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Abstract: PFAS are known bioaccumulative and persis-
tent chemicals which pollute natural waters globally.
There exists a lack of granular sorbents to efficiently
remove both legacy and emerging PFAS at environ-
mentally relevant concentrations. Herein, we report a
class of polymer networks with a synergistic combination
of ionic and fluorous components that serve as granular
materials for the removal of anionic PFAS from water.
A library of Ionic Fluorogels (IFs) with systematic
variation in charge density and polymer network
architecture was synthesized from hydrolytically stable
fluorous building blocks. The IFs were demonstrated as
effective sorbents for the removal of 21 legacy and
emerging PFAS from a natural water and were regener-
able over multiple cycles of reuse. Comparison of one IF
to a commercial ion exchange resin in mini-rapid small-
scale column tests demonstrated superior performance
for the removal of short-chain PFAS from natural water
under operationally relevant conditions.

Introduction

Per- and polyfluoroalkyl substances (PFAS) are commer-
cially relevant molecules which are widely used in consumer
products and fire-fighting foams, and as surfactants in
production of fluorinated polymers.[1–3] PFAS are known
environmental pollutants which contaminate ground and
surface water worldwide.[4–7] Many PFAS are persistent in
the environment and bioaccumulative, having been detected
in human and other animal tissue across the globe,[8–11] and
exposure to some PFAS leads to adverse health and
environmental outcomes.[12–15]

The potential health effects of PFAS exposure, along
with the expected regulation of these pollutants, has led to
increased interest in PFAS remediation technologies. Re-
cently, the U.S. Environmental Protection Agency (EPA)
announced a PFAS Strategic Roadmap,[16, 17] which includes
PFAS testing and reporting requirements, toxicity assess-
ments, and remediation efforts. Many states have regulated
PFAS levels in drinking water, and six states have set
enforceable PFAS Maximum Contaminant Limits (MCLs)
for a range of PFAS. As an example, New Jersey set MCLs
of 14 part-per-trillion (ngL� 1 or ppt) for perfluorooctanoic
acid (PFOA) and 13 ppt each for perfluoro-1-octanesulfonic
acid (PFOS) and perfluorononanoic acid (PFNA) in drink-
ing water.[18] Other states have set non-enforceable Health
Advisory Limits (HALs), such as North Carolina, which set
an HAL of 140 ppt for hexafluoropropylene oxide-dimer
acid (GenX) in 2017. The regulatory pressure generated by
these MCLs and HALs has initiated significant interest in
removing a broad range of PFAS from contaminated waters.

Both state environmental agencies and the EPA have
identified activated carbon, ion exchange resins (IX), and
nanofiltration or reverse osmosis (RO) as potential solutions
to remediate impacted water.[19, 20] None of these technolo-
gies, however, is regarded as a platform solution to achieve
high-performance removal of PFAS in all cases. Although
RO systems remove over 99 % of many PFAS from water,[21]

these non-selective separation processes produce large
volumes of PFAS-contaminated brine, suffer from fouling,
and require significant energy input. Conversely, granular
sorbents such as granular activated carbon (GAC) and IX
are implemented in large-scale flow-through columns which
can purify many volumes of water with little relative waste,
and the required infrastructure for GAC and IX is
established in many municipal water treatment plants.
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Therefore, granular sorbents are poised as drop-in solutions
for PFAS remediation. However, while state-of-the-art
GAC and IX technologies demonstrate adequate removal of
long-chain PFAS, they suffer from low selectivity for
emerging short-chain and branched PFAS.[22–26] Additionally,
these technologies often suffer from limited regenerability,
slow kinetics of sorption, and breakthrough of short-chain
PFAS into effluent water at relatively low treatment bed
volumes.[27–33] Taken together, the state-of-the-art indicates
that there remains an outstanding challenge to develop new
materials for remediation of short-chain PFAS from water
and understand the structure-property-performance rela-
tionships of the materials under complex conditions relevant
to commercial use.

The presence of organic matter in natural waters at three
to six orders magnitude higher concentration than PFAS
makes removing PFAS from water to low part-per-trillion
levels challenging. The lack of selectivity inherent to GAC
and IX results in saturation of the resin binding sites by non-
fluorinated solutes, which leads to breakthrough of short-
chain PFAS in flow-through columns used in home and
municipal water treatment.[27–30, 32, 34, 35] Many emerging PFAS
remediation technologies have demonstrated efficient PFAS
removal in batch studies conducted in pure water at low to
moderate PFAS concentrations, but few have been studied
in real water matrices or in flow-through columns. In
general, emerging PFAS remediation technologies leverage
intermolecular interactions such as ion exchange,[36–40] hydro-
phobic or fluorous interactions,[39–45] or encapsulation by
supramolecular receptors[46–52] to bind PFAS.

Recently, we reported a platform approach for granular
resin design termed Ionic Fluorogels (IF), which exhibited
highly efficient PFAS remediation from natural waters
(Figure 1A).[53] We hypothesized that a synergistic combina-
tion of fluorous interactions[54,55] and ion exchange capability
would result in selective sorption of anionic PFAS. Parti-
tioning of fluorinated compounds into a perfluoropolyether
(PFPE)-based fluorous resin improved PFAS sorption
selectivity relative to GAC or IX resins, and ammonium-
based electrostatic interactions resulted in stable PFAS
binding, even in the presence of 20 000 times excess non-
fluorinated organic matter. However, the PFPE used in the
initial proof-of-concept study, Fluorolink® MD700, was
connected to polymerizable methacrylate end-groups via
ester and carbamate linkages, which we hypothesized would
degrade over long lifetimes in flow-through columns. Addi-
tionally, the use of only one PFPE limited systematic
evaluation of the influence of network architecture on PFAS
sorption.

Herein, we report structurally-tunable and chemically-
stable Ionic Fluorogels that efficiently remove short-chain
PFAS from water in both batch experiments and flow-
through columns (Figure 1B). Chemical stability was
achieved by end-functionalization of PFPEs with polymer-
izable functionality connected through aryl-ether linkages.
Copolymerization of these PFPEs with an amine-containing
monomer resulted in a library of IFs with systematic
variations of network architecture and cation density.
Investigation of this library enabled insights into structure-

property relationships important to high affinity PFAS
binding, wherein IFs with similar composition and different
crosslink densities demonstrated disparate performance in
PFAS sorption. In accelerated degradation studies, the
hydrolytically stable IF maintained a low swelling ratio and
consistent mass, while Fluorolink® MD700-based IF de-
graded significantly, as measured via mass loss and non-
targeted analysis using high-resolution mass spectrometry.
Finally, in a translationally relevant proof-of-concept experi-
ment, mini-Rapid Small-Scale Column Tests (RSSCTs) of
one IF significantly outperformed a state-of-the-art ion
exchange resin by demonstrating effective PFAS removal
from natural North Carolina water over 1 year of simulated
use.

Results and Discussion

In order to explore the influence of polymer network
architecture, we identified two PFPE oligomers—Fluoro-
link® E10H (E10H) and fluorinated tetraethylene glycol
(FTEG)—which have analogous chemical structures and

Figure 1. A) Previously reported Ionic Fluorogels leveraged carbamate-
terminated Fluorolink® MD700 for selective PFAS remediation from
water. B) This work uses chain-end modified PFPEs to enable an IF that
demonstrates chemical stability and excellent performance under
conditions relevant to commercial use.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202208150 (2 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



different molecular weights (Figure 2A). Fluorolink® E10H
has a similar molecular weight to the material used in our
previous study (�1600 gmol� 1)[56] while FTEG is a short
PFPE oligomer (410 g mol� 1). Nucleophilic aromatic substi-
tution of pentafluorostyrene (PFS) using the hydroxy end
groups of the PFPEs (Figure 2A) yielded PFS-capped
oligomers of E10H and FTEG. The same nucleophilic
aromatic substitution approach was used to synthesize an
amine-containing monomer 1 (Scheme S2) to ensure similar
copolymerization kinetics between IF building blocks.

Synthesis of IF was achieved through the thermally
initiated radical copolymerization of PFS-E10H, PFS-
FTEG, and 1 (Figure 2B) to form polymer networks, which
were subsequently quaternized with methyl iodide, crushed
into granules, and sieved in order to isolate IF grains of a
desired size. The IF compositions in Figure 3A represent a
library of materials that systematically vary the incorpora-
tion of fluorophilic and electrostatic components, as well as
vary network architecture. The amine content of the IF was
held constant at either 20 or 40 weight % amine como-
nomer, a range of amine incorporation that has provided
efficient PFAS removal in previous studies.[53] The resulting
materials were elastomers with low swelling ratios in 0.1 M
NaCl. Notably, the swelling ratio was generally higher for
materials with higher incorporation of ammonium ion,
which is presumably due to both increased hydrophilicity
and decreased crosslink density. The glass transition temper-
atures (Tg) of the IFs did not change considerably with the
subtle differences in chemical composition, and remained
between 3.7 and 14 °C (Figures 3A and S2). Scanning
electron microscopy images of the materials (Figure S31)
demonstrated their granular nature and lack of appreciable
porosity.

Evaluation of structure-property-performance relation-
ships of IFs was achieved through batch equilibrium PFAS

sorption experiments under simulated natural water con-
ditions (details in Supporting Information). Each IF was
tested at environmentally-relevant concentrations of three
analytes that represent anionic long-chain (PFOA), short-
chain (perfluorohexanoic acid, PFHxA), and branched
(GenX) PFAS in water that contained a high concentration
of organic matter (20 mgL� 1 humic acid) and salt
(200 mgL� 1 sodium chloride). Notably, many IFs removed
over 75 % each of PFOA, PFHxA, and GenX, and all IFs
outperformed Purolite PFA694AE, a commercial IX used
for PFAS remediation (Figure 3B). Varying network archi-
tecture had a marked effect on PFAS remediation; IF-1
demonstrated nearly identical performance to IF-20+ ,
which is a structurally similar analogue from our previous
work.[53] However IF-3, which contained the same
ammonium content but contained 40 wt % of the shorter
PFS-FTEG as a fluorous component, demonstrated en-
hanced performance for the remediation of the short-chain
PFAS substrates PFHxA and GenX. Using only the shorter
PFS-FTEG as a fluorous component (IF-5, IF-10), however,
led to a decrease in performance compared to all the other
materials. From these data, we conclude that a heteroge-
neous distribution of mesh size within the polymer network
improves PFAS sorption. Direct comparison to other
emerging PFAS remediation materials is challenging due to
varied experimental conditions. However, optimal IF per-
formance under these conditions was on par with the
performance of other fluorinated PFAS remediation materi-
als at higher sorbent loading[44] or in pure water spiked with
PFAS.[50] In addition, we found that IFs synthesized with
PFS incorporated as a comonomer resulted in poor PFAS
sorption (Figure S3), likely due to the increased hydro-
phobicity limiting the swelling of these resins. Taken
together, these data reveal that nuanced changes in resin

Figure 2. A) Synthesis of PFPE crosslinkers (PFPEs starting materials shown in shaded inset). B) Synthesis of Ionic Fluorogel formulations
(denoted as IF-X), with varied compositions of PFS-E10H, PFS-FTEG, and 1. Resulting crosslinked materials after polymerization were ground and
sieved to obtain resin particles 75–125 um.
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microstructure and chemical composition can yield broad
differences in PFAS removal.

Evaluation of the kinetics of sorption and binding
capacity using IF-1, a high performing resin, and GenX, a
model anionic PFAS, provided more detailed analysis of IF
performance. IF-1 was chosen due to its structural similarity
to previously reported resin IF-20+ ,[53] which enabled a
direct comparison between these first generation and second
generation materials. IF-1 demonstrated rapid, irreversible
adsorption of GenX in pure water over 72 hours (Fig-
ure 4A). The construction of a GenX binding isotherm with
IF-1 enabled analysis of the capacity of the resin for PFAS
and the mechanism of sorption. The concentration of IF-1
was fixed at 100 mg L� 1 in deionized water while the GenX
concentration was varied from 0.20 to 50 mg L� 1. The IF-1
isotherm data demonstrated a better fit to the Langmuir
relative to the Freundlich isotherm (Figure 4B, Table S2),
indicating that surface adsorption of GenX to the IF particle
is likely the dominant method of PFAS removal from
water.[57] The Langmuir adsorption model indicated a bind-
ing capacity for GenX of 280 mgg� 1 of resin, which is on par
with the highest capacity for GenX in the literature at an
environmentally relevant pH (278 mg g� 1).[53]

The regenerability of IF-1 over multiple cycles of GenX
sorption and desorption was investigated. Sorption experi-
ments were performed by loading IF-1 (20 mg) onto a PTFE
syringe filter (0.45 μm, 25 mm diameter). GenX solution
(18 mg L� 1, 20 mL, quantified by LC-MS) was passed
through the filter over 2 minutes, achieving over 75%
removal of GenX per LC-MS analysis of the filtrate,
equivalent to 10–15 mgg� 1 PFAS loading of the IF material.
IF-1 was regenerated by passing a solution of 400 mM
ammonium acetate in 50% aqueous ethanol (20 mL)
through the filter. In this proof-of-concept experiment,
GenX was adsorbed and desorbed from IF-1 over 5 cycles
(Figure 4C) with no decrease in GenX sorption efficiency,
using an environmentally-friendly solvent.[58] The ability to
regenerate these IF enables their reuse and creates a
concentrated solution of PFAS readily disposed of or
destroyed through traditional or emerging technologies.[59]

Despite the performance similarities for PFAS remedia-
tion between IF-1 and the previously reported resin (IF-20
+), we hypothesized that the aryl-ether linker in these next-
generation materials would enhance their chemical stability
in aqueous environments and prevent leaching of fluoropol-
ymer from the resin. To probe the hydrolytic stability of the

Figure 3. A) Library of Ionic Fluorogels. a Calculated by Differential Scanning Calorimetry during the second heating cycle at a rate of 10 °C/min. b

Ratio of swollen to dry mass of IF after swelling in 0.1 M NaCl. B) Batch equilibrium PFAS sorption by IFs. IX=Purolite PFA694AE. Water
constituents: 200 mgL� 1 NaCl and 20 mgL� 1 humic acid; pH 6.4; Sorbent: 10 mgL� 1; PFAS: (PFOA, PFHxA, GenX, 1 μgL� 1 each); Equilibrium
time: 21 h. Error bars: Standard deviation of 3 experiments. Some error bars are obscured by the columns.
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IF under practical conditions, we subjected the crosslinked
polymer networks to accelerated degradation
conditions,[60, 61] which entailed submerging IF-1 and IF-20+

in basic solution (pH 8.7) at 50 °C. Resin samples were
removed at specific time intervals over 56 days, washed with
methanolic ammonium acetate to remove fluorinated
oligomers, dried, and analyzed gravimetrically. As expected
based on the chemical composition, IF-1 remained stable in

these aggressive conditions. In contrast, IF-20+ demon-
strated precipitous mass loss, as well as 38% mass loss over
56 days (Figure 5A).

To identify the degradation products of IF hydrolysis,
nontargeted analysis via high-resolution mass spectrometry
was used to analyze the aqueous media and methanol
extracts isolated from each degradation time point.[62, 63] The
nontargeted analysis of IF-20+ revealed characteristic
homologous series of m/z values for PFPEs in the IF-20+

methanol extract (Figure 5B, Figures S12–S15). The five m/z
values with the highest area counts via MS varied by
approximately 49.99, 65.99 or 115.99, characteristic of the
difluoromethylene (CF2), difluoromethylene glycol (CF2O),
and tetrafluoroethylene glycol (CF2CF2O) (Figure 5B) re-
peat units present within Fluorolink® PFPEs.[62, 63] Minimal
peak areas were observed for the same m/z values in the
aqueous IF-20+ degradation media, indicating that de-
graded fluoropolymer remained trapped in the IF matrix
until desorption with organic solvent (Figure S16). In
contrast, nontargeted analysis of the aqueous media and
methanol extracts of IF-1 demonstrated over two orders of

Figure 4. A) Time dependent GenX sorption by IF-1 ([GenX]0=1 μgL� 1;
[IF-1]=10 mgL� 1). pH 9.7. B) GenX Sorption Isotherm by IF-1 ([IF-
1]=100 mgL� 1; [GenX]0=0.2–50 mgL� 1). Lines show fit to Langmuir
(red, solid) and Freundlich (blue, dashed) models. C) Regeneration
and reuse over 5 cycles of IF-1. IF-1=20 mg, [GenX]=18 mgL� 1

(20 mL); extraction with 400 mM ammonium acetate in 1 :1 EtOH:H2O
(20 mL). Error bars: Standard deviation of 3 experiments.

Figure 5. A) Mass loss of IF-20+ (red triangles) and IF-1 (blue
diamonds) over 56 days. pH 8.7, 50 °C. Error bars: standard deviation
of 3 experiments. Discs were washed with methanol before drying to
determine mass loss. B) Averaged area counts (duplicate samples) of
the 5 most-intense peaks detected via nontargeted analysis of the
extracts after washing the samples from day 28 of the mass loss study
in methanol. The m/z values varied by combinations of 49.99, 65.99,
and 115.99, indicative of PFPE repeat units.
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magnitude lower area counts of characteristic PFPE peaks
relative to IF-20+ . These data support the hypothesis that
end-modification of Fluorolink® E10H with perfluorostyrene
enables synthesis of more hydrolytically-stable IFs.

After benchmarking this new class of IF resins with three
representative anionic PFAS in simulated water (Figure 3B),
IF performance in real water spiked with a chemically-
diverse mixture of PFAS at environmentally-relevant con-
centrations was investigated. To that end, settled conven-
tional (surface) water from the Orange County Water and
Sewer Authority (OWASA, Chapel Hill, NC, pH 5.34,
TOC�0.50 mg L� 1, conductivity=180 uS cm� 1) was spiked
with 21 emerging and legacy PFAS (Table S1) at 1 μgL� 1

each. Batch equilibrium adsorption of each PFAS using IF-1
(100 mgL� 1) resulted in greater than 77% removal for 18 of
the 21 PFAS (Figure 6, acronyms defined in Table S1).
Closer analysis of this data elucidated the relationship
between PFAS chemical structure and adsorption efficiency.
Notably, analytes that contain only two (PFMOAA) or
three (PFBA, PMPA, and PFO2HxA) perfluorocarbons,
respectively, demonstrate less selective removal efficiency,
which we hypothesize is due to their limited fluorophilic
interaction with the IF resin. PFAS with four perfluorocar-
bons (PFPeA, PFBS, PEPA, PFO3OA, NVHOS) demon-
strated 87 to 97 % removal, and legacy PFAS with seven
perfluorocarbons (PFOA) demonstrated over 98% removal.
Additionally, these data demonstrate clear trends wherein
perfluorinated sulfonic acids are adsorbed more efficiently
than their perfluorinated carboxylic acid counterparts, and
linear PFAS are adsorbed more efficiently than their
branched counterparts. These analyte structure-adsorption
relationships align with our previous work[53] and provide
more detailed support for our proposed mechanism of
PFAS adsorption.

Water purification using granular resins for household or
municipal applications is most often conducted in a flow
through packed bed geometry, where contaminated water is
passed through a resin-containing column for purification.[30]

While batch experiments provide a fundamental under-
standing of the adsorption properties of granular resins,
their performance in columns ultimately determines their
translational relevance. Mini-Rapid Small-Scale Column
Tests (mini-RSSCTs) are a validated method to probe resin
performance in a flow through packed bed column
geometry,[64] where the figure of merit is the number of bed
volumes of water that pass through the resin before 10 % of
the influent solute is detected in the effluent water.[28]

Comparative studies using mini-RSSCTs were conducted
using a high performing material, IF-8, and Purolite
PFA694AE IX resin. The influent water was composed of
conventional settled water (OWASA, Chapel Hill, NC)
spiked with environmentally relevant levels of PFOA,
PFHxA, and GenX ([PFAS]0 =500 ngL� 1 each), and the
effluent water was monitored for PFAS breakthrough over
72 hours (Figure 7). Less than 10 % breakthrough of the
long-chain PFOA was observed in either column over
150 000 bed volumes. The enhanced performance of the IF
was demonstrated by its selectivity for short-chain PFAS,
PFHxA and GenX. These two PFAS demonstrated break-
through for the IX resin at approximately 50000 bed
volumes of water. In contrast, the mini-RSSCT that con-
tained IF-8 displayed no breakthrough of either PFHxA or
GenX up to 180 000 bed volumes, which corresponds to
375 days of simulated continuous operation in a pilot-scale
treatment plant (Table S7). These are among the first flow-
through packed bed results reported for an emerging
material for PFAS remediation from water.[65]

Figure 6. Batch equilibrium adsorption of 21 PFAS by IF-1. [PFAS]0=1 μgL� 1 each. Settled conventional water, OWASA, Chapel Hill, NC. Experiment
time: 24 hours. Error bars: Standard deviation of 3 experiments.
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Conclusion

Hydrolytically stable IFs are poised as high-performing
materials for the remediation of both legacy and emerging
anionic PFAS from water. The design and synthesis of a
library of materials indicated that changes in network
architecture translate to large differences in PFAS remedia-
tion in simulated natural water, while careful end group
modification improves hydrolytic stability. These IFs remove
a structurally diverse mixture of anionic PFAS at environ-
mentally relevant concentrations from natural waters under
batch equilibrium adsorption conditions, which enabled the
identification of relationships between PFAS chemical
structure and adsorption efficiency. One IF (IF-8) demon-
strated superior performance in a flow through column
geometry for the removal of short-chain PFAS from natural
water compared with a commercial ion exchange resin, thus
indicating the potential of this material to provide a solution
for PFAS remediation that is superior and/or complemen-
tary to state-of-the-art technologies.
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