomers, cross-linked with TFN; a similar
composition to the evaluated sorbent, DEXSORB®.

aqueous matrices.'*

Surface-modified clay (SMC) minerals have been established as a category of engineered
geomedia since the early 2000s for the removal of metals and trace organic contaminants from
stormwater and wastewater.!*%1>2 Synthesis of polymer-clay composites is relatively low-cost and
straightforward to achieve. The process involves blending an inorganic clay mineral with cationic

polymers in specified proportions to match the clay minerals’ cation exchange capacity and the
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desired degree of hydrophobic interaction between the synthesized clay and target contaminant. !>
The mixture is separated, washed, dried, and formed into granular or pellet-like morphology.'>
Compared to clays or polymers alone, properly engineered composite media can exhibit greater
target contaminant adsorption capacity and faster adsorption kinetics, aided by strong electrostatic
interaction and increased hydrophobic interactions imparted by the intercalated surfactant.!>® A
generalized schematic illustration of the synthesis of polymer-clay composites, modified from
Okaikue-Woodi, et al. (2020)' is presented in Figure 1.3.

Regarding clay minerals that have been modified for purposes of PFAS-removal from
aqueous matrices, recent peer-reviewed publications have reported on a variety of surface
modifications to different types of clay minerals.”*!31:154-156 For example, Ruckbeil et al. (2025)
conducted batch adsorption evaluations of two proprietary surfactant-modified bentonite clays,
and two modified palygorskite clays functionalized with oleylamine and octyl amine, along with
other commercial adsorbents (activated carbons, IX resins, f-CDPs and zeolites) for removal of
PFAS from German drinking water with “elevated DOM levels” of 4.5 mg-C/L."*! And, Umeh et
al (2023) evaluated an anonymized ‘“surface-modified organoclay-carbon amendment” against
powdered activated carbon (PAC) for the sorption and desorption of 9 PFAS in ultrapure water or
simulated groundwater.'>* As early as 2013, Das et al. had evaluated a commercial palygoskite-
based adsorbent modified with oleylamine known as MatCARE™ for remediation of PFOS
contaminated soils and wastewaters. !

A recently commercialized modified-clay mineral adsorbent, CETCO Fluorosorb®
(Fluorosorb), is on the market for in situ and ex situ groundwater remediation, as well as for
wastewater treatment. This product is a modified smectite clay, intercalated with a proprietary

surfactant that has a positively charged functional group, leading to favorable hydrophobic and
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electrostatic interaction with anionic and hydrophobic PFAS.!*”!58 It has been evaluated in
comparison to GAC in both batch and continuous flow experiments, while reportedly
demonstrating fast uptake kinetics, and greater capacities for long- and short-chain PFAS.
Furthermore, studies examining Fluorosorb for PFAS removal also suggest minimal inhibition co-
occurring DOM and co-contaminants when compared to GACs, 7488 1416.130.157.159 E1yy6r050rb
has also been deployed as an in situ adsorptive remediation technique for remediation of PFAS-

contaminated groundwater plumes,'!7-130:160-162
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Figure 1.3 Schematic illustration of the synthesis of a polymer-clay composite modified from Okaikue-Woodi, et al. (2020). The base mineral (left)
undergoes modification with a positively charged surfactant via cation-exchange naturally present in clay minerals, which yields a functionalized adsorbent
media for water treatment applications (right).

Marshall (2019) compared Fluorosorb and GAC in a lab-scale continuous flow experiment
for treating 14 PFAAs in a contaminated groundwater (pH: 7.3, 4.0 mg/L TOC, 44 mg/L calcium,
12.1 pg/L arsenic, 10.5 pg/L barium, 5.7 mg/L sulfate, 1.8 mg/L nitrate, 1.6 mg/L chloride; and 14
pg/L PFHxS, 19 pg/L PFOS, 7.3 pug/L PFOA, 4.9 ng/L 6:2-FTS, etc.) including evaluation of
treatment efficacies for only one ultrashort-chain PFAA, PFPrS."*° That study demonstrated that
Fluorosorb and GAC were both able to treat up to 2,500 BVs to non-detect levels, but that

Fluorosorb removed PFAS, including PFOA and PFOS, to lower effluent concentrations over

34




longer operational times.!*° As is the case for GAC and IX, there is a pronounced lack of research

evaluating modified-clay adsorbents for the removal of short- and ultrashort-chain PFAS.

1.6.  Study Objectives and Hypotheses

There are limited studies that directly evaluate different types of adsorbent media in real,
complex aqueous matrices for their ability to treat a variety of co-occurring PFAS (e.g., ultrashort-
, short-, and long-chain PFA As) in batch and/or continuous-flow conditions. This research attempts
to address this knowledge gap while simultaneously generating data to benchmark the performance
of commercially available adsorbents against novel adsorbents produced in this research group
and for other lab-scale PFAS sorbents under development.

Although GAC and IX resins have remained as leading technologies for PFAS treatment,
there is a lack of direct GAC and IX treatment comparisons, especially those that systematically
evaluate treatment techniques in continuous flow systems—even at the laboratory- and pilot-
scale.*”!® Studies that directly evaluate different types of adsorbent media in real, complex
aqueous matrices for their ability to treat a variety of co-occurring PFAS (e.g., ultrashort-, short-,
and long-chain PFAAs) are also lacking. Recent investigations by Tajdini et al. (2023), Tajdini et
al. (2025), Cheng et al. (2025), Dixit et al. (2021), Chow et al. (2022), Medina et al. (2022), Ahrens
et al. (2025) have comparatively assessed X against GAC, B-CDPs, and SMCs for PFAS removal
in continuous flowing systems in a variety of aqueous matrices of varying complexities. These
investigations have various limitations in that they either focus on a small subset of long- and
short-chain PFAAs, or target a wide-array of PFAS sub-groups for targeted treatment but neglect
consideration of all five of the ultrashort-chain PFCAs and PFSAs (TFA, PFPrA, TFMS, PFEtS,
and PFPrS) which are likely to co-occur with other targeted PFAS in realistic water treatment

scenarios. Furthermore, adsorption data is less commonly reported for the complete spectrum of
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long- and short-chain PFSAs—often omitting PFPeS and PFHpS in favor of focusing exclusively

on the more commonly investigated trio of PFBS, PFHxS, and PFOS.3!:3470.74.78,114,116,131

The purposes of this study were to identify and evaluate different types of currently
available commercial adsorbent media for the efficient removal of ultrashort-, short-, and long-
chain PFAS from municipal wastewater. The preliminary evaluation included batch sorption
capacity and kinetics tests in both ultrapure water and a synthetic wastewater matrix, constituted
from effluent organic matter (EfOM) isolated from the King County West Point WWTP (Seattle,
WA) and a mixture of commonly occurring inorganic ions. The final objective for this research
was to perform lab-controlled RSSCTs using the best performing media from the preliminary
evaluations. RSSCTs using 1 wt% active media mass packed-bed columns were designed to assess
the ability of each adsorbent to remove ultrashort-, short-, and long-chain PFAS from tertiary
treated municipal effluent, mimicking a realistic process in a potential treatment train approach
targeting PFAS removal via adsorption as may be encountered in advanced treatment systems

designed for potable and non-potable re-use.””-74%2

Based on the literature review conducted, evaluating peer-reviewed research regarding the
removal of ultrashort-, short-, and long-chain PFAS from municipal wastewater effluent, we
hypothesize that ultrashort-chain PFAS will be poorly adsorbed by GAC, DEXSORB®, and the
SMC due to weak electrostatic interactions relative to the ion exchange resins. We anticipate the
PFAS-selective media will outperform the conventional media (i.e. GACs and non-selective
IRA910 IX) in the RSSCTs for long- and short-chain PFAS typically targeted for removal due to
regulatory pressures (e.g PFOS, PFOA, PFHxA, PFBS, HFPO-DA) primarily due to inhibitory
effects introduced by the dissolved organic matter and co-occurring inorganic ions. Finally,

previously reported results from continuous-flow tests treating multiple types of PFAS (discussed
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further below), suggest that the two PFAS-selective IX resins and DEXSORB® will be the most

effective adsorbent media for treating the entire suite of PFAS included in this evaluation.

1.6.1. Media Selected for Evaluation

A survey of peer-reviewed literature identified novel and commercial adsorbent media that
have been previously evaluated for removal of PFAS in contaminated waters. Particularly, the
literature review focused on identifying commercially available, readily deployable, robust
adsorbent media that have demonstrated potential to efficiently and selectively separate long-,
short-, and ultrashort-chain PFAS from complex water matrices. The adsorbent materials selected
for this study are presented in Table 1.2 below followed by a brief description of each. Additional

sorbent media characteristics are presented in Tables S.2A and S.2B

Table 1.2 Commercially available adsorbent media for PFAS removal selected for this study.

Type Manufacturer Name PFAS-Removal Mechanisms
Calgon Carbon F400
GAC primary: hydrophobic interactions
Norit 1240+
Purolite PFA694
. primary: electrostatic interactions,
X Amberlite (Dupont) PSR2+ secondary: hydrophobic interactions
Amberlite (Dupont) IRA910
Surface modified- Anomvmos Anonymous Surface primary: hydrophobic interactions,
clay (SMC) Y Modified-Clay secondary: electrostatic interactions
B-cyclodextrin- Cyclopure DEXSORB hydrophobic, electrostatic, and host-

based polymer guest complexation interactions

GACs: Calgon Carbon Filtrasorb® 400 (F400) is a broadly used GAC for the removal
of a wide-range of contaminants in treating groundwaters, surface waters, and
wastewaters. 078197107 1t i5 produced from re-agglomerated bituminous coal and has been
4

investigated in numerous studies for PFAS removal in batch and column filtration studies.'®

Investigations conducted by Ochoa-Herrera et al. of F400 GAC report an adsorption capacity for

37



PFOS of up to 236 mg/g, and for PFOA up to 112 mg/g in batch experiments in ultrapure water. %
Additionally, Zhang et al. similarly demonstrate that the single solute adsorption capacity of F400
GAC in ultrapure water for PFOS was 210 mg/g, for PFOA was 136 mg/g, for PFBS was 93 mg/g,
for PFBA was 47 mg/g, for 8:2-FTS was 188 mg/g, and for 4:2-FTS was 85 mg/g.”® This study
also demonstrated that the presence of long-chain PFAS suppressed the sorption of short-chain
PFAS in bi-solute systems, but did not significantly affect the sorption of PFAS with longer
perfluorinated chain lengths. Co-occurring inorganic ions inhibited the sorption of short-chain
PFBA and PFBS by approximately 50%, compared to 0 to -10% inhibition for the longer-chain

PFAS evaluated.

In a continuous flow setting treating low DOC (< 1 mg/L) groundwaters from Arizona,
Zeng et al. (2021) demonstrated that F400 was more effective for treating long-chain PFNA,
PFOA, and PFOS compared to shorter-chain PFHxS, PFHxA, and PFBS.!®® Park et al. (2020)
published results with similar trends for the F400 in a small-scale continuous flow study, and
concluded that the F400 GAC was more efficient for treating longer-chain PFAS due to its
mesoporosity. Whereas, GAC micropore surface area was a more significant characteristic for the

removal of more hydrophilic PFAS for all of the evaluated GACs in that study.”’

Mortazavian et al. (2025) conducted RSSCTs evaluating commercial biochar and F400 for
treating artificially-spiked wastewater, and demonstrated that both PFOS and PFHxS were
successfully treated by F400 GAC for longer operational times than either PFOA or PFHxA. This
study also suggested that the complex water matrix—relative to published data evaluating F400
for treating PFAS in groundwaters or drinking waters—significantly hindered GAC’s efficacy to

treat PFAS, especially for the evaluated PFCAs.”
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Norit ® GAC 1240+ (1240+) is an acid washed GAC that is produced via steam activation
of bituminous coal.'®”!%® Croll et al. (2022) utilized this product for a pilot-scale treatment of a
PFAS contaminated groundwater, and demonstrated similar breakthrough trends as described for
the F400 GAC.'%” Long-chain PFOS exhibited no breakthrough for the duration of the tests, and
the number of BVs treated prior to 20% breakthrough decreased in the order PFHxS~PFHpS >
PFOA > PFPeS > PFHpA~PFBS > PFHxA~PFPrS > PFPeA > PFEtS > PFBA > PFPrA.'*” Chow
et al. (2022) evaluated 1240+ GAC against IX resins in pilot-scale tests. 1240+ GAC treated PFOA
for approximately 55,000 BVs), and PFOS for approximately 85,000 BVs prior to 10%
breakthrough; while PFBA and PFBS were only treated for 11,000 and 37,000 BVs prior to 10%

breakthrough.!

IX Resins: Purolite PFA694 (PFA694) is a commercially available IX resin that is
designed and marketed for PFAS removal from wastewater as a single-use (non-regenerable)
media;'%® whereas, the PFA694E product is marketed for PFAS removal in point-of-use treatment
systems or in drinking water applications.!!*1%179 PFA694 is composed of a non-porous (gel) PS-
DVB synthetic polymer with cationic, proprietary “complex amino” functional groups, and a
manufacturer reported equilibrium exchange capacity of 0.9 eq/L for PFA694E IX. Boodoo (2017)
reported that a PFA694E treatment column was able to treat 155,000 BVs to a combined
breakthrough of 7 ppt for PFOA and PFOS, compared to only 19,000 BVs to a combined
breakthrough of 4.6 ppt for coal-based GAC. The PFAS-selective IX resin also demonstrated

approximately 10—15 times greater operating capacity than GAC for PFHpA and PFHxS.!”

In batch sorption tests, Liu and Sun (2021) showed that PFA694E IX along with several
other PS-DVB IX resins, were successful at removing >90% of a variety of short- and long-chain

PFAAs compared to PA- and polymethacrylate-based IX resins.!!? Ellis et al. (2023) reported that
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PFA694E IX treated greater than 700,000 BVs, 639,000 BVs, 315,000 BVs, and 67,000 BVs prior
to initial breakthrough for PFOS, PFOA, PFBS, and PFBA, respectively. While, the non-PFAS-
selective IX evaluated in that study, Purolite A860, treated PFOS, PFOA, PFBS, and PFBA for

3,000 BVs, <1,000 BVs, 3,700 BVs, and <1,000 BVs, respectively, prior to initial breakthrough. '

In a pilot test for a drinking water treatment of PFAS contaminated groundwater in
California, Medina et al. (2022) confirmed that (1) PFAS-selective IX resins, including PFA694E
IX, outperform a variety of GACs in terms of BVs treated prior to breakthrough; (2) that shorter-
chain PFAS breakthrough earlier than longer-chain compounds; and that (3) PFCAs of same
fluorocarbon chain length will breakthrough earlier than corresponding PFSAs.!'* Similarly, for
treating a landfill leachate, Malovany et al. (2023) demonstrated that PFA694E IX can treat PFOS
for ~22,000 BVs and PFOA for ~8,000 BVs prior to breakthrough in continuous flow tests,
compared to less than 2,000 BVs for each compound for the F400 GAC. The PFAS-selective resin
showed little removal of DOC, compared to F400 GAC; and only slightly outperformed the GAC
for removal of the sum of 11 other PFAS detected in the influent groundwater.'?” Ellis et al. (2025)
report that, despite being marketed as a ‘single-use’ resin, spent PFA694E IX resin from a pilot
system treating AFFF-impacted groundwater was successfully regenerated using an organic brine
solution; however, complete regeneration of the PFAS-selective IX resins required wash solutions

with large volumes of organic solvent (between 70-90% v/v).!*

Amberlite PSR2+ (formerly known as Dowex PSR2+) is another ‘single-use’ (i.e.,
marketed as non-regenerable), PFAS-selective IX resin, with a similar composition to PFA694,
except the functional group is defined as tri-N-butylamine, and the reported equilibrium exchange
capacity is 0.7 meq/mL.!”! Zeng et al. (2020) compared several GACs and the PFAS-selective IXs

PFA694E and PSR2+ in RSSCTs using real drinking water sources for removal of PFOS, PFHxS,
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PFBS, PFNA, PFOA, PFHpA, and PFHxA, where the sum of the concentration for the seven
detected PFAS ranged from 0.156 to greater than 7 pg/L, and DOC was <1 mg-C/L. Both of the
IX resins treated approximately 2—4 times as many BVs as the GACs in the continuous flow tests,
and they both were more effective for the treatment of PFSAs rather than PFCAs. In the case of
PFCAs, breakthrough first occurred for PFHxA, followed by PFHpA, PFOA, and PFNA; while

for the PFSAs, PFBS was first to breakthrough, followed by PFHxS and PFOA..'%

Lin et al. (2023) evaluated PSR2+ IX against a quaternary amine- and styrene-modified,
B-CDP (referred to as a “StyDex polymer” in that text), and GAC for the removal of PFOS, PFHxS,
PFOA, and PFHxA along with several other trace organic contaminants from real Illinois
municipal wastewaters. Evaluations were conducted using batch adsorption capacity and kinetics
tests, in addition to RSSCTs.!?? In ultrapure water batch tests, the three adsorbent media removed
between 95-100% of each PFAS, with PSR2+ IX and the GAC exhibiting marginally slower
adsorption kinetics compared to the StyDex polymer. In the batch tests conducted in real
wastewaters, the StyDex polymer was least inhibited in terms of PFAS adsorption capacity and
kinetics, followed closely by PSR2+ IX, while the GAC had decreases in the adsorption capacities
of approximately 50% for PFOA and PFHxA, and decreases of approximately 30% for PFOS and
PFHxS, with significantly reduced adsorption kinetics in the real wastewaters compared to the
efficacy of PSR2+ IX or the StyDex polymer. In the RSSCTs using real wastewaters, both the
PSR2+ IX and the StyDex polymer were able to treat PFOA for approximately 32,000 BVs, PFHxS
for approximately 36,000 BVs, and PFHxA for approximately 15,000 BVs prior to 20%
breakthrough, whereas the GAC exhibited near immediate breakthrough above 20% of the influent

concentration when treating the real wastewaters. !>
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Ellis et al. (2022) conducted pilot-scale evaluations of various PFAS-selective and non-
selective IX resins treating PFAS-impacted California groundwater (39 + 9.5 pg/L total PFAS
concentration; ~1 mg/L DOC; ~360 mg-C/L total dissolved carbon). For PSR2+ IX 50%
breakthrough of PFOS, PFHpS, PFHxS, PFPeS, PFBS, and PFPrS occurred after treating
approximately 503,000 BVs, 432,000 BVs, 390,000 BVs, 371,000 BVs, 350,000 BVs, and
292,000 BVs, respectively. Considering PFCAs, for PSR2+ IX 50% breakthrough of PFOA,
PFHpA, PFHxA, PFPeA, and PFBA occurred after treating approximately 278,000 BVs, 182,000
BVs, 108,000 BVs, 101,000 BVs, and 70,000 BVs, respectively. Overall, for the evaluated PFAS
defined in the Unregulated Contaminant Monitoring Rule 3 (UCMR3) by the U.S. EPA in 2012
(i.e. PFHpA, PFOA, PFBS, PFHxS, and PFOS), the PSR2+ IX treated approximately 142,000 BVs
prior to any detectable concentrations in the pilot effluent. Comparatively, PFAS-selective 1X
resins CalRes2301 (Calgon Carbon) also treated ~142,000 BVs, while PFA694E treated ~157,000
BVs; while non-selective IX resins A5S20E and A860 treated only 21,000 BVs, and <1,000 BVs
prior to initial detection of the UCMR3-defined PFAS.> Importantly, PFAS-selective IX resins
demonstrate longer operational times of successful treatment of PFAS below a certain threshold;
however, their main apparent drawback is a continued preference for the removal of long-chain
PFAS over short-chain PFAS, as well as preferential removal of PFSAs over PFCAs, generally

mirroring prominent challenges of traditional sorbents used for PFAS removal.

Pilot-scale investigations conducted by Chow et al. (2022) evaluated Norit 1240+ GAC
and two PFAS-selective IX (PFA694E and PSR2+) for treating a PFAS-impacted Minnesota
groundwater used as municipal drinking water source. This source water was dominated by
ultrashort-chain PFAS contributions (0.435 pg/L PFPrA, 0.024 ug/L PFEtS, and 0.095 pg/L

PFPrS) and short-chain PFAS (0.914 pg/L PFBA, 0.059 pg/L PFPeA, 0.044 pg/L PFHxA, 0.006
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ug/L PFHpA, 0.130ng/L PFBS, and 0.083 pg/L PFPeS) to the total PFAS concentration compared
with the detected long-chain PFAS contributions (0.015 pg/L PFOA, 0.048 pg/L PFHxS, 0.001
ug/L PFHpS, and 0.002 pg/L PFOS). Overall, the IX resins had similar performance; they treated
PFEtS below 10% breakthrough for approximately 120,000 BVs and exhibited no long-chain
PFSA breakthrough above 10% after treating more than 210,000 BVs. The PFAS-selective 1X
resins both had poorer treatment efficacy for short- and ultrashort-chain PFCAs, with 10%
breakthrough of PFPeA, PFBA, and PFPrA occurring after treatment of <60,000 BVs, <20,000
BVs, and <15,000 BVs, respectively.’! The pilot-scale continuous-flow tests conducted by Ellis et
al. and Chow et al. underscore the relative success of treating (ultra)short-chain PFSAs with PFAS-
selective IX resin, while also demonstrating the reduced performance for the (ultra)short-chain

PFCAs, PFBA, PFPrA, and TFA.

Amberlite IRA910'7 is an industrial IX resin, one of many previously investigated IX
resins with peer-reviewed investigations for PFAS removal despite not being a “PFAS-selective”
resin. IRA910 IX has demonstrated high adsorption capacities for long-chain PFAS, and its
inclusion in this study allows for evaluation of its effectiveness compared to the relatively novel

PFAS-selective IX resins.’®!12:120.173

In batch test experiments conducted by Liu and Sun (2021), IRA910 similar performance
to other PS-DVB IX resins, removing greater than 90% of all short- and long-chain PFAAs which
were included in that study.!'? Further batch test experimental results from Maimaiti et al. (2018)

Ci *q;

determined the following binary separation factors (o = ) for IRA910 IX in bisolute

G * q;
systems: PFBA/PFOS: 0.394; PFBS/PFOS: 0.564; PFHxS/PFOS:1.961; PFOA/PFOS: 1.444;

PFOA/PFBS: 2.837; PFHxXA/PFOS: 0.740; PFHxXA/PFHxS: 0.509.'° The authors report a
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maximum adsorption capacity for PFOA and PFOS of greater than 1,400 mg/g, greater than 360
mg/g for PFBA and greater than 1,000 mg/g for PFBS — which exceed the maximum reported

capacities for F400 GAC by up to a factor of 5.709%:122

Alternative Adsorbents: The anonymized surface-modified clay (SMC) mineral

adsorbent selected for this evaluation was acquired from the manufacturers pursuant to a Non-
Disclosure Agreement (NDA) that prohibits disclosure of the product’s identity; as well as
prohibiting the attempted characterization of the media’s composition. The SMC has a bentonite
base functionalized with a quaternary ammonium surfactant intercalated via cation exchange in
between the clay mineral layers. The primary mechanism through which SMC is expected to
adsorb PFAS is via hydrophobic interactions with the intercalated surfactant, as well as
contributions from electrostatic interactions with the quaternary ammonium group.%®!”* There is

limited third-party data reporting its effectiveness for PFAS-removal in complex water matrices.

DEXSORB® is a proprietary adsorbent developed for the removal of PFAS from water
consisting of a granulated B-cyclodextrin-based polymer (f-CDP) with fluorinated aromatic cross-
linkers and quaternary ammonium functionalized comonomers. %1717 The hydrophobic cavity
of the B-cyclodextrin monomer is uniformly 0.78 nm in diameter, which reportedly provides
molecular selectivity and prevents pore blockage via size exclusion of DOM.!36137176 [t jg
hypothesized that the mechanisms through which polymeric B-cyclodextrin-based adsorbents, like
DEXSORB, function are hydrophobic interactions and electrostatic interactions, with additional
favorable interaction via formation of host-guest complexes and fluorophillic interactions induced
by fluorinated polymeric co-monomers.3%!13713 DEXSORB® is sold as a component in point-of-
use and at-home supplemental drinking water treatment systems, has reportedly good performance

for the removal of legacy PFAS from relatively complex matrices, fast adsorption kinetics, and
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demonstrates  size-exclusion effects to avoid inhibition from large @ DOM
molecules.> 3113513917717 previously reported adsorption capacities of B-CDPs for PFAS include
1,316.7 umol/g for PFOA (i.e. ~545 mg PFOA/g) and 672.6 umol/g for HFPO-DA (i.e. ~222 mg

HFPO-DA/g) 917

Wu et al. (2020) evaluated activated carbons and an aminated and a permanently positively-
charged B-CDP (referred to as aCDP and CDP+) in batch tests for the removal of 20 PFAS from
artificially-spiked (0.5 pg/L each PFAS) ultrapure water and “native-PFAS” present in real
groundwater samples sourced from the northeastern U.S. (TOC 1.5 — 2.1 mg/L). They reported
that each of the evaluated activated carbons with particle size < 212 microns (i.e. powdered
activated carbons (PACs)) and each of the B-CDPs were able to remove nearly 100% of the PFAS
in the ultrapure water matrix, while GACs with particle sizes between 425—-1000 microns (i.e.
GACs) removed all the PFAS to a lower extent (~50%) within the 4-hour equilibration time.!”” For
the batch tests conducted in the real groundwater matrices, overall removal was inhibited, yet long-
chain PFAS were removed to a greater extent for all of the evaluated activated carbons (ACs) and
B-CDPs, suggesting that hydrophobic interactions are the main adsorption mechanism for PFAS
adsorption to AC and B-CDP in complex water matrices. The CDP+, however, was consistently
the least inhibited by the groundwater matrices for removal of short- and long-chain PFAS,
suggesting that the sorbent surface charge is also a significant mechanism of removal particularly
for more hydrophilic short-chain PFAS. Further, their results indicate that co-occurring divalent
cations inhibit the electrostatic interaction between the PFAS and the positively-charged sorbent

surface in the complex water matrix.'”’

In batch tests conducted by Ruckbeil et al. (2025) evaluating ACs, IX resins, and various

alternative adsorbents for removal of PFAS and other organic micro-pollutants from German
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drinking water (4.5 mg/L TOC), DEXSORB® demonstrated low DOC removal, but was
significantly outperformed by various GACs and five PFAS-selective IX resins for the removal of
short-chain PFCAs and PFSAs and barely removed ultrashort-chain TFMS (~4% removal).!*! In
pilot-scale evaluations treating PFAS-contaminated California groundwater conducted by Medina

et al. (2022), an anonymized B-CDP sorbent media treated the following PFAS for the specified

number of BVs prior to initial breakthrough:

e PFOA: 17,400 BVs

e PFOS: 125,000 BVs; and PFBS: 30,000 BVs

Compared to the initial breakthrough of each of the compounds for the F400 GAC:

e PFOA: 22,400 BVs

e PFOS: 35,000 BVs; and PFBS: 17,200 BVs

for Fluorosorb 200:

e PFOA: 154,000 BVs

e PFOS: no breakthrough; PFBS: 100,000 BVs

And for the PFAS-selective IX resin, PEFA694E:

e PFOA: 77,000 BVs,

e PFOS: no breakthrough; and PFBS: 198,000 BVs.!'!4

Similar results were reported from batch tests and RSSCTs conducted by Ching et al.

(2023) on B-CDP adsorbents manufactured by Cyclopure (not specifically DEXSORB®).!* For
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the RSSCTs the order of PFAS breakthrough above 50% of the influent concentration was: (from

latest breakthrough to earliest):

e PFOA: 500,000 BVs; PFHxA: 125,000 BVs; and PFBA: 50,000 BVs

e PFOS~PFHxS: >500,000 BVs; and PFBS - 475,000 BVs.!3?

1.6.2. PFAS Selected for Evaluation

A continuous spectrum of PFAAs including C1-C8 PFSAs and C2-C9 PFCAs were
selected to (1) evaluate the commercial media for their ability to selectively remove ultrashort-,
short-, and long-chain PFAS from municipal wastewater effluent; (2) to investigate competitive
interactions amongst the selected PFAS analytes; and to (3) probe adsorption interference due to
co-occurring inorganic ions, dissolved EfOM, and non-PFAS micro-contaminants (not analyzed
for, but likely present in the UF membrane sample used as the influent to RSSCTs). In addition,
one PFECA, hexafluoropropylene oxide-dimer acid (HFPO-DA; also known under the tradename,
GenX, the ammonium salt of HFPO-DA), because it was included in the April 2024 finalized U.S.
EPA National Primary Drinking Water Regulation (NPDWR),?” and because it is an increasingly
detected short-chain alternative compound introduced to replace PFOA 213334180181 Rinally. one
fluorotelomer sulfonic acid, 6:2 fluorotelomer sulfonate (6:2 FTS), was also included in the
evaluation because it is a commonly occurring PFAS in the environment;'®? and to provide insight
into the relative competition for adsorption sites between PFAAs and a polyfluoroalkyl substance.
The PFAS selected for evaluation are presented in Table 1.1, above, along with some of their

relevant physicochemical properties.
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2. Manuscript: Evaluating Commercial Sorbents for Removal of Ultrashort-,
Short-, and Long-chain Per- and Polyfluoroalkyl Substances (PFAS) from Municipal

Wastewater Effluents

2.1.  Objectives and Hypothesis

Per- and polyfluoroalkyl substances (PFAS) are a large class of synthetic chemicals that
are estimated to include more than 14,000 compounds.® PFAS exhibit unique properties generally
attributable to the high bond energies of multiple C—F bonds along the alkyl backbone,” and they
have been utilized since the 1950s for hundreds of different uses in the oil & gas, aerospace,
semiconductor, and biotechnology industries; and in the production of plastics, metals, and
electronics.>* Additionally, PFAS are or have been employed in many other consumer use
categories such as personal care and cleaning products, food packaging, waterproof fabrics,
electronic devices, medical utensils, and aqueous fire-fighting foams (AFFF), among many other
applications.” In general, the same properties from which PFAS derive their utility, are also what
make them a challenge from an environmental health standpoint—PFAS are recalcitrant to
microbial, physical, thermal, or chemical degradation leading to their persistence and
accumulation over long time periods in the air, soil, and in water. %4183

The widespread use and environmental occurrence of PFAS, their mobility and resistance
to degradation, combined with the fact that conventional wastewater treatment plants (WWTPs)
are not designed to remove PFAS, accounts for how WWTPs have come to be recognized as a
significant pathway for PFAS to enter surface water bodies, and ultimately threatening drinking
water supplies.!*1%4¢ However, current treatment processes employed in WWTPs have limited

effectiveness for separating PFAS from effluent discharged to surface waters. Conventional

aerated activated sludge treatment of municipal wastewater, as well as traditional drinking water
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treatment techniques such as coagulation, flocculation, sedimentation, sand filtration, and chlorine
or UV disinfection have limited effectiveness at destroying or removing PFAS from aqueous
matrices.” !> Advanced treatment methods, such as granular activated carbon (GAC) and ion
exchange (IX) resins are two of the most well-established commercial adsorbent technologies for
the separation of PFAS from water due to their effectiveness, passive operation, and relatively low

t,2430.62.6387.102,122 A typical trend reported on the performance of GAC and IX resin adsorptive

cos
treatment is the preferential uptake of long-chain PFAS over (ultra)short-chain PFAS, while there
is general lack of research evaluating adsorbents for treating a full-spectrum of PFAS chain-
lengths. 3 315660 Information regarding separation of short- (C4 — C6 fluorinated carbons) and
ultrashort-chain (<C4 fluorinated carbons) PFAS by current and novel filtration media in WWTPs
is critically lacking which is concerning considering that short- and ultrashort-chain PFAS are an
increasing share of PFAS present in wastewater effluents. 9369747789093 Eor example, A study
published by Kim et al (2022) demonstrated that short- and ultrashort-chain PFAS primarily exit
WWTPs via aqueous effluent, whereas long-chain PFAS will tend to preferentially partition to
biosolids, suggesting that targeting treatment of long-chain PFAS in wastewater effluent should
not be the primary concern.!® In fact, a global meta-analysis by Cookson and Detweiler (2022)
shows rising short-chain PFAS levels in WWTPs from 2005-2020; and that, in the U.S., legacy
PFOA and PFOS concentrations have been declining in wastewater, while concentrations of
shorter PFAS like PFBA and PFBS are increasing.%’

There is limited published data available for the effectiveness of GAC, IX or other novel
adsorbents to remove short- and ultrashort-chain PFAS from water matrices with high wastewater-

derived organic matter content, and co-occurring inorganic ions, and other organic micro-

pollutants. 517478166 Qjenificantly, the effectiveness of GAC and IX resins to remove PFAS is

50



diminished by interferences arising from dissolved effluent organic matter (EfOM), co-occurring
ions and other potential trace contaminants.!>’%74% Given the cost and implementation challenges
associated with still-emerging PFAS destruction methods and separation techniques utilizing high-
pressure membranes, it is likely that adsorbent media are the most practical, robust, and mature
option for PFAS removal from municipal wastewater. Yet, there is a general lack of research
evaluating the use of adsorbent technology to treat ultrashort-chain PFAS, especially when
considered in a complex matrix with a mixed system containing a complete spectrum of PFAAs
of varied chain-lengths.?

The objectives of this study were to identify and evaluate different types of commercial
adsorbent materials (two GACs, three IX resins, one B-cyclodextrin-based polymer [3-CDP], and
one surface-modified clay mineral [SMC]) for removal of ultrashort-, short-, and long-chain PFAS
from municipal wastewater. The preliminary evaluation included batch sorption capacity and

kinetics tests in both ultrapure water (UP) and a synthetic wastewater (SW) matrix —constituted
from an effluent organic matter (EfOM) isolate—and commonly occurring inorganic ions. We
performed lab-controlled rapid small-scale column tests (RSSCTs) using the best performing
media from the preliminary evaluations to assess their ability to remove PFAS from a tertiary
treated municipal effluent, mimicking a realistic step in a potential treatment train approach
targeting PFAS removal that may be encountered in treatment trains designed for potable and non-
potable re-use.’”- 7482

We evaluated the efficacy of PFAS-selective media for the uptake of ultrashort-, short-,
and long-chain PFAS treating a complex water matrix containing wastewater effluent-derived

organic matter and co-occurring inorganic ions. Previous studies regarding the removal of

ultrashort-, short-, and long-chain PFAS from aqueous matrices suggest that ultrashort-chain PFAS
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will be poorly adsorbed by GAC, DEXSORB®, and the SMC due to weak electrostatic interactions
relative to the ion exchange resins. We anticipate the PFAS-selective media will outperform the
conventional media (i.e. GACs and non-selective IRA910 IX) in the RSSCTs for long- and short-
chain PFAS typically targeted for removal due to regulatory pressures (e.g PFOS, PFOA, PFHxA,
PFBS, HFPO-DA) primarily due to inhibitory effects introduced by the dissolved organic matter
and co-occurring inorganic ions. Finally, previously reported results from continuous-flow tests
treating multiple types of PFAS, suggest that the two PFAS-selective IX resins and DEXSORB®
will be the most effective adsorbent media for treating the entire suite of PFAS in the RSSCTs with

artificially-spiked, tertiary treated, real wastewater.

2.2. Materials and Methods

2.2.1. Chemicals

All chemicals used were certified ACS reagent grade or equivalent unless otherwise noted.
Analytical and mass-labelled PFAS internal standards used for PFAS quantification were
purchased from Wellington Laboratories (Guelph, ON), including the PFAC-MXA PFAS mixture
and MPFAC-MXA mass-labelled internal standard mixture. Additional mass-labelled PFAS
internal standards purchased from Wellington Laboratories included sodium 1H,1H,2H,2H-
Perfluoro-1-[1,2-12C2]-octane sulfonate ('*C2-6:2-FTS), and 13C-hexafluoropropylene oxide —
dimer acid (1*C3-HFPO-DA), used in the quantification of 6:2-FTS and HFPO-DA, respectively.
Further analytical standards used for PFAS quantification obtained from Wellington Laboratories
(Guelph, ON) included, sodium 1H,1H,2H,2H-perfluoroctane sulfonate (6:2-FTS), and ultrashort-
chain sodium perfluoroethane sulfonate (PFEtS), sodium trifluoromethane sulfonate (TFMS), and
pentafluoropropionic acid (PFPrA). The other two ultrashort-chain PFAS were quantified utilizing

analytical grade trifluoroacetic acid (TFA, >99% purity, product number: 74564) purchased from
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Sigma Aldrich (St. Louis, MO), and analytical grade sodium perfluoro-1-propane sulfonate
(PFPrS) purchased from Accustandard (New Haven, CT). Analytical grade sodium perfluoro-1-
pentane sulfonate (PFPeS) was also acquired from Accustandard. Quantification of HFPO-DA was
accomplished utilizing analytical grade tetrafluoro-2-(heptafluoropropoxy)propanoic acid (HFPO-
DA) purchased from Cambridge Isotope Labs (Tewksbury, MA). Table S.1 summarizes the vendor

information for each compound.

Concentrated PFAS stock solutions for batch adsorption and continuous-flow experiments
were prepared with Optima™ LC/MS grade Methanol purchased from Thermo Fisher Scientific.
The 18 PFAS which constitute the “18-PFAS mix” used in all batch and continuous flow tests are
listed in Table 1.1 along with their group classification, and relevant physicochemical properties.
Several of the PFAS analytes including, potassium perfluorooctanesulfonate (PFOS) (98% purity),
potassium perfluorohexanesulfonate (PFHxS), and sodium 1H,1H,2H,2H-perfluorooctane

sulfonate (6:2 FTS) were purchased in their salt forms.

Sealed vials containing methanolic solutions of each individual PFAS and the 18-PFAS
mix (either 1000 pg/L, or 2 mg/L (each PFAS)) were wrapped with parafilm and stored in a
refrigerator at 4 °C. Methanolic solutions of the eight perfluorocarboxylic acids (PFCAs) and one
perfluoroethercarboxylic acid (i.e. HFPO-DA) were prepared with 4 molar equivalents of sodium
hydroxide (NaOH; Fisher Scientific) to prevent methyl esterification of the carboxylate functional

groups on the PFAS analytes.

Quantification of PFAS was achieved using a 100% acetonitrile mobile phase and a 5 mM
ammonium formate (0.1% v/v formic acid) aqueous phase eluent. The methanol used was

Optima® LC-MS grade and the ammonium formate was certified LC-MS grade. Both of these
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chemicals were purchased from Fisher Chemical (Hampton, NH). Further details regarding the

LC-MS/MS methodology are available in the SI Section S3.

Stock solutions of inorganic anions and cations were prepared and stored at 4 °C until use
in the synthetic wastewater batch adsorption capacity and kinetics tests, utilizing the following
chemicals and vendors. Calcium chloride (CaCl;) and sodium bicarbonate (NaHCO3) were
purchased from Fisher Scientific (Hampton, NH). Sodium chloride (NaCl) and magnesium
chloride hexahydrate (MgCl, » 6H20O) were purchased from VWR Chemical. Magnesium nitrate
hexahydrate (Mg(NO3)2*6H>0) was purchased from Fisher Scientific, calcium nitrate tetrahydrate
(Ca(NO3)2*4H,0) from Alfa Aesar (Haverhill, MA), sodium phosphate dibasic heptahydrate
(Na2(PO4)*7H20) from Ameresco (Solon, OH). Details on the preparation of the synthetic
wastewater matrix is provided in the SI Section S.4. Sodium chloride (NaCl), hydrochloric acid
(HCIl) and sodium hydroxide (NaOH) for electrophoretic mobility (EPM) analysis of the

commercial sorbents were obtained from VWR Chemical (Radnor, PA).

2.2.2. Commercial media selected for evaluation

The commercially available adsorbent media evaluated in this study included a B-
cyclodextrin-based polymer (B-CDP), DEXSORB® produced by Cyclopure® (Evanston, IL); two
GAC:s: Filtrasorb® 400 (F400 GAC) produced by Calgon Carbon (Moon Township, PA) and
Norit® 1240+ (Marshall, Texas); two PFAS-selective IX resins: Purolite® PFA694 (King of
Prussia, PA) and Amberlite™ PSR2+ (Wilmington, DE); one non-selective IX resin: Amberlite™
IRA910; and an anonymized commercial surface-modified clay mineral adsorbent (SMC). Tables
S.2A and S.2B provide relevant properties and physical characteristics reported elsewhere in peer-
reviewed literature of the selected media, or as reported by the manufacturers in the respective

media specification data sheets.
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2.2.2.1.  Point of zero charge

The media point of zero charge (PZC) was measured by quantifying the sorbent surface
zeta potential across a broad range of pH values. Briefly, each of the sorbents were pulverized to
a fine powder using a mortar and pestle. The crushed sorbent was added at a concentration of 500
mg/L to a pH-adjusted 10 mM NaCl solution at one of pH 2, 4, 6, 8, 10, or 12. The solution pH
was measured with a Thermo Scientific (Waltham, MA) Orion™ Star A111 pH meter and adjusted
to the target pH using either hydrochloric acid or sodium hydroxide. Once a stable pH reading was
observed, the surface zeta potential was measured using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK). All experimental procedures for determination of the PZC were
conducted in triplicate. The results of the PZC determination are presented in the SI (Figure S.1,
Table S.6). The SMC was not characterized for its PZC due to irreproducible zeta potential
readings and drifting pH measurements when preparing the solutions. This effect is possibly due
to mechanical abrasion and crushing caused by the mortar and pestle, which may have weakened
the surfactant’s binding to the clay surface. Another potential explanation might be that the

surfactant leaching from the mineral surface at acidic pH ranges.

2.2.3. Batch sorption isotherm and kinetics tests in ultrapure water

Batch adsorption tests were conducted to determine the equilibration capacities and
kinetics of PFAS uptake for the media in both an ultrapure (UP) water matrix and in a synthetic
wastewater (SW) matrix in order to elucidate the effects of matrix interferences in the form of
effluent organic matter (EfOM), inorganic ions, and elevated pH (~8.5 pH units). The batch
adsorption tests conducted in the UP- and SW-matrices were preliminary evaluations to narrow
down the number of adsorbents evaluated in the subsequent RSSCTs. All batch tests were

conducted with a sorbent dose of 100 mg/L in a 50-mL polypropylene tube. After the 96-hr reaction
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period, up to 5 mL aliquots from each sample were collected in a polypropylene micro-centrifuge
tubes and stored at 4 °C until analysis by liquid chromatography tandem mass spectrometry (LC-
MS/MS). All batch tests included control samples with no media added to account for PFAS losses

to the reaction vessel walls.

The adsorption isotherms for the 18-PFAS mix (Figure 2.1) were generated for each of the
seven adsorbent media in the UP matrix as a preliminary screening to assess PFAS removal before
eliminating poor-performing media for subsequent isotherm tests. Eight different initial PFAS
concentrations of the 18-PFAS mix system (nominally: 5 pg/L, 10 ug/L, 50 pg/L, 100 pg/L, 225
ng/L, 500 pg/L, 1 mg/L and 2 mg/L). were reacted over the 96-hr period with over-end mixing at
40 rpm on a Fisherbrand™ Multi-Puropose Tube Rotator (Fisher Scientific, Waltham, MA).
Adsorption isotherm data for the seven media were fit to both non-linear and linear forms of the
Langmuir isotherm model, and non-linear and linear forms of the Freundlich adsorption isotherm
model (Section S.6.2).'% Kinetics data from ultrapure water experiments were fit to linear and
non-linear pseudo first order (PFO) kinetic model; and linear and non-linear pseudo second order

(PSO) kinetics model (Section S.6)

Based on the results of the UP water matrix isotherm screening tests, we did not evaluate
the adsorption kinetics of the 1240+ GAC nor the PSR2+ IX resin due to near identical sorption
capacities to F400 GAC, and due to poor uptake of the ultrashort- and short-chain PFAS,
respectively. All of the adsorption kinetics tests were conducted using a nominal 200 ug/L (each

PFAS) initial concentration of the 18-PFAS mix.

2.2.4. Synthetic wastewater (SW)-matrix sorption capacity and kinetics tests
Following the adsorption isotherm and kinetics experiments in UP water, analogous batch

tests were performed using a prepared SW effluent matrix made from an effluent organic matter
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(EfOM) isolate derived from the King County West Point (Seattle, WA ) wastewater treatment plant
and the addition of realistic quantities of inorganic ions from aqueous stock solutions. The
composition of the SW matrix used in the batch tests is presented in Tables S.3. All experimental
conditions for SW matrix batch tests were the same as those used in the UP water batch tests,
except that one more triplicate set of control samples was collected (in addition to the UP water

control samples) and quantified to control for any sorption of PFAS with the EfOM.

The EfOM isolate for the synthetic wastewater matrix was produced via solid-phase
extraction of a glass fiber filtered sample of pre-disinfected secondary wastewater effluent
collected from the King County West Point Wastewater Treatment Plant in January 2025. Further

details regarding the preparation of the EfOM isolate are provided in Section S.4.

F400 GAC, DEXSORB®, IRA910 IX, and PFA694 1X were the four sorbents evaluated
in batch adsorption capacity and kinetics tests in the SW matrix. Only three initial concentrations
of the 18-PFAS mix were evaluated for the SW adsorption capacity study: 20 ug/L, 200 ug/L, and
2 mg/L (each PFAS). During sampling, aliquots were filtered with 0.45 pm, 25 mm diameter
cellulose acetate syringe filters purchased from Sigma Aldrich. Syringe filters were first primed
with 5 mL of ultrapure water, then 20 mL of sample was wasted through the filter, prior to
collecting up to 5 mL in a polypropylene microcentrifuge tube and storing in a refrigerator at 4 °C
until preparation for analysis by LC-MS/MS (Section S.3, Table S.7, Table S.8). The overall low
adsorption capacity demonstrated by the SMC in the UP water batch tests precluded it from the
batch tests using the SW matrix as well as the RSSCTs. Similarly, the 1240+ GAC and PSR2+ IX
resin were also not evaluated in the SW matrix batch adsorption capacity and kinetics tests nor in

the RSSCTs using real wastewater.
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2.2.5. Rapid small-scale column tests (RSSCT5)

In order to better evaluate the treatment efficacies of the different media in a continuous-
flow setting and in conditions representative of real wastewater treatment plants, RSSCTs were
performed using tertiary-treated (ultrafiltration [UF] membrane) wastewater treatment plant
effluent spiked with 10 pg/L (each) of the 18-PFAS mix. The concentrations of PFAS in the column
influent and effluent were quantified using methods developed for the LC-MS/MS. Prior to testing
the media in the wastewater effluents, the source waters were characterized to assess background
concentrations of PFAS, metals, organic matter, and inorganic ions (Table S.5). A total of two grab
samples of approximately 30 gallons each of the UF membrane effluent were collected on July 7,
2025 and July 14, 2025 in clean and field-rinsed polypropylene buckets or carboys with secure
lids. Samples were transported directly to storage in a 4 °C refrigerator for less than four days until

used in the RSSCT experiments.

The F400 GAC, DEXSORB®, PFA694 IX, and IRA910 IX were all evaluated as reactive
media in the RSSCTs. Duplicate packed bed columns were packed with 1 wt% media and 99 wt%
acid-washed silica sand (Figure S.3). Two columns were packed with sand only (100 wt%) to
serve as controls to account for PFAS losses to sorption to sand grains either directly or indirectly
via association with dissolved EfOM that may subsequently associate with the sand. Parameters
for the continuous flow tests are presented in Table S.4 (i.e., column size, flow rate, mass of media,
pore volumes, etc.). All columns were constructed from polypropylene or PVC pipes, tubing, and
fittings acquired from McMaster-Carr (Elmhurst, IL). PharMed BPT tubing was used within the

pump housing of an Ismatec (Glattbrugg, Switzerland) IP high precision multichannel peristaltic

pump.
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Ten of the twelve pump channels led to the bottom of each of the columns, while two of
the channels were utilized to sample the concentrations of PFAS in the column influent reservoir.
The average values of the sample concentration from the duplicate influent lines were used as the
influent PFAS concentrations for purposes of normalizing the RSSCT breakthrough profiles. The
55-L influent reservoir was magnetically stirred during the 10-day study. After spiking the influent
reservoirs with the concentrated methanolic solution of the 18-PFAS mix, the reservoirs were
allowed to stir for at least one hour prior to inserting the tubing intakes for each of the test columns
into the bottom of the mixed, PFAS-spiked reservoir. The influent was fed to the test columns in
an up-flow configuration at a rate of 1.13 mL/min. A photo of the RSSCT set-up is provided in the
SI Figure S.3. Conservative bromide tracer tests were carried out to determine the pore volumes

for each column type (Section S.7.1, Figure S.18)

2.2.5.1.  Tertiary-Treatment UF-Membrane Pilot

The tertiary ultrafiltration (UF) membrane pilot was being evaluated for potential
application for on-site non-potable reuse to replace aging tertiary sand filters at the King County
West Point Treatment Plant. The module consisted of a containerized ZeeWeed 1500 ultrafiltration
system (Veolia Water Technologies, Boston, MA).'®¢ The single membrane module (600 ft2
surface area) housed in a 20-ft standard shipping container operated at feed flows of ~8 GPM with
a nominal pore size of 0.02 pm and an absolute pore size of 0.1 um. Disinfected secondary effluent
wastewater served as the influent to the UF membrane pilot. The pressurized hollow-fiber
membrane operated in alternating filtration and backwash cycles supported by automated cleaning

systems.
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2.2.5.2. Wastewater Characterization

The collected tertiary treated wastewater effluent was characterized for background
concentrations of PFAS, inorganic ions, metals, and organic matter content. The influent feed
parameters to the RSSCT columns are summarized in Table S.5. LC-MS/MS analyses for
background PFAS concentration of the 18 PFAS analytes in this study indicated that representative
PFAS were below the method limits of detection. The collected membrane effluent samples were
characterized for dissolved organic carbon (DOC) concentration using a Shimadzu TOC-L
analyzer (Kyoto, Japan). Concentrations of magnesium, calcium, sodium, ammonium chloride,
nitrate, and sulfate were quantified via ion chromatography, and lead, aluminum and iron
concentrations were determined via inductively coupled plasma-mass spectrometry (ICP-MS).

Instrument and methodology details for both analyses are presented in Section S.3, Tables S.7-8..

2.2.6. PFAS quantification

Concentrations of all PFAS in batch and continuous-flow tests were quantified by mass
spectroscopy using a Waters Corporation (Milford, MA) triple quadrupole mass spectrometer
(MS/MS) preceded by liquid chromatography (LC) using a Waters 2795 Alliance HT liquid
chromatography separations module. PFAS were analyzed via LC-MS/MS using a RESTEK
(Bellefonte, PA) ultra inert IBD 3 um high performance liquid chromatography (HPLC) column
(100 x 2.1 mm, RESTEK Catalog No. 9175312-T) as the stationary phase, preceded by a 10 x 2.1
mm guard cartridge for rapid small-scale column test (RSSCT) samples to pre-filter samples using
secondary effluent as the aqueous matrix. Table S.7 and Table S.8 provide details regarding the
operational parameters for the LC gradient and for the MS/MS multiple reaction monitoring

(MRM) transitional pairs. Further details provided in Section S.3.
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2.3.  Results and Discussion

For purposes of simplifying discussion, HFPO-DA will be considered as a short-chain
PFCA (although it is technically a perfluoroalkyl ether carboxylic acid). Similarly, 6:2-FTS will
be considered as a long-chain, PFSA in the discussion. Furthermore, the PFAS-selective PSR2+
IX resin and the SMC media demonstrated the lowest overall adsorption capacities for the
spectrum of PFAS evaluated in this study (Figure 2.1); therefore, detailed discussion of results
using these media are confined to the SI. Additionally, due to similar performances of the two
evaluated GAC, discussion focused on the Norit 1240+ GAC will also be confined to the SI to

allow for a more focused discussion across the different sorbent types.

2.3.1. Ultrapure water isotherm tests for 18-PFAS mix—non-selective 1X resin exhibits
greatest PFAS adsorption capacity

2.3.1.1.  GACs exhibit multi-layer adsorption at high aqueous PFAS loadings

Both the F400 and 1240+ GACs exhibited comparable performances in terms of total PFAS
removal percentages (Figure S.4), and in terms of the relative distribution of long-, short-, and
ultrashort-chain compounds sorbed at the different mass loadings of PFAS in each of the batch
tests conducted for UP water isotherm experiments (Figures 2.1, 2.2, S.11, S.12); however, they
displayed much reduced adsorption capacities for the 18-PFAS mix relative to the non-selective
IRA910 IX. The maximum adsorption capacity for 1240+ GAC for the 18-PFAS mix in the UP
water batch tests was 81 pg PFAS/mg, and for F400 GAC was 115 nug PFAS/mg, which are in
alignment with results reported previously reported results for F400 GAC that its adsorption
capacity for PFOS is up to 236 mg/g, and up to 112 mg/g for PFOA.'% Additionally, Zhang et al.

demonstrated that the single solute adsorption capacity of F400 GAC in ultrapure water for PFOS
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was 210 mg/g, for PFOA was 136 mg/g, for PFBS was 93 mg/g, for PFBA was 47 mg/g, for 8:2-

FTS was 188 mg/g, and for 4:2-FTS was 85 mg/g.”®

For both GACs, good fits to both the Langmuir and Freundlich isotherm models suggest
potential interactive effects of multiple mechanisms of adsorption including electrostatic as well
as hydrophobic interactions, and potentially PFAS-PFAS interactions.’*!%!'7 The F400 GAC
sorption envelope exhibited a stronger fit to the non-linear Freundlich isotherm model (1> = 0.961)
compared with its fit to the Langmuir model (1> = 0.860); whereas the 1240+ GAC sorption
envelope exhibited a better fit to the non-linear Langmuir isotherm model (r*>= 0.957) compared
with its fit to the Freundlich model (1= 0.921). GACs commonly demonstrate good fits to both
Freundlich and Langmuir models, where adherence to Langmuir-type adsorption is generally
indicative of single-layer adsorption to homogeneous adsorption sites with low initial aqueous
PFAS concentrations, while the Freundlich-type isotherms may provide a better fit due to
formation of a PFAS bi-layer via hemicelle structures and hydrophobic interactions,>®>97:105.187
Regardless, determining goodness-of-fit to Langmuir or Freundlich models is often not enough to

determine the adsorption mechanism because the two isotherm models might fit isotherm data

similarly.”?

Upon further inspection, both GACs appear to demonstrate “S-type” adsorption profiles
when exposed to artificially high aqueous PFAS concentrations in the 1 mg PFAS/L and 2 mg
PFAS/L UP water batch tests, indicative of multi-layer adsorption or a cooperative adsorption
effect typical of surfactants.!®'%0 For example, the 1240+ GAC had an average adsorption
capacity of 60.1 pg PFAS/mg and 62.1 pg PFAS/mg in the 500 pg PFAS/L and 1 mg PFAS/L
nominal initial concentration batch tests; however, when the nominal initial concentration
increased to 2 mg PFAS/L, the average adsorption capacity increased by 42% to 87.9 ug
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PFAS/mg. Similarly, for the F400 GAC the total PFAS adsorption capacity increased by an average
of 50% between the 500 pg PFAS/L and 1 mg PFAS/L, as well as between the 1 mg PFAS/L and
2 mg PFAS/ L nominal initial concentration batch tests. The slight differences in performance for
the two GACs are potentially a result of their reported differences in pore surface area and pore
volume (Table S.6). F400 GAC is slightly more mesoporous and may easily accommodate
multiple layers of sorbed PFAS within its pore volume, compared to the more microporous 1240+
GAC which was only able to accommodate multi-layer adsorption of PFAS with additional forcing
due to exceedingly high PFAS concentrations. As previously reported by Pauletto and Bardosz,'*!
Lei,*® Zhang et al.'? and others, GACs with large mesopore volume and wide pore structures (such
as F400 GAC), as opposed to GACs with microporous and narrow pore structures (such as 1240+
GAC) are able to accommodate the adsorption of more PFAS, and additionally tend to be less

inhibited by the presence of dissolved organic matter (DOM).

2.3.1.2. DEXSORB® exhibits sorption behavior dominated by hydrophobic
interactions

In the UP water isotherm tests DEXSORB® demonstrated (1) very similar trends to the
GAC:s across the entire suite of PFAS, (2) lower PFAS adsorption capacity than the non-selective
IRA910 IX resin across all batch tests, (3) lower adsorption capacity compared to PFA694 1X at
relatively low aqueous PFAS loadings, and (4) greater adsorption capacities compared to the other
two PFAS-selective media, PSR2+ IX and the SMC (Figure 2.1). DEXSORB® achieved greater
than 90% removal for each the PFAS in the 10 pg/L and 200 pg/L nominal initial concentration
batch tests, while exhibiting diminished removal percentages of all PFAS in the 2 mg/L UP water
batch test particularly considering the uptake of all but the longest-chain PFAAs and some short-
chain PFSAs (Figure 4), as corroborated by batch test results investigating f-CDPs conducted by

Yang et al. (2020)!7° where PFBA was only reduced 40%, HFPO-DA was reduced 70%, while
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PFHxA, PFHpA, PFOA, PFNA, PFDA, PFBS, PFHxS, and PFOS were reduced more than 95%
in 48 hours from initial concentrations of 1 pg PFAS/L. Short- and ultrashort-chain PFAS remain
the most challenging PFAS for uptake by B-CDP-based adsorbents.'**177:17%:193 Reduced uptake for
(ultra)short-chain PFAS by B-CDPs remains the most significant challenge for their

implementation, and is caused by intra-PFAS competition for sorption sites,*!”’

and the relatively
weak affinities of (ultra)short-chain PFAS for -CD relative to more hydrophobic PFAS (Figure

2.4).1%

In a similar manner as 1240+ GAC, DEXSORB® exhibited an S-type isotherm, where the
sorption capacity in the 2 mg PFAS/L batch test increased by 21% (to 59.8 ug PFAS/mg) from a
previous sorption plateau of 48.6 ug PFAS/mg (Figure 2.1). The exceedingly high PFAS loading
in the 2 mg/L UP water batch test likely forced hemicelle or a multi-layer PFAS sorption effect
onto the DEXSORB® polymer.!*® Karoyo and Wilson (2017) confirmed that PFOS and PFOA
will aggregate in hemicelles and exhibit self-assembly into multiple adsorptive layers at the
interface of the p-CD-incorporated polymers when exposed to high aqueous PFAS
concentrations.'”® Notably, the other PFAS-selective commercial media, PSR2+ IX and the SMC,
also displayed S-type sorption envelopes of the 18-PFAS mix, in that at greater aqueous PFAS
loadings these media exhibited greater adsorption capacities for certain longer-chain PFAS,
particularly for PFSAs (see individual isotherm plots in SI). In a review of peer-reviewed studies
focusing on the remediation of PFAS via separation mechanisms, Abbasian and Foudazi (2022)
highlighted that micelle and hemicelle formation are significant removal mechanisms for
hydrophobic PFAS by GACs, IX resins, and polymeric adsorbents at sufficiently high
concentrations, implying that PFAS-PFAS interactions are the likely mechanism controlling the S-

type isotherm profile displayed by DEXSORB®. %2
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The hypothesized key mechanistic role host-guest complexation with the B-CD

135,I37.146,175,177.194.195 {5 not supported by the results of the UP isotherm tests conducted for

cavity
the 18-PFAS mix, as is implied by the “S-shaped” isotherm profile. The sorption isotherm envelope
for DEXSORB® for the entire 18-PFAS mix exhibited a better fit to the non-linear Langmuir
isotherm model (1> = 0.980), relative to the Freundlich model (r*> = 0.910), suggesting single-layer
adsorption to homogeneous adsorption sites was a dominant removal mechanism,>*!°>!"7 which
could arise as a result of host-guest complexation. Indeed, Wang et al. (2017) reported that a -
CDP crosslinked with 4,4'-difluorodiphenylsulfone (DFPS) rapidly removed >99 % of diverse
organic micropollutants (e.g., BPA, 2-naphthol, 2,4-DCP, propranolol) from water through
monolayer chemisorption consistent with the Langmuir model and pseudo-second-order kinetics.
This and other studies reporting on the development of B-CDPs for PFAS treatment demonstrate
that the B-cyclodextrin monomer alone is ineffective for PFAS removal, but incorporation of
fluorous crosslinkers or cationic groups significantly improved the rapid, selective PFAS removal
even in moderately complex matrices. Therefore, alternative mechanisms to host-guest
complexation with the B-CD monomer cannot be ruled out as the dominant PFAS removal
mechanisms for DEXSORB. Evidence from atomistic molecular dynamics simulations published
by Choudhary et al (2022) suggest that synergistic effects between (1) PFOA attraction to the
modeled decafluorobiphenyl (DFB) polymer cross-linkers and (2) strong electrostatic interactions
between polar segments in the model B-CD-based polymer network and the headgroup of the
PFOA anion create more energetically favorable interactions, than the formation of PFOA-B-CD
host-guest complexes.!”® Their modeled results are corroborated by Ching et al. (2022)"*” who
evaluated 34 B-CDPs synthesized with 14 different crosslinkers. The evaluation determined that

B-CDPs consisting of TFN-CDP and amine- or amide-containing crosslinkers demonstrated the

65



greatest adsorption affinity and most rapid adsorption kinetics for removal of PFOS, PFHxS,
PFBS, PFOA, PFHxA, and PFBA from ultrapure water with respect to the other crosslinkers
investigated. The continued development of modified B-CDP highlights that the B-CD monomers
alone do not provide sufficient PFSA treatment, and that f-CDP surface charge, porosity, surface
area, cross-linker content, and cross-linker hydrophobicity are the most significant parameters

governing PFAS sorption to f-CDPs. '’

2.3.1.3.  Non-PFAS-selective IX resin has highest PFAS adsorption capacity

The non-PFAS-selective IRA910 IX had by far the greatest adsorption capacity of any of
the sorbents when considering the total adsorption of the entire 18-PFAS mix in the UP water
isotherm tests, eclipsing the maximum adsorption capacities of the PFA694 1X, GACs, and
DEXSORB® by at least a factor of 2.8. The maximum achieved adsorption capacity for the
IRA910 IX resin was 321.7 ug PFAS/mg sorbent, compared to 115.3 pg PFAS/mg sorbent for the
F400 GAC, 87.1 pg PFAS/mg sorbent for the PFA694 IX resin, and 18.0 ng PFAS/mg sorbent for
the PSR2+ IX resin. The isotherm envelope for IRA910 IX demonstrates similarly good fits to
both the non-linear Langmuir (r* = 0.923) and non-linear Freundlich (r*> = 0.900) isotherm models,
suggesting the involvement of electrostatic as well as hydrophobic mechanisms of PFAS

removal >>?%17 A

slightly better fit to the non-linear Langmuir model suggests single-layer
adsorption to homogeneous adsorption sites as the dominant removal mechanism, consistent with
manufacturer-reported chloride exchange capacities and the fundamental operational principles of
IX resins (i.e. 1:1 replacement of target ions with counter-ions onto homogenous functional
groups); however, the simultaneously good fit to the Freundlich isotherm model also suggests

adsorption via multiple interaction mechanisms to the resin surface.>*!':122 In literature reviews

focusing on PFAS removal by IX resins conducted by Dixit et al. (2021)°!, Boyer et al.(2021)!?2,
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and Zhang et al. (2019)”° each validate that intra-PFAS competition for adsorption sites,
electrostatic interactions, hydrophobic interactions, and hemicelle formation are all interacting
components governing PFAS removal by IX resins, which can result in either antagonistic or
synergistic interferences depending on matrix and target PFAS characteristics. To more accurately
encapsulate the combined mechanisms involved in the treatment of PFAS by IX resins, Freundlich

isotherms often successfully model the observed experimental sorption data.’®!2

When exposed to artificially high aqueous PFAS concentrations, the PFAS-selective IX
resins exhibit (1) substantially reduced adsorption capacities relative to the non-selective IX resin,
and (2) poor fits to either the Langmuir or Freundlich adsorption models (Figure 2.1 and Figures
S.16A-C). Both of the evaluated PFAS-selective IX resins demonstrated high capacities
(comparable to that of IRA910 IX) to remove the 18-PFAS mix to low residual aqueous
concentrations in the UP water batch tests with relatively low initial aqueous concentrations of
PFAS. However, for the PFAS-selective IX resins, the total PFAS isotherms in Figure 2.1, as well
as the multi-component and individual PFAS isotherms in the SI, reveal that after an apparent point
of maximum adsorption capacity with resulting low residual aqueous PFAS concentrations, the
adsorption capacities decrease by an average of approximately 47% between their maximum
achieved adsorption capacity and the adsorption capacity achieved in the 2 mg PFAS/L nominal
initial concentrations batch tests. The adsorption capacity of PFA694 IX for the 18-PFAS mix
shows a 48% reduction from a maximum of 87.1 pg PFAS/mg sorbed to 45.2 pg PFAS/mg after
equilibration in the batch test with a nominal initial concentration of 2 mg PFAS/L. Similarly,
PSR2+ IX resin has a maximum adsorption capacity of 18.0 pg/mg in the 110 pg PFAS/L nominal
initial concentration batch test, but only a capacity of 8.0 ng PFAS/mg after equilibration in the

batch test with a nominal initial concentration of 2 mg PFAS/L (~45% reduction). The isotherms
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generated by the PFAS-selective IX resins demonstrate their initially high adsorption capacities to
achieve low residual aqueous PFAS concentrations resulting in an initial linear portion of the
isotherm with a near infinite slope are classified as “H-type” isotherms, implying exceptionally
high sorbate affinity for the sorbent. 8818198199 H_type isotherms characterize the PFAS-selective
IX resin isotherm profiles and corroborate their reported high-affinity for PFAS; yet, their
diminished capacity beyond a certain threshold of aqueous PFAS loading distinguishes their
performance significantly from that of the non-selective IRA910 IX resin, as well as the other

traditional and novel adsorbents evaluated.

Significantly, IRA910 IX resin exhibited the least adsorption of the three smallest PFCAs
and the smallest PFSA, suggesting a slight discernible preference for long-chain PFAS as a result
of greater hydrophobic interactions—further validating that not only electrostatic interactions
control PFAS removal via [X resin. In the UP water batch tests with 10 pg/L and 200 pg/L nominal
initial PFAS concentrations, IRA910 IX demonstrated greater than 90% removal for the entire
suite of PFAS, with the exception of TFMS (82%) in the 200 pg/L batch test (Figure 2.4). In the
2 mg/L UP batch test, IRA910 IX removed all of the PFAS in excess of 80%, with the exception
of short-chain PFBA and ultrashort-chain PFPrA and TFA. The IRA910 IX resin has elsewhere
demonstrated high adsorption capacities for long- and short-chain PFAS as a result of favorable
electrostatic interactions, while PFAS hydrophobicity and resin porosity have been shown to be
important factors contributing to the efficacy of IRA910 IX for PFAS removal from aqueous
matrices.’®!12120200 The exceptionally high removal percentages achieved by IRA910 IX for all
but the shortest PFCAs are in alignment with previously reported batch tests conducted by Liu and
Sun (2021), where IRA910 IX, removed greater than 90% of all short- and long-chain PFAAs

included in the study with 0.6 pg/L initial PFAS concentrations (C4 PFBS—C8 PFOS and C3
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PFBA—C7 PFOA).'"? These authors report a maximum adsorption capacity of greater than 1,400
mg/g for PFOA and PFOS, >360 mg/g for PFBA and >1,000 mg/g for PFBS — which exceed the
maximum reported adsorption capacities for F400 GAC by up to a factor of 5.7¢92122 Although
electrostatic interactions and ion exchange were important mechanisms for PFAS removal, Liu
and Sun concluded that the relative mesoporosity of IRA910 IX was favorable for the diffusion
and adsorption of PFAS and the formation of hemicelles or PFAS aggregations on the resin surface,

resulting in its high adsorption capacity, particularly for long-chain PFAS.!!?

Although hemicelle and micelle formation is not expected to be a relevant mechanism in
the removal of PFAS treating realistic concentrations in the context of municipal wastewater
treatment, they are a possible mechanism to explain the results of the UP water matrix batch tests
where the total PFAS concentration exceeded 36 mg PFAS/L. Artificially high PFAS
concentrations can induce hemicelle formation at interfaces at 0.1-1% of the compound’s critical
micelle concentrations (CMCs), which for PFOS and PFOA the reported values are 4,573 and
15,696 mg/L.%%-187:201-205 Maimaiti et al. (2018) cited the formation of hemicelles as the mechanism
leading to the increased adsorption capacity of IX resins at high initial aqueous concentrations of
PFOS.'?° In addition, Deng et al. (2010) reported that the ratio of PFOS sorbed to chloride released
via ion exchange was greater than 1.0 at high PFAS loadings indicating that hemicelle formation
in the inner pore spaces of IX resins contributed to the high adsorption capacities of long-chain
PFAS to IX resins in systems that exceeded environmentally relevant concentrations by many
orders of magnitude.'!” High initial PFAS concentrations were used in this study to determine the
maximum sorption capacity of each sorbent despite exceedance of environmentally relevant PFAS
concentrations, although influent PFAS concentrations used in the RSSCTs more closely resemble

realistic concentrations reflecting a heavily contaminated groundwater impacted by release of
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AFFF, which can contain mixtures of PFAS with concentrations in the range of 10—50 pg

PFAS/L.>0206

The large adsorption capacity of the non-selective IRA910 IX resin in the UP water matrix
in comparison with the PFAS-selective IX resins can be explained by their fundamentally different
structures. IRA910 IX resin is classified as macroporous, while the PFAS-selective IX resins are
both classified as microporous (aka gel-like). Similar to the distinction between
macroporous/mesoporous versus microporous GAC — the macroporous structure of non-selective
IRA910 IX can accommodate the accumulation of a much greater mass of PFAS through multi-
layer adsorption and/or aggregations of PFAS hemicelles to the resin surface.®%-9%120:122.187.207 [y
the UP water matrix batch tests with exceedingly high initial concentrations of the 18-PFAS mix,
the IRA910 IX resin better accommodated multi-layer adsorption and hemicelle formation, thus
achieving significantly greater total adsorption capacities compared to PFA694 or PSR2+ IX
resins.*%>120:122.187 The fundamental macroporous structure of IRA910 IX is likely a key
component in its design purpose as a general purpose industrial de-mineralization IX resin, while
another contributing factor to the greater PFAS adsorption capacity of the non-selective IX resin
is potentially due to its inherently smaller dimehtylethanolammonium functional
groups.'2%172173.208 The small (relative to the tri-n-butyl ammonium functional groups of PSR2+
IX), hydrophilic (alcohol-based) functional groups on the IRA910 IX are potentially favorable for

reducing pore blockages allowing for greater and quicker access to interior pore spaces for the

(ultra)short-chain PFAS, particularly in the UP matrix batch tests.”*!??

The contrasting results between the non-selective IRA910 IX resin and PFAS-selective X
resins can be further explained by a similar phenomenon contributing to pore blockages on the

microporous (or gel-like) PFAS-selective IX resins. The microporous structures of the PFAS-
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selective IX resins likely limited the overall access to binding sites for the 18-PFAS mix, leading
to the nearly halved total adsorption capacities in the 2 mg/L nominal initial concentration UP
water batch tests compared to their maximum achieved adsorption capacities in batch tests with
lower initial PFAS concentrations.’®**® Preferential adsorption of long-chain PFAS, particularly
PFSAs, to the PFAS-selective IX resins contributed to pore blockages and reduced adsorption
capacities for each of the long-, short-, and ultrashort-chain PFCAs (Figure S.16-S.17). Each of
the IX resins evaluated demonstrated a similar surface zeta potential across a broad range of pHs
(Figure S.1), and had similar manufacturer-reported chloride ion exchange capacities, thus
differences in electrostatic interaction or total anion exchange capacity are not likely to account
for the differences in PFAS adsorption capacities of the different resin types. In contrast to the
effects exhibited by the macroporous IX resin, the formation of hemicelles or aggregation of long-
chain PFAS (particularly PFSAs) on the surface of the microporous PFAS-selective IX resins
contributed to pore blockage and reduced access to PFAS binding sites via diffusion within the
inner pore spaces of the PFAS-selective, microporous resins, and reduced the overall PFAS

adsorption capacity at high aqueous PFAS loadings.>%%1-103:105.120.187
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Figure 2.1 — Total PFAS Adsorption Isotherms in the ultrapure water matrix. The sum of all 18-PFAS total adsorption
capacities for each of the seven commercial sorbents analyzed in this study.

Experimental Conditions: Ultrapure water, 18-PFAS mixed system (Table S.1), 100 mg/L (5mg) as-received sorbent dose
in 50 mL Polypropylene test tube. Equilibration time: 4 days (96 hours), while rotating at 40 rpm, room temperature.
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2.3.2. Intra-PFAS competition in an ultrapure matrix: long-chain PFAS outcompete
(ultra)short-chain PFAS

Competitive interferences between the long-, short-, and ultrashort-chain PFAS occurred
for each of the sorbent media evaluated, where the longer-chain PFAS tend to show higher
maximum adsorption capacities than any of the other compounds, inhibiting sorption of shorter-
chain PFAS—even causing the desorption of (ultra)short-chain PFAS. The multi-component
isotherms for each of the seven sorbents shown in the Figures S.11A-S.17A present a more
detailed visualization of the distribution of the PFAS mass sorbed for the 18-PFAS mix in the UP
water batch isotherm tests. Figure 2.2 displays the cumulative percentage of PFAS mass sorbed to
each media considering groupings by PFAS chain-length classification and functional group for
each UP water batch test from the isotherm experiments with increasing nominal initial PFAS
concentrations. Importantly, it is crucial to recognize that when evaluating the plots in Figure 2.2,
the relevant quantities to track are the change in the proportions of each sub-group adsorbed as the

PFAS loading is increased.

Considering F400 GAC in Figure 2.2, as the initial PFAS aqueous concentrations increased
in subsequent batch tests, there was a marked decrease in total PFAS removal percentage in the
500 pg PFAS/L batch test, and the effects of competitive adsorption were apparent. For instance,
in the relatively low nominal initial PFAS concentration batch tests (i.e. up to 225 pg PFAS/L),
F400 GAC achieved greater than 95% removal for the entire 18-PFAS mix; while there was
virtually no change in the relative proportions of ultrashort-chain PFCAs to short-chain PFSAs
sorbed. Between the 500 pg PFAS/L and 1 mg PFAS/L nominal initial concentration batch tests,
there was a smaller percentage of (ultra)short-chain PFAS sorbed to F400 GAC in favor of long-

chain PFSAs, and to a lesser extent, long-chain PFCAs and short-chain PFSAs. Overall, F400
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GAC demonstrated a preference for removal of the long-chain PFSAs and the longer-chain PFCAs,
achieving nearly complete removal of long- and short-chain PFCAs along with the full spectrum
of PFSAs in the 10 pg/L and 200 pg/L UP water batch tests, while achieving only approximately
80% removal of ultrashort-chain TFA and PFPrA (Figure 2.4). In batch tests with the greatest
initial aqueous PFAS concentrations (2 mg/L each PFAS), F400 GAC demonstrated a preference
for removal of the long-chain PFAAs, simultaneously demonstrating less than 20% removal of
short-chain PFPeA, PFBA, and PFBS, and ultrashort-chain PFPrA, TFA, PFPrS, PFEtS, and
TFMS, corroborating the preference of GAC to sorb long-chain PFAS.3*’¢ Zhang, et al.
demonstrated that the effect of preferential sorption versus desorption of certain PFAS to GACs
and IX resins arises due rapid initial adsorption of more hydrophilic (ultra)short-chain PFAS to
outer sorption sites or via faster diffusion into internal pore area before subsequent competitive
displacement by long-chain PFAS, particularly PFSAs.?®1% The progression of (ultra)short-chain
PFAS sorption to the media followed by displacement by longer-chain PFAS, and the preferential
displacement of PFCAs by PFSAs are reflected in the adsorption kinetics data in the SI, while the
increasing proportions of long-chain PFAS sorbing to GAC in each subsequent batch test (Figure
2.2) highlight the strong affinity of GAC to sorb long-chain PFAS relative to (ultra)short-chain

homologues.

Compared with F400 GAC, DEXSORB® exhibited a similar, yet more pronounced,
preference for PFSAs over PFCAs, as well as a preference for long- and short-chain PFAS over
ultrashort-chain PFAS. Suppression of the individual adsorption isotherms of the (ultra)short-chain
PFAS for each of the evaluated media was attributed to competitive displacement by PFSAs of
PFCAs, and by long-chain PFAS displacement of (ultra)short-chain PFAS. (Figures S.11—S.17).

Our finding that DEXSORB® and the other media evaluated all show preferential removal of
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longer-chain PFAS and PFAS with sulfonic acid head groups is consistent with previous findings
that suggest that GACs, IX resins, and alternative adsorbents all demonstrate greater treatment
efficacy for PFSAs over PFCAs and long-chain PFAS over (ultra)short-chain PFAS.#-376:81
Similar results between F400 GAC and DEXSORB® are validated by the commonly reported
result of greater adsorption and uptake of PFSAs relative to PFCAs due to greater electrostatic
effect and larger size of the sulfonic acid functional group which contributes to the tendency for

PFSAs to be more hydrophobic than corresponding PFCAs.”*%

Amongst the four adsorbents evaluated, each exhibit preferences similar to F400 GAC for
the uptake of long-chain PFSAs over other PFAS through the process of competitive displacement;
however, even at concentrations where the PFAS-selective and non-selective IX resins begin to
experience reduced removal percentages, there is a more balanced distribution of different PFAS
chain-lengths sorbed to any of the IX resins compared to the GACs and alternative adsorbents. For
instance, considering PFA694 1X in Figure 2.2, the average percentage of long-chain PFCA mass
sorbed is consistently between 6.5 — 10.7%, until the 2 mg PFAS/L UP batch test where the fraction
of long-chain PFCA mass sorbed decreases to 3.4%. Similar trends for PFA694 IX resin are
observed when considering the (ultra)short-chain PFCAs, and ultrashort-chain PFSAs; whereas
the opposite trend is observed for the long-chain PFSAs. Initially, long-chain PFSAs sorbed to
PFA694 IX constituted approximately 11% of the total PFAS mass sorbed; yet by the 2 mg PFAS/L
nominal initial concentration batch test, the percentage of PFAS mass sorbed contributed by the
long-chain PFSAs increased to 37%. Meanwhile, the percentage of short-chain PFSA mass sorbed
by PFA694 IX is relatively consistent across all initial concentration ranges (between 24.2% and
27.4%). The IX resins demonstrated chain-length dependent sorption that was significantly less

pronounced than the strong preferential adsorption of longer-chain PFAS and PFSAs to the GACs,

75



DEXSORB, or SMC, thus highlighting the unique role of electrostatic interactions as a PFAS
removal mechanism for IX resins.”®*!** Results reported here are in agreement with consistently
observed trends regarding PFAA removal by IX resin, that IX resins exhibit greater removal
efficiency of PFSAs over PFCAs and their greater uptake with increasing PFAA chain-length,
specifically del Moral et al. (2020) demonstrated that PS IX resins exhibit greater removal of C8

PFAS than C4 PFAS,60:113.126

The IX resins exhibit greater maximum achieved adsorption capacities for long-chain
PFAS, similar to the GACs, DEXSORB® and SMC — while demonstrating more comparable
maximum achieved adsorption capacities for the (ultra)short-chain PFAS, suggesting less chain-
length dependent sorption on IX resin media. To compare the relative affinities between the suite
of PFAS evaluated and the four selected sorbent media, we compare the maximum achieved
adsorption capacity (gmax) for each of the eight UP water batch tests with increasing initial nominal
concentrations of the 18-PFAS mix to the molecular weight (MW) of each PFAS analyte (Figure
2.3.). Note that comparing the Freundlich or Langmuir model fits were inadequate to describe the
observed phenomena regarding competitive adsorption and desorption of the (ultra)short-chain
PFAS. The GAC and alternative adsorbents each show a strong exponential increase in maximum
achieved adsorption capacity as the MW of the PFAS homologue increases, suggesting
hydrophobic interactions as the primary mechanism governing PFAS uptake for those media.
Conversely, Figure 2.3 (also Figure S.5C) reveals that both the PFAS-selective and non-selective
IX resins have relatively consistent sorption affinity across the spectrum of PFAS chain-lengths,
suggesting that MW (a proxy for hydrophobicity) is less of a factor for the sorption of PFAS to the
IX resins, than it is for GAC, DEXSORB, or SMC; and that electrostatic interactions are the

primary driving mechanism governing PFAS adsorption to those media. Hydrophobic interactions
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are evidently still an important mechanism for the sorption of the longest-chain PFAS to the IX
resins, as shown by the greater maximum adsorption capacities achieved for the long-chain PFSAs

and PFCAs by all three of the evaluated IX resins.
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Figure 2.3. Maximum achieved adsorption capacity (q_max) for the UP water matrix adsorption
capacity batch tests in the 18-PFAS mixed system. Comparisons between the two evaluated GACs
(top); SMC vs DEXSORB® (middle); and non-selective IRA910 IX vs PFAS-selective PFA694 1X
(bottom). Solid symbols represent HFPO-DA and 6:2-FTS, respectively. Exponential equation
regressions shown with corresponding correlation coefficient for each of the sorbent media.
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2.3.3. Fast sorption of (Ultra)short-chain PFAS, suppressed and displaced by longer-
chain PFAS in ultrapure matrix via intra-PFAS competition

In the UP water adsorption kinetics tests, preferential adsorption of longer-chain PFAS
combined with inhibited sorption and competitive displacement of (ultra)short-chain PFAS was
apparent for DEXSORB®, GAC, and the SMC, while intra-PFAS competitive interferences did
not clearly manifest for the IX resins due to greater overall sorption capacities for the 18-PFAS
mix (Figures 2.5.1 and 2.5.2). Intra-PFAS competition for sorption sites is dependent on
properties of the particular PFAS, sorbent media, and matrix characteristics. Short- and ultrashort-
chain PFAS will tend to diffuse quickly, and can more quickly access the internal pore spaces to
initially sorb primarily to accessible electrostatically-favorable sites, but may be displaced by more
slowly diffusing, yet more preferentially sorbed, hydrophobic long-chain PFAS.3® Each of the
media demonstrated more rapid PSO initial adsorption velocities for (ultra)short-chain PFAS
relative to longer-chain homologues (Figures S.6C — S.10C), while the longer-chain PFAS were
adsorbed to DEXSORB® and GAC (and SMC) to a greater extent in the kinetics tests, supporting

the theorized sorption kinetics progression for those media.

Suppression of adsorption capacities and competitive displacement due to intra-PFAS
competition in the kinetics tests was most pronounced for the shortest PFAS on the GAC and
DEXSORB® media. The F400 GAC UP water multi-component kinetic profiles (Figure 2.5.1 -
A) exhibit de-sorption of PFPrA between 24 and 96 hours, and suppression of the equilibrium
adsorptive capacities of the ultrashort-chain PFAAs, PFBA, and PFPeA. DEXSORB® exhibits de-
sorption of TFA, PFPrA, and TFMS between 6 and 24 hours, and suppressed sorption of PFBA,

PFPeA, and HFPO-DA. The preferential sorption of PFSAs and longer-chain PFAS displayed by
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F400 GAC and DEXSORB® which resulted in displacement and reduced adsorption capacities
for the (ultra)short-chain PFAS is also an observed effect for the IX resins in the UP isotherm batch
tests (Figure 2.2, Figure S.11, S.13). The IX resins exhibited lower equilibrium adsorption
capacities in the isotherm tests, and more rapid PSO initial adsorption velocities for (ultra)short-
chain PFAS relative to long-chain PFAS (Figures S.8C and S.9C), supporting the hypothesized
mechanistic kinetic progression of PFAS removal. Regardless of the sorbent type, shorter, more
hydrophilic PFAS diffuse more quickly and weakly sorb primarily onto electrostatically favorable
sorption sites; they are likely to experience inhibited sorption and competitive displacement by

longer, more hydrophobic PFAS as available sorption sites on the media become exhausted.

Each of the five media evaluated provided better fits to the non-linear PSO kinetic model
as is commonly reported for GAC, IX resin, and alternative media adsorptive processes, although
PFO models also commonly provide good fits to experimental data,>>89-91117.121L122,125,154.192 The
non-linear PSO model provided the best fits to the experimental data for all five media considering
the entire 18-PFAS mix, thus comparison of PSO model kinetic parameters allowed for direct
comparison of kinetics data across the different media types (Figure 2.5.0). Only PFA694 1X had
a coefficient of determination (r?) which was slightly greater for the non-linear PFO kinetic model
fit (r> = 0.996) compared to the non-linear PSO kinetic model (r>= 0.994). The PSO parameter vo,
known as the “initial adsorption velocity,” (units of: [ug PFAS / mg sorbent / hour]) is derived
from the denominator of the first term in the linearized PSO kinetic model (Section S.6, Eq. 8).
The initial adsorption velocity describes the relative affinity between a sorbent-analyte pair in the

early stages of an adsorption process adequately modeled by the PSO kinetics, and is defined in

Equation (1):°%21
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ug PFAS ] (1)

2 s s . .
v, =k, * = initial adsorption velocit [
o 2* e p Y mg sorbent xhour

Where k2, and qe are the non-linear PSO model rate constant and equilibrium adsorption capacity.
For each of the five adsorbents evaluated for their adsorption kinetics of the 18-PFAS mix in the
UP water matrix, vo is plotted against the PFAS MW in Figures S.6C — S.10C. (Tables S.9 — S.13
present data regarding the kinetic rate of adsorption in the UP water batch tests, along with the

PFO and PSO kinetics model fits for each of the PFAS analytes for the five adsorbent media).

(Ultra)short-chain PFAS demonstrated a tendency for faster PSO initial adsorption
velocities for all five of the sorbent media, consistent with previously reported trends. Generally,
the non-selective IRA910 IX resin and F400 GAC (“traditional sorbents) exhibited contrasting
trends in terms of the variation of the PSO initial adsorption velocities with increasing PFAS MW.
Whereas, the PFAS-selective PFA694 IX resin and DEXSORB® displayed comparable patterns
across the spectrum of PFAS chain-lengths. For the non-selective IRA910 IX resin (Figures S.8C),
comparable PSO initial adsorption velocities across the spectrum of PFAS chain-lengths provided
a poor fit to an exponential decay function (1> = 0.151), indicating consistent sorption affinity for
PFAS compounds regardless of chain-length due to domination of electrostatic interactions as the
primary PFAS removal mechanism for the non-selective IX resin. Comparatively, F400 GAC
(Figure S.6C) displays a moderately good fit (r*= 0.627) to an exponential decay function where
for longer-chain PFAS (i.e. those with greater MW) vo decreases exponentially with MW,
suggesting that slower adsorption of larger PFAS to interior GAC pore sites is driven by slower
rates of intra-particle or pore diffusion despite greater overall capacities for longer-chained

PFAS.97’177
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Fundamentally different adsorptive mechanisms likely explain the contrasting trends
displayed between the non-selective IRA910 IX resin (Figure S.8C) and F400 GAC (Figure
S.6C), in terms of the degree to which the PSO vq varied exponentially with PFAS MW. For the
IRA910 IX, the entire suite of 18 PFAS have relatively equal access to abundant sorption sites, as
evidenced by the exceptionally high removal percentages achieved by IRA910 IX for both long-
and (ultra)short-chain PFAS in the UP water batch test with nominal initial PFAS concentrations
of 225 and 500 pg PFAS/L (99.7% + .02%, and 99.3% + .08 % removal of entire 18-PFAS mix).
Compared to the relative hydrophobicities of the PFAS of varying perfluorinated chain-lengths,
the electric charges are less variable across the suite of PFAS. The combination of an abundance
of accessible adsorption sites and consistently strong electrostatic attraction imparted by IRA910
IX to the PFAS anions regardless of perfluorinated chain-length resulted in the consistent
adsorption velocities across the suite of PFAS chain-lengths demonstrated in Figure S.8C,
supporting electrostatic interactions as the primary mechanism of adsorption of PFAS to the non-
selective IX resin in the UP matrix. On the other hand, for F400 GAC, the PSO initial adsorption
velocities have a better fit to an exponential decay function with increasing PFAS MW, suggesting
hydrophobic interactions as the main driving adsorption mechanisms. Long-chain PFAS primarily
sorbed via hydrophobic interactions initially encounter limited easily and quickly accessible
sorption sites on GAC, hindering their PSO initial adsorption velocities due to slower diffusion to
potential sorption sites. The contrasting trends between the PSO initial adsorption velocities across
the suite of PFAS chain-lengths for the non-selective traditional sorbent media, IRA910 IX and

F400 GAC, can be explained by their contrasting primary mechanisms of PFAS removal.

Similar trends displayed between the sorbent media designed and marketed for targeted

PFAS removal from aqueous matrices (PFA694 1X and DEXSORB®), regarding their sorption
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kinetics of the 18-PFAS mix, can be explained by their similar design considerations combining
elements of electrostatic, hydrophobic, and potentially fluorophillic interactions®*. PEA694 IX (1>
= 0.317) resin and DEXSORB® (r?> = 0.331 [PFOS excluded]) exhibited improved fits to an
exponential decay function relative to IRA910 IX when comparing vo as a function of PFAS MW
(Figure S.7C and Figure S.9C). DEXSORB® has demonstrated improved uptake of short-chain
PFAS as a result of design modifications made to B-CD-based polymers. ¢ Modifications intended
to improve the PFAS treatment efficacy of such polymers include imparting positive surface charge
and fluorophillic interactions via integration into the polymer matrix of quaternary ammonium
functional groups and fluorinated cross-linkers.”* The attraction for PFAS imparted by the f-CD
monomer in combination with the fluorophillic interactions is strongly linked to chain-length,
comparable to the correlation between chain-length and hydrophobicity,’* while PFAS anion
attraction with positively quaternary ammonium groups on the DEXSORB® resembles their
interactions with the non-selective IX resin. The positive surface charge of DEXSORB® (Figure
S.1) increases the initial sorption affinity of more hydrophilic PFAS allowing (ultra)short-chain
PFAS to more rapidly diffuse to access internal sorption sites on the DEXSORB similar to their
behavior on GAC. The combination of electrostatic, hydrophobic and fluorophillic interactions
manifest in the PSO sorption velocity trends being intermediate to those of the non-selective IX

and the GAC.>3%%122

Similar design modifications can be made to IX resins to increase their uptake and
selectivity for PFAS. Increasing the size of the IX resin functional groups (i.e. increasing the
number of methyl groups on the alkyl chains attached to the cationic group) can increase the
adsorption of PFAS by increasing the non-electrostatic interactions of the resin with more

hydrophobic PFAS®!:121:122:206211 Qpecialized functional groups can be designed to selectively

84



adsorb short-chain PFAS, as is likely the case for the emergent commercially available PFAS-
selective IX resins.>>9394123:128 1 obitz et al. (2025), reported on how a commercial IX resin can be
functionalized with novel fluorinated functional groups to enhance the adsorption capacity and
kinetics of ultrashort-chain and short-chain PFAS compared to an un-modified resin.>’ Although
complete composition information is not available for the proprietary functional groups of the
PFA694 IX resin, the similar trends between the adsorption kinetics data across the suite of PFAS
chain-lengths for DEXSORB® and PFA694 IX suggest similar combinations of PFAS removal
mechanisms for the two media. Obviously, PFA694 IX resin is designed primarily to remove PFAS
via ion exchange, though it is likely that it contains large, potentially fluorinated, functional groups
attached to the base PS-DVB polymer matrix. The similar PSO initial adsorption velocity trends
displayed by the PFA694 IX and DEXSORB® reflect the commonalities between the intentionally
designed PFAS-selective media targeting a combination of hydrophobic, electrostatic, and
fluorophillic interactions for adequate simultaneous treatment of legacy PFAS and emerging

(ultra)short-chain PFAS 24103128

Notably, DEXSORB® displayed the greatest initial adsorption velocity (vo = 5.7 pg PFAS
/ mg sorbent / hour) for PFOS (Table S.10, Figure S.7B), indicating a particularly high affinity
for PFOS in a mixed system with a variety of PFAS of different chain-lengths, and that this strong
affinity overcomes potential sorption limitations due to slower pore diffusion of longer-chain
PFAS. Additionally, when considering the PSO initial adsorption velocity determined for the entire
18-PFAS mix, DEXSORB® had the greatest initial adsorption velocity (vo= 20.2 pyg PFAS / mg
sorbent / hour), double that of IRA910 IX (10.1 pg PFAS / mg sorbent / hour), while F400, and
the SMC, demonstrated vo parameter values of 9.5, 7.4 pg PFAS / mg sorbent / hour. The fast

sorption kinetics of DEXSORB® are in agreement with kinetics batch test results reported by Wu
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et al. (2020) and Ling et al. (2017) that B-CDP exhibit PFAS sorption kinetics similar to powdered
activated carbon (PAC) as a result of the polymer’s porosity allowing easy access to adsorption
sites.!””!” Qur finding of a relatively high initial adsorption velocity for IR910 IX compared to
PFA694 1X, which demonstrated the lowest PSO initial adsorption velocity of 6.6 pg PFAS / mg
sorbent / hour, is in agreement with trends that microporous (gel-like) resins exhibit lower initial

adsorption rates than macroporous resin.'??
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Figure 2.5.0 Adsorption Kinetics Results — Sum of all 18-PFAS initial concentration normalized adsorption
kinetics for each of the five adsorbent media evaluated in the UP water matrix. Approximately 200 pg/L (each)
PFAS as starting concentration (Co). Figure 2.5.0 depicts the total PFAS removal kinetics, normalized to the
initial PFAS concentration for each of the five adsorbent media evaluated in the UP water matrix.

Experimental Conditions: Ultrapure water, 18-PFAS mixed system (Table S.1), 100 mg/L. (5mg) as-received
sorbent dose in 50 mL polypropylene test tube. Sacrificial data points collected after 1 min, 5 min, 10 min, 20
min, 1 hour, 2 hours, 6 hours, 24 hours, and 96 hours of equilibration, rotated at 40 rpm, room temperature.
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(below). Multi-component normalized adsorption kinetics plots for PFCAs and PFSAs
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2.3.4. Less inhibition by synthetic wastewater matrix on PFAS-selective media sorption
capacities, kinetics

Significantly, results demonstrating the adequacy of PFA694 IX to treat all but the shortest
PFCAs to high degree of removal in the synthetic wastewater matrix, offer insight into resolving
two of the primary challenges regarding adsorptive PFAS treatment from aqueous matrices: (1)
limited removal of PFAS and limited PFAS selectivity due to competitive sorption of other co-
contaminants, and (2) low overall effectiveness in the removal of short-chain PFAS.** Sorption
capacity and kinetics tests conducted in the synthetic wastewater matrix suggest that F400 GAC,
IRA910 IX are severely limited in their capacity for PFAS in the SW matrix, DEXSORB® exhibits
minor inhibition for sorption of long-chain PFSAs in particular, while PFA694 IX demonstrated
the least sorption inhibition across the entire suite of PFAS with only reduced performance for the

shortest PFCAs in the SW matrix.

In regard to F400 GAC, PFAS removal capacity was dramatically impaired by the SW
matrix constituents. F400 GAC achieved average removal percentages below 50% for each of the
18 PFAS in each of the SW matrix batch tests, with the exception of PFOS and PFHpS, which
were removed to 65% and 52% from initial concentrations of 20 yg PFAS/L (Figure 2.4). In
comparison, nearly complete removal was achieved for the long- and short-chain PFCAs and the
full spectrum of PFSAs in the 10 and 200 pg PFAS/L initial concentration batch tests conducted
in UP water. Inhibited uptake by F400 GAC, especially for (ultra)short-chain PFAS, in the
synthetic wastewater effluent is consistent with results that GACs are a more suitable treatment
for hydrophobic long-chain PFAS, but suffer in their ability to treat short-chain PFAS.> Due to its
tendency for non-selective adsorption of a variety of contaminants, GAC efficiency for PFAS
removal is often limited by the presence of other co-contaminants, which exhausts the adsorptive

capacity of the GAC particularly for less hydrophobic (ultra)short-chain PFAS.** Inhibited PFAS
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removal by F400 GAC in the SW matrix is consistent with results reported by Zhang et al. that the
presence of inorganic ions can significantly inhibit the adsorption of short-chain PFAS to GAC by
reducing weakly present electrostatic interactions that would be favorable to adsorption in cleaner
matrices.”® As is evident from the low PFAS removal percentages for F400 GAC in each of our
SW batch tests, the effect is most pronounced for short-chain PFPeA, PFBA, and PFBS, and all
five of the ultrashort-chain PFAAs. Inhibited PFAS removal in the synthetic wastewater effluent
for F400 GAC is consistent with results reported by Lenka et al. who observed that GACs suffer
in their ability to treat short-chain PFAS especially when co-occurring inorganic ions will compete
for limited electrostatically favorable adsorption sites on.>® Overall, across all three of the SW
batch adsorption capacity tests the suppressed removal percentages for the F400 GAC, illustrate
the limitations of GAC to treat ultrashort-, short-, and long-chain PFAS as a result of interferences

introduced by complex matrices simulating wastewater effluent.

DEXSORB® was inhibited in a similar manner to F400 GAC in the uptake of (ultra)short-
chain PFCAs in the SW matrix batch tests; however, the B-CDP-based media demonstrated
diminished inhibitory effects for the uptake of PFSAs and long-chain PFCAs in the complex
aqueous matrix. In the SW matrix batch test with the lowest nominal initial aqueous PFAS

concentrations (20 pg PFAS/L), the removal percentages achieved by DEXSORB® were:
68.6% for PFOA, 16.7% for PFBA, 11.5% for TFA,
96.5% for PFOS, 68.6% for PFBS, and 10.2% for TFMS,

compared to the removal percentages achieved by F400 GAC:
50.1% for PFOA, 17.6% for PFBA, 20.5% for TFA,

63.9% for PFOS, 33.1% for PFBS, 10.8% for TFMS
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This trend between the GAC and DEXSORB® observed in the 20 pg PFAS/L SW batch test was
also exhibited in the 200 ug PFAS/L SW matrix batch tests (Figure 2.4). When tested at 2 mg
PFAS/L in the SW matrix, DEXSORB® exhibited only slightly diminished removal percentages
for long-chain PFSAs, short-chain PFPeA, and long-chain PFOA and PFHpA, while exhibiting
greatly reduced removal percentages for all the remaining PFCAs and (ultra)short-chain PFSAs
compared to its performance in the 2 mg PFAS/L UP batch test. The relatively high and comparable
removal percentages in both the SW matrix and UP water batch tests for PFOS, PFHpS, PFHxS,
PFPeS, PFNA, and PFOA highlight the preferential removal of long-chain PFAS by DEXSORB®
relative to (ultra)short-chain PFAS despite matrix interferences in the form of co-occurring EfOM
and inorganic ions. Our finding that DEXSORB experiences limited inhibition in the SW matrix
for the uptake of long-chain PFAS suggests that DEXSORB® demonstrates DOM exclusion
effects due to the B-cyclodextrin cavity. Lack of inhibition by DOM is consistent with previous
results reported by others for P-CDPs,!348:135138139,146,177.193.212 \while the lack of uptake of
(ultra)short-chain PFAAs by B-CDPs in the complex water matrix remains an established
limitation for their implementation as PFAS treatment. Reduced inhibition of DEXSORB®
relative to GAC in the SW tests may be attributable to F-F interaction mechanisms imparted by
fluorinated polymer components, which purportedly can improve uptake capacity and kinetics of

(ultra)short-chain PFAS in the presence of co-contaminants.”?

Consistent with the SW batch test results for F400 GAC and DEXSORB®, the non-
selective IRA910 IX resin displayed the most sorption inhibition for the (ultra)short-chain PFCAs
and the ultrashort-chain PFSAs in the SW matrix (Figure 2.4). Although IRA910 IX still had the
greatest overall PFAS removal efficiency in the 2 mg PFAS/L SW batch test amongst all the

evaluated adsorbents, it displayed removal percentages below 40% for PFHxA, HFPO-DA,
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PFPeA, PFBA, PFPrA, and TFA across each of the SW batch tests. In comparison, IRA910 IX
achieved greater than 80% removal for the entire suite of PFAS in the UP water batch tests (with
the exception of short-chain PFBA (71.4%) and ultrashort-chain PFPrA (54.3%), and TFA (12.8%)
in the 2 mg PFAS/L UP batch test). Competitive sorption with other co-contaminants can foul IX
resins severely impacting their PFAS sorption capacity, and inhibited PFAS uptake due to co-
occurring inorganic ions have been previously demonstrated for IRA910 IX by Maimaiti et al.!?

Kothawala et al. (2017) also showed that the 2—8 mg C/L of DOM resulted in approximately 10%

reduction in PFAA uptake by polystyrene AER.>®

Despite exhibiting removal percentages above 80% in each of the SW batch tests for PFOS,
PFHpS, PFHxS and PFPeS, the degree of PFAS uptake inhibition caused by the SW matrix
exhibited by IRA910 IX was more pronounced than then inhibition exhibited by the PFA694 IX
in the 20 pg PFAS/L and 200 pg PFAS/L SW batch tests. Although IRA910 IX resin out-performed
PFA 694 IX resin for the removal of all PFAS in the 2 mg/L batch tests conducted in both the UP
water matrix and SW matrix for all of the PFCAs and PFSAs, such high concentrations of PFAS
are not environmentally relevant, suggesting that IRA910 IX may not necessarily be suitable for
treating low ng/L concentrations of PFAS in highly complex matrices as would be encountered in
municipal wastewater treatment plants,2430:36.62.63.65.66.69.70.122 1) each of the SW matrix batch tests,
IRA910 IX displayed similar percent removals in each of the three tests, with generally decreasing
removal percentages for PFAS with shorter perfluorinated chain-lengths, indicating that co-
occurring inorganic ions preferentially sorbed to the non-selective IX resin in place of many of

(ultra)short-chain PFAS.

The PFAS-selective PFA694 IX demonstrated the least adsorptive capacity reduction

across the entire suite of PFAS as a result of the SW matrix in the batch tests conducted with the
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most environmentally relevant nominal initial PFAS concentrations (Figure 2.4). In the SW matrix
batch tests with nominal initial concentrations of 20 and 200 pg PFAS/L, PFA694 IX achieved
greater than 80% removal for all of the PFSAs, while greater than 70% removal was achieved for
all but the shortest PFCAs (PFBA, PFPrA and TFA which were removed at 74%, 48%, and 35%,
respectively). The principal finding from the SW batch tests was that near complete removal was
achieved by PFA694 IX in the 20 pg PFAS/L SW batch test for PFOA, PFHpA, HFPO-DA, PFOS,
PFHpS, PFHxS, 6:2-FTS, PFPeS, and PFBS. Comparatively, for PFA694 IX in the 10 and 200 pg
PFAS/L nominal initial concentration batch test conducted in the UP water matrix, greater than
90% removal was achieved for the entire spectrum of PFAS, except for TFA (84% removal in the

200 pg/L nominal initial concentration batch test).

The relatively consistent performance of PFA694 IX for the uptake of all but the ultrashort-
chain PFCAs between the batch tests conducted in UP water and the SW matrix suggest that the
PFAS-selective IX resin would be most effective in removing environmentally-relevant
concentrations of PFAS from municipal wastewater effluents. In the peer-reviewed literature, batch
test evaluations of PFA694 IX in complex matrices are lacking, yet one previous study conducted
by Wang et al. using ultrapure water batch tests demonstrated that PFA694E IX has a greater
capacity for the sorption of the full spectrum of PFSAs over (ultra)short-chain PFCAs, and a
slightly greater capacity for long-chain PFAS, in general, over (ultra)short-chain PFAS.*®
Additionally, in a pilot system treating landfill leachate, Malovany et al.-reported that the PFAS-
selective IX resin showed little removal of DOC, compared to F400 GAC; and 2—10 times longer
treatment of PFOS and PFOA by PFA694E IX, indicating minimal sorption inhibition due to
dissolved organics for the removal of long-chain PFAS.!” Consistent with other reports on the

performance of the PFAS-selective IX resin in relatively complex matrices, we find that PFA694
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IX exhibits very little sorption inhibition for all but the shortest PFCAs (PFBA, PFPrA, and TFA)
in the SW matrix with the most realistic PFAS concentrations, suggesting this sorbent media will
be most effective at treating the full suite of PFAS in a continuous flow setting treating real
wastewaters.”>!%7 Kothawala et al. (2017) reported that PFAS uptake on IX resin was independent
of DOM content, while GACs are clearly limited for PFAS treatment>® In each of the SW matrix
batch tests, IRA910 IX displayed similar percent removals in each of the three tests, with generally
decreasing removal percentages for PFAS with shorter perfluorinated chain-lengths, indicating that
co-occurring inorganic ions preferentially sorbed to the non-selective IX resin in place of many of

(ultra)short-chain PFAS.
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Figure 2.4 compares the results from three of the batch adsorption capacity tests in UP water with nominal initial
PFAS concentrations of 10 pg/L, 200 pg/L, and 2 mg/L (each PFAS) with the three batch adsorption capacity tests



The more complex water matrix inhibited the PFAS adsorption kinetics and adsorption
capacities compared to the UP water batch tests across the spectrum of PFAS chain-lengths for
each of the evaluated sorbents, especially for PFCAs and (ultra)short-chain PFAS. Figures 2.5.1
and 2.5.2 illustrate the deleterious effects on the adsorption kinetics imparted by the SW matrix
for each of the four adsorbents evaluated. DEXSORB® and PFA694 1X demonstrated the least
kinetic rate inhibition in the SW matrix, while the conventional non-selective adsorbents (i.e. F400
GAC and IRA910 IX) demonstrated more pronounced effects of dynamic competitive equilibrium
in the SW matrix, in regards to the sorption and de-sorption of shorter-chain compounds as they
are displaced from the sorbent by either longer-chain PFAS or EfOM. As discussed in Section 2.3.2
the competitive displacement of short-chain PFAS on GAC and IX arises due to the slower, yet
preferential, sorption of long-chain PFAS.”® The intra-PFAS competitive effects observed in the
UP water batch tests are amplified in the SW matrix kinetics tests, with no PFAS being removed

below 40% of the initial aqueous concentration by F400 GAC.

Sorption kinetics can also be reduced due to interferences from complex matrices, while
our results indicate the PFAS-selective PFA694 1X and DEXSORB® are generally less impacted
by the more complex matrix. Overall, the similar kinetic adsorption rates demonstrated by PFA694
IX between the UP water and SW matrix batch tests, particularly for the PFSAs and long-chain
PFCAs imply that the PFAS-selective IX resin will be most effective for removing those
compounds in the continuous-flow tests treating a complex real wastewater, with the greatest
limitations for treating (ultra)short-chain PFCAs. In a review of PFAS removal via IX by Dixit et
al. (2021), the authors highlighted that the presence of DOM can decrease PFAS removal efficacy,

91,122

and that the type and composition of the DOM can influence the degree of inhibition, while

some IX resins have been shown to be less inhibited by DOM, or effective at simultaneous removal
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of DOM and PFAS.3*!127 Co-occurring divalent cations (e.g. CaCly) can decrease the PFAS
adsorption capacity and kinetics for both GAC and IX resin via direct competition, compression
of the electrical double-layer surrounding dissolved PFAS ions, and adsorbent surface charge
suppression.”® A primary knowledge gap for PFAS treatment regarding PFAS-selective IX is a
lack of understanding of the impacts of dissolved ions, additional contaminants, and wastewater-
derived organic matter present in the aqueous matrix,’*!>* thus this evaluation of PFA694 IX in
batch and continuous-flow tests in complex matrices for the removal of a wide range of PFAS

chain-lengths works to close this gap.

In the SW matrix, F400 GAC exhibited multi-staged sorption-desorption processes for a
majority of the PFAS; while, in the UP water kinetics tests, equilibrium was attained relatively
rapidly and directly via PSO kinetics processes for the majority of the 18-PFAS mix (excluding
PFPrA and TFA) (Figure 2.5.1). For example, PFBA was reduced to 86.1% of the initial
concentration (Co = 232.6) after 20 minutes of contact time in the SW matrix, after 1 hour the
concentration was found to have returned to 98.6% of Co, before eventually equilibrating to 81.6
% Co as the final equilibrated concentration after 96 hours. All of the PFAS, except PFOS and
PFNA, exhibited a sudden decrease in the removal fraction within 2 hours of equilibration contact
time with F400 GAC, which indicates sequential sorption of shorter-chain PFAS followed by
desorption and displacement by longer-chained PFAS. Additionally, the average time to achieve
equilibrium exceeded 48 hours in the SW matrix. In comparison, in the UP matrix, F400 GAC
achieved equilibrium between 24—48 hours for the PFCAs, and by 24 hours for the PFSAs.
Inhibitory effects manifesting as slow adsorption kinetics are consistent with results reported by
Zhang et al. which demonstrated (1) that long-chain PFAS can displace shorter-chain adsorbed

PFAS already adsorbed to the GAC surface, and (2) short-chain PFAS sorption to GAC is inhibited
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by the presence of co-occurring cations.”® Reduced adsorption capacities and slower sorption
kinetics profiles in the SW matrix further corroborates the significant reduction in GAC as a viable
PFAS treatment in municipal wastewater as a result of inhibition introduced by dissolved EfOM

or co-occurring inorganic ions.>%7%#

DEXSORB® exhibited greater overall removal percentages for all of the PFAS in the SW
matrix compared to F400 GAC; however, its kinetic rates of adsorption are greatly diminished in
the SW batch tests, particularly for the removal of (ultra)short-chain PFAS. In terms of the
sorption-desorption processes occurring in the early phases of the SW kinetics tests DEXSORB®
displays similar trends to those of F400 GAC. For example, TFMS, PFPrA, and TFA were the only
PFAS to demonstrate de-sorption from DEXSORB between 6—24 hours in the UP water batch
test with equilibrium attained by 24—48 hours. Meanwhile, in the SW matrix, the same ultrashort-
chain PFAS exhibit de-sorption earlier (between 2—6 hours), with continued equilibrium
exchanges and reduction in removal fractions continuing to approximately 72—96 hours. The
early and more widespread de-sorption in the SW matrix demonstrated by both F400 GAC and
DEXSORB is a likely result of the additional matrix constituents reducing access to available
adsorption sites via pore blockage or direct competition, and reducing the overall sorption
capacities for the 18-PFAS mix and severely limiting PFAS sorption kinetics. The inhibitory
effects of the SW matrix are consistent with batch tests conducted by Ruckbeil et al. evaluating
ACs, IX resins, and various alternative adsorbents for PFAS and other organic micro-pollutant
(OMP) removal from German drinking water (4.5 mg/L TOC).'3! In their evaluation, DEXSORB®
demonstrated low DOC removal, but was significantly outperformed by various GACs and five
PFAS-selective IX resins for the removal of short-chain PFCAs and PFSAs and barely removed

ultrashort-chain TFMS (~4% removal).!*! Despite demonstrating promising results for long-chain
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PFCAs and long- and short-chain PFSAs regarding a lack of sorption inhibition introduced by co-
occurring EfOM and inorganic ions, the performance of DEXSORB® is suppressed to the point
of complete ineffectiveness in the SW matrix for (ultra)short-chain PFSAs and ultrashort-chain

PFCAs — implying reduced treatment efficacy for those compounds in the continuous-flow tests.

The combined results of the kinetics and adsorption capacity batch tests in the SW matrix
imply that the PFA694 IX resin would be the best performing media for the removal of the 18-
PFAS mix in a continuous-flow setting treating a wastewater effluent containing realistic
concentrations of dissolved organic matter and typically occurring inorganic ions. In the SW
matrix, IRA910 IX resin demonstrated (1) reductions in the removal rate and the fraction of PFAS
removed at equilibration for all but the long-chain PFSAs, and (2) de-sorption between 12 and 24
hours of ultrashort-chain TFA and PFPrA, and of short-chain PFBA. By comparison, PFA694 1X
exhibited only slightly decreased adsorption kinetics and removal fractions at equilibrium for the
entire suite of PFSAs in the SW batch kinetics tests. While, for the PFCAs, PFA694 [X equilibrium
was achieved later and the overall removal fraction at equilibrium was reduced—particularly for
the (ultra)short-chain compounds, suggesting that PFA694 IX may provide reduced treatment
efficacy for (ultra)short-chain PFCAs. PFPrA and TFA were the only PFAS that demonstrated the
de-sorption effect on PFA694 IX in the SW matrix, beginning between 6 and 24 hours of
equilibration contact time, further indicating poor expected treatment performance in the
continuous-flow tests. Although both the non-selective IRA910 IX resin and PFAS-selective
PFA694 1X display markedly consistent kinetic rates of adsorption to near complete removal for
the entire suite of 18 PFAS in the UP water batch tests, the PFAS-selective IX resin demonstrates
the most comparable adsorption kinetic profiles between the UP water and SW matrix batch tests,

indicating the least sorption inhibition due to the SW matrix constituents. The similar kinetic
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adsorption rates demonstrated by PFA694 IX between the UP water and SW matrix batch tests,
particularly for the PFSAs and long-chain PFCAS, imply that the PFAS-selective IX resin will be
most effective for treating those compounds in the continuous-flow tests treating a complex real

wastewater.

2.3.5. PFA694 IX outperforms all adsorbents in RSSCTs for majority of 18-PFAS Mix

The breakthrough curves normalized to the average influent concentration, presented in
Figures 2.6A and 2.6B illustrate the superior performance of the PFAS-selective PFA694 IX resin
for the majority of the PFAS evaluated in this study. The batch test results in the UP and SW
matrices corroborated the RSSCT findings in that PFA694IX was the least inhibited in terms of
adsorption kinetics and capacities for the full suite of PFAS, and that DEXSORB® is marginally
the next most effective adsorbent. Similarly, the non-selective F400 GAC and IRA910 IX
exhibited the greatest inhibition due to the SW constituents in the batch tests, and subsequently
performed very poorly relative to PFA694IX in the RSSCTs. The non-zero effluent concentrations
for the RSSCTs indicate that the mass-transfer zone for each of the PFAS evaluated was not
captured within the commercial media test columns.**!2° This effect could be due to a combination
of inhibited adsorption kinetics and capacities due to the complexities introduced by the real

53,58,74

wastewater matrix, as well as insufficient media contact time as a result of using 1wt% active

media mass.*’

The F400 GAC breakthrough curves demonstrate near immediate breakthrough for all of
the PFAS, with the exception of PFOS, which still broke through relatively rapidly. Considering
the PFSAs (Figure 2.6A), F400 GAC slightly underperformed non-selective IRA910 IX resin for

all but 6:2-FTS, which demonstrated near immediate breakthrough in the non-selective IX resin
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columns. F400 GAC similarly slightly underperformed or had similar removal efficiencies in the

RSSCTs when compared to DEXSORB® for all 18 of the PFAS considered in this study.

Overall, the breakthrough curves for the DEXSORB® columns are similar to those for
GAC and non-selective IX resin, while showing the best treatment performance for PFOS in the
continuous flow tests. DEXSORB’s relative functionality for treating PFOS in a tertiary-treated
municipal wastewater effluent is consistent with previous reports suggesting that DEXSORB®
may be a suitable technology for PFOS treatment in complex matrices, but lacks suitability for
treatment of other co-occurring short-chain, and ultrashort-chain PFAS.!3! PFA694 IX resin was
by far the best performing adsorbent media for the treatment of each of the 18 PFAS in this
complex multi-component system, with the exception of PFOS and TFA. Regarding PFOS,
PFA694 1X was able to treat approximately three times as many column pore volumes (PVs) (250)
prior to effluent concentrations surpassing 50% of the average influent concentration (i.e. 50%
breakthrough), compared to the remaining three test media, which surpassed 50% breakthrough

after treating approximately 75 PVs.

For the rest of the PFSAs PFA694 IX demonstrated much lower effluent concentrations for
significantly longer operational times, including for the ultrashort-chain compounds TFMS,
PFEtS, and PFPrS. Overall, the F400 GAC, DEXSORB, and IRA910 IX resin had no significant
difference in performance, in that 50% breakthrough occurred at approximately 50 PVs treated for
all of the PFSAs (other than PFOS). IRA910 IX exhibited near immediate breakthrough of 6:2-

FTS.

Considering TFA, breakthrough occurred nearly immediately for all four of the test media,
and also demonstrated a pronounced chromatographic effect for each of the test media®>®’. The

chromatographic effect is caused by displacement of sorbed compounds as the treatment operation
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is on-going resulting in effluent concentrations that are greater than the measured influent
concentrations. The chromatographic effect may also play a role in the breakthrough curve profiles
for the rest of the compounds in the 18 PFAS system, however normalized effluent concentrations
greater than 1.0 in the later portions of the RSSCTs are more likely the result of unintentionally
spiking of the third influent reservoir (Reservoir E/F) with an excess of PFAS compared to the

targeted concentration of 10 pg/L in the first two influent reservoirs (Reservoirs A/B and C/D).

The trend of decreasing time to breakthrough with decreasing PFAS chain-length is
generally followed for the PFA694 IX resin and the deviation from the order of the PFAS breaking
through based solely on the perfluorinated chain length are likely a result of unequal PFAS
concentrations in the test columns’ influent. As has been previously reported, the breakthrough of
anionic PFAS when treated by GAC or IX resin typically occurs for ultrashort-chain first, then
short-chain, and long-chain PFAS.#-1L107.114116 Byalyating the breakthrough curves of the PFCAs
for PFA694 IX (Figure 2.6B), 50% breakthrough occurred first (nearly immediately) for the
ultrashort-chain TFA, then breakthrough occurred for PFPrA (~60 PVs), PFPeA (~125 PVs), PFBA
(~125 PVs) PFHxA (~220 PVs), HFPO-DA (~230 PVs), PENA (~250 PVs), PFHpA (~270 PVs),
and PFOA (~320 PVs). Considering the PFSAs (Figure 2.6A), the breakthrough pattern was less
dependent on the chain-length of the particular PFAS, but showed a more consistent number of
PVs treated across the spectrum of ultrashort- to long-chain PFSAs. The breakthrough order from
earliest to latest was: TFMS (~220 PVs), 6:2-FTS (~240 PVs), PFEtS, PFPrS, PFBS, PFOS (~350
PVs), PFPeS, PFHxS, PFHpS (>370 PVs). Overall, PFA694 IX had the greatest treatment
operational times for a majority of the long-, short-, and ultrashort-chain PFSAs, while only
treating one PFCA to nearly the same extent (PFOA) and showing lack of capacity to treat

(ultra)short-chain PFCAs, particularly.
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The strong performance of PFA694 IX is generally in agreement with previous results
investigating PFAS-selective IX resins (including several peer-reviewed studies which evaluated
a similar product Purolite™ Purofine™ PFA694E IX, purportedly designed and marketed for use
in drinking water treatment systems with unspecified differences from PFA694 IX designed for
PFAS removal from wastewaters.'® For instance, Chow et al. (2022) reported on the relatively
short service times for successful treatment of PFEtS, PFPeA, PFBA, and PFPrA in pilot-scale,
continuous flow tests treating PFAS-impacted groundwater for PFAS-selective Purolite® PFA694
IX and Amberlite PSR2+ IX, with a substantially lower number of bed volumes (BVs) treated
prior to PFAS breakthrough for Norit 1240+ GAC.’! PFAS-selective IX resins treated PFEtS
PFPeA, PFBA, and PFPrA occurred after treatment of 120,000 BVs, 60,000 BVs, 20,000 BVs,
and <15,000 BVs, respectively, with no long-chain PFSA breakthrough above 10% after treating
more than 210,000 BVs.>! Comparatively, the 1240+ GAC exhibited breakthrough above 10% for
PFEtS, PFPeA, PFBA, PFPrA after treatment of 13,000 BVs, 20,000 BVs, 10,000 BVs, and <5000
BVs, respectively.’! In a pilot test for a drinking water treatment of PFAS contaminated
groundwater in California, Medina et al. (2022) confirmed that (1) PFAS-selective IX resins,
including PFA694E IX, outperform a variety of GACs in terms of BVs treated prior to
breakthrough; (2) that shorter-chain PFAS breakthrough earlier than longer-chain compounds; and
that (3) PFCAs of same fluorocarbon chain length will breakthrough earlier than corresponding
PFSAs."* Similarly, for treating a landfill leachate, Malovany et al. (2023) demonstrated that
PFA694E IX can treat PFOS for ~22,000 BVs and PFOA for ~8,000 BVs prior to breakthrough in
continuous flow tests, compared to less than 2,000 BVs for each compound for the F400 GAC.

The PFAS-selective resin showed little removal of DOC, compared to F400 GAC; and only
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slightly outperformed the GAC for removal of the sum of 11 other PFAS detected in the influent

groundwater.'%’
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2.4.  Conclusion

We find that despite demonstrating exceptionally high adsorption capacity for long-, short-
, and ultrashort-chain PFCAs and PFSAs in ultrapure water tests evaluating a combined 18-PFAS
system, the non-PFAS-selective IRA910 IX resin performs similarly to GAC and DEXSORB®
when operated in a continuous flow setting, treating a complex wastewater matrix. In the SW
matrix batch tests, all the adsorbents were negatively impacted in terms of a decrease in the total
adsorption capacity, and a decrease in the rate of adsorption. Inhibition of the sorption capacity
and sorption rate was more pronounced for the PFCAs, compared to the PFSAs; and the PFAS-
selective DEXSORB® and PFA694 IX demonstrated the least inhibition in batch tests conducted
in the SW matrix. When considering a spectrum of PFAAs from ultrashort-chain to long-chain
compounds in continuous flow column tests, F400 GAC, DEXSORB®, and IRA910 IX were
significantly outperformed by PFAS-selective PFA694 IX in terms of the total number of column
pore volumes treated prior to exceedance of 50% breakthrough of the influent PFAS concentrations
of the 18-PFAS mix. PFA694 IX did only slightly outperform the other adsorbents in terms of
removing short-chain and ultrashort-chain PFCAs in the RSSCTs. The results of this study suggest
that in an ideally designed treatment train scenario installation of a PFAS-selective IX resin, such
as PFA694 1X, employed as a polishing step following tertiary treatment of secondary wastewater
effluent could be a feasible alternative to reverse osmosis systems when considering PFAS

treatment in the potable or non-potable re-use of reclaimed wastewater.”*

The evaluated PFAS-selective PFA694 1X resin demonstrated comparable adsorption
kinetics to the non-selective IRA910 IX resin and to the F400 GAC in ultrapure water and was the
least inhibited in terms of adsorption kinetics and adsorption capacity at near environmentally

relevant conditions along with DEXSORB®. DEXSORB® exhibited the fastest overall pseudo-
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second order initial adsorption velocity of all the adsorbents, and an exceptionally high initial
adsorption velocity for PFOS compared across the other co-occurring PFAS analyte-sorbent pairs
evaluated in this study. In the SW matrix, DEXSORB® showed reduced inhibition relative to F400
GAC and had comparable PFAS uptake performance in the lower initial concentration batch tests,
relative to the UP matrix, for the spectrum of PFAS chain-lengths except for some of the short-

chain PFSAs and all the ultrashort-chain PFA As.

Despite the relatively promising results for DEXSORB® in the SW matrix batch tests, the
media performed very similarly to GAC in the RSSCTs. The overall success of PFA694 1X in
treating the 18-PFAS mix spiked into a real wastewater effluent sample could be predicted by the
results of the adsorption SW adsorption kinetics and the SW adsorption capacity batch tests
conducted at lower initial aqueous PFAS concentrations (or, in the case of this study, at near
experimentally relevant concentrations for the RSSCTs). The agreement between the SW capacity
and kinetics tests and the results of the continuous-flow tests using real wastewater highlight the
importance of evaluating treatment systems in as realistic a setting as possible due to the
differences in performance between batch and continuous-flow tests, and between laboratory
studies using synthetic or ultrapure matrices versus pilot-scale studies treating real, likely more

complex matrices with typical environmentally relevant PFAS concentrations.

2.5.  Recommendations for Future Work

There are many possible future evaluations that would enhance the understanding behind
the mechanisms involved in the adsorption of each of the PFAS; in addition to quantification of
the inhibitory effects on PFAS treatment attributed to each of the individual components
constituting the synthetic and real wastewater matrices for the PFAS-selective adsorbent media

evaluated in this study. Another key progression that stems from this work would be to confirm
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the performance results reported here at lower, more environmentally relevant concentrations in
the ~100 ng/L to 1 ug/L (total PFAS, depending on the number of PFAS detected or targeted for
detection), which are more likely to represent typical concentrations detected in wastewater

samples around the globe.

While the results of the RSSCTs suggest the superior performance of the Purolite® PFA694
IX resin, the early and non-zero effluent concentrations for all of the PFAS throughout a majority
of the continuous-flow test are not fully indicative of its suitability for application in full-scale
treatment trains targeting PFAS removal from municipal wastewater effluent without further
evaluation. Modifications to the continuous-flow tests which would supplement our results and
potentially verify the feasibility of full-scale implementation include conducting RSSCTs with
greater active media contact times through increasing the percent wt% active media, to evaluate
PFA694 1X with many of the other commercially available IX resins that are marketed as PFAS-
selective, and to increase the scope from laboratory small-scale tests to pilot scale tests treating

concentrations of PFAS that are actually present in the wastewater effluent.

Regardless of the demonstrated potential for PFAS-selective IX resins to successfully treat
ultrashort-, short- and long-chain PFAS to some degree, other studies suggest that GAC may still
be a key component in treatment train approaches because of its capacity for nonselective removal
of DOM, PFAS with cationic or zwitterionic functional groups and other non-PFAS
contaminants,?>->3-3474 112115 Therefore, evaluation of a treatment train approach utilizing RSSCTs
with a combination of adsorptive media in series - such as GAC, DEXSORB, cation exchange
resins, and PFAS-specific IX resin(s) in various configurations - could provide further insight into
the full-scale feasibility of adsorptive removal of PFAS from municipal wastewater effluent for a

broader range of PFAS that are likely to co-exist in real effluents globally. Further pretreatment
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approaches may also increase the feasibility of adsorptive removal of PFAS such as

electrochemical oxidation,''”

membrane bioreactor (MBR), biologically-activated filtration
(BAF), ozonation, or a combined with novel PFAS destructive technologies such as hydrothermal

alkaline treatment (HALT)?!3.7

Fundamentally, further characterization and elucidation of the physical and chemical
characteristics of the adsorbent media, particularly the proprietary PFAS-selective IX resins, in
addition to evaluations of single-PFAS solute systems in ultrapure and complex aqueous matrices,
will help improve the mechanistic understanding of the removal of ultrashort-, short-, and long-
chain PFAAs and other PFAS widespread in the environment and municipal wastewater effluents.
Another fundamental knowledge gap that requires attention to better frame the targets for PFAS
treatment is the lack of characterizations of the occurrence of ultrashort-chain PFAS in WWTPs
and the water discharged to the environment and how that may impact PFAS contamination in
drinking water sources. Finally, preparation of experimental composite media consisting of many
of the elements discussed herein designed to increase the capacity, kinetics, and affinity of the
adsorbent media for the full spectrum of PFAS chain-lengths could be worth exploring. For
example, a media that immobilized a quaternary ammonium functionalized PFAS-templated

molecularly-imprinted polymer (MIP)'®° with TFN and B-cyclodextrin comonomers onto a

macroporous or mesoporous GAC could synthesize a novel media with potentially superior

performance in complex matrices to PFA694 IX.
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