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ABSTRACT: Per- and polyfluorinated alkyl substances
(PFAS) contaminate ground, surface, and finished drink-
ing water internationally. Their ecological persistence
and adverse human health effects demand effective re-
mediation approaches. Motivated by the limitations in
selectivity and performance of current PFAS removal
technologies, we report a platform approach for the de-
velopment of Ionic Fluorogel resins that effectively re-
move a chemically diverse mixture of PFAS from water.
The synthesis of a material library with systematic varia-
tion in fluorous and ionic components led to the identifi-
cation of a resin that demonstrated rapid removal of
PFAS with high affinity and selectivity in the presence
of non-fluorous contaminants commonly found in
groundwater. The material can be regenerated and re-
used multiple times. We demonstrate lonic Fluorogels as
effective adsorbents for the removal of 21 legacy and
emerging PFAS from settled water collected at the
Sweeney Water Treatment Plant in Wilmington, North
Carolina.

PFAS are a class of fluorinated compounds that are
widely used as surfactants in the production of
poly(tetrafluoroethylene) (Teflon), as water/stain repel-
lant coatings in consumer products, and as components
of fire retardants in aqueous film forming foams.'*
PFAS are distributed widely from contamination sites
through waterways,” and their long-term ecological per-
sistence and adverse human health effects®!' have re-
sulted in increased regulatory attention to the concentra-
tion of PFAS in finished drinking water.'>!* The U.S.

Environmental Protection Agency has set a lifetime
health advisory level of 70 ng/L for the combined con-
centration of perfluorooctanoic acid (PFOA) and per-
fluoro-1-octane sulfonic acid (PFOS) in drinking
water."*!5 Consequently, PFOA and PFOS were phased
out in the United States in 2015 and were replaced with
short chain PFAS such as perfluoro-2-propoxypropanoic
acid (GenX),'® which demonstrate similar bioaccumula-
tion potential.'>!” Currently, the state of North Carolina
has set an upper limit of 140 ng/L for GenX as an
emerging contaminant in drinking water.

Current and emerging PFAS remediation technologies
typically remove waterborne contaminants non-
specifically, resulting in saturation by non-fluorinated
species.'®!” A primary challenge for developing a resin
for PFAS remediation is that non-fluorinated organic and
inorganic species are present in natural waters at three to
eight orders of magnitude higher concentration than
PFAS.? For example, current PFAS remediation efforts
using granular activated carbon (GAC) demonstrate sub-
stantial breakthrough at modest treatment volumes for
short-chain PFAS.?! Furthermore, the binding affinities
of organic contaminants to GAC is often higher than
those of PFAS, which can result in PFAS leaching into
filtered water over time.>'”> Emerging technologies in-
clude porous organic polymer adsorbents?*=° and ion
exchange materials that contain a fluorinated compo-
nent.>!3* While these materials show great promise for
adsorbing long-chain PFAS, they are still at an early
stage of development, have generally not been tested in
real water, and display modest selectivity for short-chain
PFAS.



Scheme 1. Polymerization and Quaternization of Ionic Fluorogels.

o H Fa Fp F, Fp H 9 0 'Yle AIBN = | ! CH.I
Me A~N__0 _C{ .C._YC \C. _O__N_~ Me + Me AN e —> _ 2y
RS S A s ke euaal )~
-\ \
Fluorolink® MD700: M_ = 1800 g/mol DMAEMA ‘ I ( N

We identified a materials design platform to remediate
PFAS from water by combining two complementary
strategies — fluorophilic sorption and targeted ion ex-
change. Our conceptual approach leverages the fluoro-
philicity of PFAS to selectively partition these micropol-
lutants into a resin, similar to the method commonly
used to separate desired fluorous-tagged products or
catalysts from complex reaction mixtures.*>*” In addi-
tion, we reasoned that the incorporation of a tunable
density of charged functional groups would enable ion
exchange and sequestration of charged PFAS. We chose
perfluoropolyethers (PFPEs) as the fluorophilic matrix
material for resin development.*® PFPEs are amorphous,
low molecular weight perfluorinated oligomers that are
synthesized from the gas phase without the use of per-
fluorinated surfactants3*** PFPEs can be synthesized
using supercritical CO> as a solvent*' and they are easier
to oxidatively degrade than perfluorocarbons at the ter-
mination of their useful lifetime.*? The Ionic Fluorogels
(IFs) described herein leverage a synergistic combina-
tion of fluorophilicity and ion exchange to generate
high-performing and selective resins for PFAS remedia-
tion from natural water sources.

The synthesis of lonic Fluorogels was achieved through
thermally-initiated radical copolymerization initiated by
azobisisobutyronitrile (AIBN) of a commercially availa-
ble PFPE with methacrylate chain-end functionality
(Fluorolink® MD 700) and an amine-containing mono-
mer (2-dimethylaminoethyl methacrylate, DMAEMA)
(Scheme 1). The composition of DMAEMA was varied
from 10-60 wt % with respect to the total weight of the
IF to generate a systematic library of materials that var-
ies the ratio of fluorophilic and charged components. A
portion of each formulation was subsequently treated
with methyl iodide to access materials with quaternary
ammonium groups that act as permanent charged spe-
cies. Grinding and sieving the material provided a
granular formulation with particle size between 75-125
microns for evaluation. This approach rapidly provides
diverse IF formulations from the polymerization of
commercially available components. A separate library
of materials was prepared to act as negative controls in
our structure—property studies. First, a PFPE elastomer
with no electrostatic component (no DMAEMA) was
polymerized. Second, non-fluorous ionic gels with
charged groups but without a fluorous component were
synthesized through the radical copolymerization of pol-
yethylene glycol dimethacrylate (PEGMA M, = 750
g/mol) and DMAEMA. This particular PEGMA was

chosen to mimic a similar degree of polymerization be-
tween crosslinks as Fluorolink® MD 700.

The PFAS removal efficiency of each IF formulation
was tested by conducting batch equilibrium adsorption
experiments in simulated natural water, which was for-
mulated by adding 200 mg/L NaCl and 20 mg/L humic
acid to deionized water. Three substrates that represent
long chain (PFOA), short chain (perfluorohexanoic acid,
PFHxA), and branched (GenX) PFAS were spiked into
the matrix each at an environmentally relevant concen-
tration (1.0 pg/L). After exposing the contaminated wa-
ter sample to 10 mg/L of Ionic Fluorogel for 21 hours,
PFAS removal efficiency was analyzed by liquid chro-
matography mass spectrometry (LC-MS). The results of
this systematic study revealed valuable structure—
property information (illustrative results in Figure 1,
complete results in Figure S2). Ionic Fluorogels contain-
ing tertiary amines (IF-X, X = wt % amine comonomer
incorporation) demonstrated lower affinity for PFAS
than the respective materials that contained quaternary
ammonium groups (IF-X+, X+ = wt% ammonium
comonomer incorporation) across all formulations tested
(Figure 1A), proving the importance of incorporating
permanent charge. The highest performing formulations
contained between 20 to 30 wt % ammonium comono-
mer incorporation (IF-20+ through IF-30+), demonstrat-
ing >80% removal of short-chain PFAS, PFHxA and
GenX. We hypothesize that these formulations have
enough ammonium content to enable efficient wetting
while still containing enough fluorous content to provide
selective PFAS adsorption.
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Figure 1: A. Equilibrium PFAS removal by Ionic Fluoro-
gels with amine (IF-X) or ammonium (IF-X+) groups
where X = 0, 20, or 30 wt%. B. Equilibrium PFAS removal
by GAC, Powdered Activated Carbon (PAC), Ion Exchange
Resin (IX) and PEGMA gels with 20 or 30 wt% ammoni-
um comonomer. Water constituents: 200 mg/L NaCl and 20
mg/L humic acid; pH = 6.4; Sorbent: 10 mg/L; PFAS:
(PFOA, PFHxA, GenX, 1 ug L! each); Equilibrium time:
21 h. Error bars: Standard deviation of 3 experiments.

Comparing lonic Fluorogels against materials made to
serve as controls illustrated the synergistic roles of
fluorous interactions and ion exchange behavior. Expos-
ing IF-0 (Figure 1A), an Ionic Fluorogel made solely of
Fluorolink®, to the equilibrium adsorption experiment
led to no removal of PFHXA or GenX. Furthermore,
PEGMA gels made with a non-fluorous hydrocarbon
equivalent of PFPEs demonstrated poor results for all
formulations tested (<10% removal for all PFAS, Figure
1B).

Commercial materials representing the current state-of-
the-art for PFAS removal were subsequently tested un-
der these equilibrium adsorption conditions. Samples of
GAC (Filtrasorb 400, Calgon Carbon), powdered acti-
vated carbon (PAC, PicaHydro MP23, Lenntech) and an
anion exchange resin (PFA 694E, Purolite) were exposed
to simulated natural water for 21 hours at a resin loading
of 10 mg/L.'>?*# Under these challenging conditions,
the limitations of current technology is evident, especial-
ly for the adsorption of short-chain PFAS (Figure 1B).
These head-to-head comparisons demonstrate the selec-
tivity of Ionic Fluorogels for PFAS compared to conven-
tional technologies, especially in a complex matrix that
contains a 20,000 times higher concentration of organic
contaminants (humic acid) compared to each PFAS.
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Figure 2: Time dependent GenX sorption by IF-20+ at
high (red, dashed; GenX = 200 pg/L; sorbent = 100 mg/L)
and low (blue, solid; GenX = 1 pg/L; sorbent = 10 mg/L)

concentration. pH = 9.7. Error bars: Standard deviation of 3
experiments.

GenX was chosen as an emerging short-chain contami-
nant to understand the kinetics of adsorption and capaci-
ty of Ionic Fluorogels. IF-20+ and IF-30+ were chosen
as high—performing materials for further study. The ad-
sorption kinetics of GenX at high concentration (200
ng/L) by IF-20+ (100 mg/L) were analyzed in deionized
water (Figure 2). Rapid and quantitative removal of
GenX was observed within 30 seconds. At 72 hours, no
desorption was observed, suggesting the adsorption into
the Ionic Fluorogel is irreversible under these condi-
tions. Similarly, the adsorption kinetics at an environ-
mentally relevant concentration of GenX (1 pg/L) by
IF-20+ (10 mg/L) was also rapid, demonstrating 94%
removal within 30 minutes and no desorption over time
(Figure 2). This removal efficiency for GenX results in a
final concentration (60 ng/L), under the limit set by the
state of North Carolina (140 ng/L).

A GenX binding isotherm was constructed to understand
the binding capacity of IF-20+.* The concentration of
IF-20+ was fixed at 100 mg/L while the GenX concen-
tration was varied from 0.20-50 mg/L. Data from tripli-
cate experiments (Figure 3A) was fit to the Langmuir
adsorption model to yield an affinity coefficient (Kr) of
5.9 x10° M! and an estimated GenX capacity (Qm) of
278 mg/g. These represent the highest reported values in
the literature for GenX.?® The isotherm was also fit to
Freundlich model and the Freundlich’s constant (Kr) and
the intensity of adsorption (n) were found to be 141
(mg/g)(L/mg)'™and 2.2 respectively.”®

Subsequently, IF-20+ was tested for its ability to be re-
generated for multiple reuse cycles (Figure 3B). Adsorp-
tion experiments were performed by loading IF-20+ (20
mg) onto a PTFE syringe filter (0.45 um, 25 mm diame-
ter). A GenX solution (10 mg/L, 20 mL) was passed
through the filter over 2 minutes, and the residual GenX
concentration in the filtrate was analyzed by LC-MS.
The results showed >90% removal of GenX from the
solution in such flow-through conditions, thus demon-
strating the efficiency of adsorption even under short



residence time conditions. Complete extraction of ad-
sorbed GenX by IF-20+ was achieved by washing the
material with a 400 mM methanolic ammonium acetate
solution (20 mL, 2 min). This process was repeated 5
times without loss of efficiency in adsorption or reuse. A
complementary analysis of IF-20+ regeneration under
saturation conditions (Figure 3B inset and Figure S12)
demonstrated that the resin is capable of regeneration
and subsequent reuse under the high-capacity conditions
relevant to water treatment.
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Figure 3: A. GenX adsorption isotherm by IF-20+ (Ad-
sorbent = 100 mg/L; GenX = 0.2-50 mg/L). Lines show
fit to Langmuir (red, dashed) and Freundlich (blue, sol-
id) models. B. Regeneration and reuse of IF-20+.
Sorbent =20 mg, [GenX] = 10 mg/L (20 mL); extraction
with 400 mM methanolic ammonium acetate (20 mL).
Inset: Sorbent = 5mg, [GenX] = 200 mg/L (5 mL); ex-
traction with 400 mM methanolic ammonium acetate (5
mL). Error bars: Standard deviation of 3 experiments.

The lonic Fluorogels provided rapid, efficient, and high
capacity removal of a variety of PFAS under laboratory
conditions. Real water matrices, however, contain an
unpredictable cocktail of organic and inorganic contam-
inants that are difficult to model in a laboratory setting.
To validate Ionic Fluorogels as a promising technology
for PFAS removal from water, we obtained settled water
collected at a site previously affected by PFAS contami-
nation, the Sweeney Water Treatment Plant in Wilming-
ton, NC.'? The water contained a total organic content
(TOC) of 1.3 mg/L and had a pH of 6.2. In addition to
PFAS found in the water upon collection (at levels of
20-50 ng/L), we spiked the matrix with 21 emerging and

legacy PFAS. The real water matrix was exposed to IF-
30+ (100 mg/L), and PFAS removal was analyzed at 30
minutes and 2 hours, with the data presented being the
average of two experiments. After 2 hours, short chain
PFAS that are traditionally challenging to adsorb, in-
cluding PFHxA, GenX, and PFBS are removed from the
water at >95% efficiency. We did not see evidence of
long chain PFAS such as PFOA and PFOS in the solu-
tion down to the detection limit of the LC-MS (repre-
sentative data shown in Figure 4, complete analysis in
Figure S11). Lastly, IF-30+ performed impressively for
removing the short chain perfluorinated carboxylic acids
PFBA (60%) and PFPeA (87%), which contain only 3
and 4 perfluorocarbons, respectively (Figure 4).272832
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Figure 4: Removal of PFAS after 2 hours by IF-30+
from settled water collected at the Sweeney Water
Treatment Plant in Wilmington, NC. TOC = 1.3 mg/L;
pH = 6.2; [Adsorbent] = 100 mg/L; [PFAS]o = 1 ug/L
each. 10 Representative PFAS shown, complete analysis
shown in Figure S11.

In conclusion, we introduce lonic Fluorogels as a plat-
form polymeric adsorbent to remove PFAS from water
at environmentally relevant concentrations. The syner-
gistic combination of fluorous and electrostatic interac-
tions results in the high affinity, high capacity, and rapid
sorption of a variety of PFAS from real water collected
at an affected site in the Cape Fear River Watershed of
North Carolina. The systematic material library and rela-
tionships identified between fluoropolymer and ionic
content suggest general structure—property criteria to
design improved sorbents for PFAS.
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1. MATERIALS AND INSTRUMENTATION

Materials: All materials were purchased from commercial source and used as received without further
purification unless otherwise mentioned. Perfluoropolyether Fluorolink® MD700 (Mwt: 1.8-2.0 kg-mol ') was
purchased from Solvay Solexis. 2-(dimethylamino)ethyl methacrylate, Poly(ethylene glycol) dimethacrylate
(average Mn 750), azobisisobutyronitrile (AIBN), humic acid and perfluorooctanoic acid (PFOA) were
purchased from Sigma-Aldrich. Trifluoroethanol was purchased Synquest labs. Perfluorohexanoic acid

(PFHxA) and GenX were purchased from TCI and Matrix respectively.

Instrumentation:

LCMS: Water samples were stored under refrigeration until analysis. A 196 L aliquot of sample and 4 pL
of stable isotope-labeled analogues (Wellington Labs, Guelph, CA, product numbers MPFAC-C-ES and
M3HFPO-DA) were transferred to polypropylene autosampler vials and closed with caps fitted with silicone
septa. No other processing was done as per a direct injection method by M. Sun et al.”

Analysis of target compounds was performed using an Accela HPLC system coupled to a TSQ-Quantum
Ultra triple-quadrupole mass analyzer (Thermo Scientific, San Jose, CA) operated in negative ion mode.
Samples were chromatographed on a 3.0 x 50 mm Poroshell C18 2.7 ym column (Agilent Technologies,
Santa Clara, CA) with gradient elution at a flow rate of 350 uL per min. Binary mobile phase consisted of
95:5:water:methanol containing 2 mM ammonium acetate (A) and 5:95:water:methanol containing 2 mM
ammonium acetate (B). Composition started at 25% B, was held for 0.5 min., increased linearly to 90% B
over 2 min., was held at 90% B for 1.5 min., decreased linearly to 25% B over 0.1 min., and held at 25% B
for 0.9 min for column equilibration. Mass spectrometer parameters were as follows: spray voltage of 3000
V, vaporizer temperature of 150 °C, sheath gas flow rate 40, auxiliary gas flow rate 20, capillary temperature
of 225 °C, argon collision gas pressure of 1.0 mTorr, 0.05 sec per scan, quadrupole 1 resolution of 0.5 amu,
quadrupole 3 resolution of 0.7 amu and collision energy 10 eV. Mass transitions and other compound-
specific parameters are listed in Table 1. The limit of detection was 2 pg per 100 pL (20 pg/mL) injection
for each analyte. Linear or quadratic calibration curves using the analyte to internal standard ratio were
used to calculate analyte amounts. Calibration points were 2, 10, 50, 200, and 1000 pg analyte versus 50
pg internal standard for PFCAs and PFASSs.

Thermal gravimetric analysis (TGA) was performed on a TA Instruments TGA (Discovery Series) using 5-
8 mg of the sample. The samples were heated to 25-600 °C at a temperature ramp rate of 10 °C/min.
Infrared (IR) spectra were obtained using PerkinElmer Frontier FT-IR spectrometer.

Deionized water used in this study is a type 1, 18.2 megohm-cm water obtained from Labconco — waterpro

PS series. This water was amended with sodium chloride and humic acid if necessary.

Centrifugation was performed using a benchtop centrifuge - Mini mouse Il by Denville.
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2. BATCH ADSORPTION STUDIES
2.1. Equilibrium adsorption studies

The batch adsorption studies of mixtures of PFAS (PFOA, PFHxA and GenX) was performed in a
1L HDPE bottle equipped with a magnetic stir bar. The mixture was stirred on a stir plate at room
temperature and at 700 revolution per minute (rpm).

High Concentration (50ug/L): To a 1L deionized water added sodium chloride (200 mg) and humic acid
(20 mg) and stirred overnight. To this mixture added vacuum dried polymer adsorbent (ionic fluorogel) (10
mg L") and stirred at room temperature for 3 h with occasional sonication to disperse the adsorbent. A
stock solution of PFAS was spiked to the mixture to create an initial concentration of 50 ug L™ of each
PFAS. This mixture was stirred for 21 h after which an aliquot of about 10 mL was withdrawn and filtered
through either 0.2 ym PTFE or 0.45 pym cellulose acetate filter. The first 5 mL was drained to avoid any
electrostatic effect from the filter and the remaining 5 mL was collected for LCMS analysis. Control
experiments to account for PFAS losses during handling were performed under identical condition in the

absence of adsorbent. This batch experiment was performed once due to the high adsorption observed.

Low Concentration (1ug/L): The batch adsorption studies of PFAS under environmentally relevant
concentration (1 ug L") was performed under identical condition as detailed above except that the PFAS
was spiked to create an initial concentration of 1 ng L' of each PFAS. This set of experiments were

performed in triplicates.

Control adsorbents used in the study granular activated carbon (GAC: Filtrasorb 400), powdered activated
carbon (PAC: PicaHydro MP23) and ion-exchange resin (I1X: PFA694E) were purchased from commercial

sources.

The efficiency of PFAS removal by adsorbents was determined by the following equation

Co—C; « 100 Co(ng L") = Initial concentration of PFAS

0 C. (ug L") = Residual concentration of PFAS

% PFAS removal =

The amount of PFAS bound to the polymer sorbent is given by the following equation

q. (mg g') = Amount of PFAS adsorbed on the solid phase at time f (h)
Co, — C; C. (ug L") = Concentration of PFAS in liquid phase at time t (h)
Ca C, (ug L") = Average concentration of PFAS in control experiments

C, (mg L") = Concentration of adsorbent
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Figure S1: Equilibrium PFAS removal efficiency of different compositions of lonic Fluorogel in presence of

NaCl (200 ppm) and humic acid (20 ppm). PFAS: PFOA, PFHxA and GenX (each 50 pg/L). adsorbent
dosage: 100 mg/L. equilibrium time: 21 h.
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Figure S2: Equilibrium PFAS removal efficiency by various compositions of lonic Fluorogels in presence
of NaCl (200 ppm) and humic acid (20 ppm). PFAS: PFOA, PFHxA and GenX (each 1 ug/L). adsorbent

dosage: 10 mg/L. equilibrium time: 21 h. The data points in the figure are an average of 3 experiments and
the error bar show their standard deviation.
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Figure S3: Equilibrium PFAS removal efficiency by granular activated carbon(GAC), powdered activated
carbon (PAC) and ion-exchange resin (IX), in presence of NaCl (200 ppm) and humic acid (20 ppm). PFAS:
PFOA, PFHxA and GenX (each 1 ug/L). adsorbent dosage: 10 mg/L. equilibrium time: 21 h. The data points

in the figure are an average of 3 experiments and the error bar show their standard deviation.
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Figure S4: Equilibrium PFAS removal efficiency by gel made from polyethylene glycol diacrylate (PEGDA,
Mn 750) in presence of NaCl (200 ppm) and humic acid (20 ppm). PFAS: PFOA, PFHxXA and GenX (each
1 ug/L). adsorbent dosage: 10 mg/L. equilibrium time: 21 h.
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2.2. GenX adsorption kinetics

High concentration (200 ug/L): The adsorption kinetic experiments were performed in 125 mL
polypropylene bottle equipped with a magnetic stir bar. The experiments were performed at room
temperature on a multi-position stirrer at 500 rpm. The adsorbent dose was set at 10 mg/L with total
operating volume of 100 mL. The fluorogel and water mixture was stirred for 3 h with occasional sonication
to disperse the adsorbent before being spiked with GenX stock to create an initial concentration of 200
ug/L. About 1 mL aliquot was taken at each predetermined time intervals (0.5, 1, 5, 10, 30, 60, mins and
21,48 and 72 h). The aliquots were centrifuged for 15 minutes and the supernatant was analyzed by LCMS
to determine the residual GenX concentration. Control experiments to account for GenX losses during
handling were performed under identical condition in the absence of adsorbent. This batch kinetics

experiment was performed in triplicates.

Low concentration (1 ug/L): About 5 mg of lonic fluorogel was taken in an 8 mL vial, followed by addition
of DI water to create a concentration of 1 mg/mL. The mixture was subjected to series of vortex and
sonication to completely disperse ionic fluorogel. 1 mL of this mixture was taken while under constant mixing
and added to 99 mL of water in a polypropylene bottle (125 mL) equipped with a magnetic stir bar. The
mixture was stirred at 500 rpm for 3 h before being spiked with GenX stock to create an initial concentration
of 1 ug/L. About 1 mL aliquot was taken at each predetermined time intervals (0.5, 1, 3, 5, 10, 20, 30, 60,
120, 240 mins and 21, 48 and 72 h). The aliquots were centrifuged for 15 minutes and the supernatant was
analyzed by LCMS to determine the residual GenX concentration. Control experiments to account for GenX
losses during handling were performed under identical condition in the absence of adsorbent. This batch

kinetics experiment was performed in triplicates.

The kinetics of adsorption can be described with Ho and McKay'’s linearized form of pseudo-second-order

adsorption model given by following equation?

q. (mg g™") = Amount of GenX adsorbed on the solid phase at equilibrium
t t 1
S R — 1 1) = ;
0 0 + T kops (@ mg™? h'') = Rate of adsorption

q. (mg g') = Amount of GenX adsorbed on the solid phase at time f (h)
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Figure S5: Kinetics of GenX (200 ng/L) adsorption by lonic Fluorogel with 20 wt% quaternized DMEAMA
(left) and lonic Fluorogel with 30 wt% quaternized DMEAMA (right). Adsorbent dosage: 100 mg/L. The data

points in the figure are an average of 3 experiments and the error bar show their standard deviation.
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Figure S6: Kinetics of GenX (1 pg/L) adsorption by lonic Fluorogel with 20 wt% quaternized DMEAMA (left)

and lonic Fluorogel with 30 wt% quaternized DMEAMA (right). Adsorbent dosage: 10 mg/L. The data points

in the figure are an average of 3 experiments and the error bar show their standard deviation.
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Figure S7: Pseudo second order plots of lonic Fluorogel with 20 wt% quaternized DMEAMA (left) and lonic
Fluorogel with 30 wt% quaternized DMEAMA (right). Adsorbent dosage: 10 mg/L; GenX: 1 ug/L. The data

points in the figure are an average of 3 experiments and the error bar show their standard deviation.
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2.3. Binding isotherm studies

The batch isotherm studies were performed in 125 mL polypropylene bottles (100 mL operating
volume) containing a magnetic stir bar on a multi-position stirrer at 23-25 °C at 500 rpm. The deionized
water containing the ionic fluorogel adsorbent (100 mg/L) was stirred for 3 h before the GenX addition. A
stock solution of GenX was spiked to create initial concentrations of 0.2, 1, 5, 10, 20, 30 and 50 mg/L. The
suspension was stirred for 21 h to reach equilibrium and an aliquot was taken in a centrifuge tube. The
aliquots were centrifuged for 15 minutes and the supernatant from the top was taken for LCMS analysis.
High concentration samples were serially diluted (5-10 mg/L diluted 20x and 20-50 mg diluted 100x) before
LCMS analysis. Control experiments in the absence of adsorbent were performed under identical conditions

to account for handling losses. All the batch experiments were carried out in triplicate.

Langmuir adsorption and Freundlich isotherm fits were generated by Non-linear Least Square Regression

of the following equation.

Langmuir adsorption isotherm:
q. (mg g™") = Amount of PFAS adsorbed on the solid phase at equilibrium
_ mK,C, g (Mg’ g) = Maximum adsorption capacity of adsorbent at equilibrium
Te” T4 Coamk, C, (mg’' L") = Residual PFAS concentration at equilibrium

K, (mg™' L") = Equilibrium constant

Freundlich adsorption isotherm:
q. (mg g™") = Amount of PFAS adsorbed on the solid phase at equilibrium
_ 1 C. (mg™* L") = Residual PFAS concentration at equilibrium
e = KeC2 K (mg g")(L mg™)" = Freundlich constant.
n is the intensity of adsorption

Note: A preliminary fit was generated using linearized equations of Langmuir (1/ge vs 1/Ce) and Freundlich
(In ge vs In Ce) adsorption isotherm and the obtained values were used as a starting point for non-linear
least square regression analysis. We used a Microsoft excel spreadsheet template obtained from USA-
ARS website.?
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Table S1: Langmuir and Freundlich parameters derived from linearized plots of the GenX binding isotherm

Langmuir Fit Freundlich Fit
Fluorogel
K (M) Qm (mg/g) R? Kr (mg/g)(L/mg)"" n R?
IF-20 5.9 x 108 278 0.99 141 2.2 0.93
IF-30 1.5 x 107 217 0.99 152 2.2 0.95
0.6+ IF-20 0.6 1 IF-30
0.5 0.5
~ 0.44 ~ 0.4
g g
3 0.3 3 0.3-
[)] [
0.2 . . .2
g Langmuir adsorption g 0.2 Langmuir adsorption
0.1- Y = 0.0002x + 0.0036 0.1- y = 0.0001x + 0.0046
R°= 0.99684 R = 0.99749
0'G-"I' T T T T T 0.0 T T T T
0 500 1000 1500 2000 2500 0 1000 2000 3000 4000
1/Ce (L/mg) 1/Ce (L/mg)

Figure S8: GenX adsorption isotherm linear fitted to Langmuir model for lonic Fluorogel with 20 wt%
quaternized DMEAMA (left) and lonic Fluorogel with 30 wt% quaternized DMEAMA (right). Adsorbent
dosage: 100 mg/L; [GenX]: 0.2-50 mg/L. The data points in the figure are an average of 3 experiments and

the error bar show their standard deviation.
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Figure S9: GenX adsorption isotherm linear fitted to Freundlich model for lonic Fluorogel with 20 wt%
quaternized DMEAMA (left) and lonic Fluorogel with 30 wt% quaternized DMEAMA (right). Adsorbent
dosage: 100 mg/L; [GenX]: 0.2-50 mg/L. The data points in the figure are an average of 3 experiments and

the error bar show their standard deviation.
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Figure S10: GenX adsorption isotherm for lonic Fluorogel with 20 wt% quaternized DMEAMA (left) and
lonic Fluorogel with 30 wt% quaternized DMEAMA (right). Dotted lines represent fit to Langmuir (red) and
Freundlich (blue) models. Adsorbent dosage: 100 mg/L; [GenX]: 0.2-50 mg/L. The data points in the figure

are an average of 3 experiments and the error bar show their standard deviation.
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2.4. Real water studies

The adsorption kinetic experiments were performed in 500mL polypropylene bottles equipped with a
magnetic stir bar. The experiments were performed at room temperature on magnetic stirrers. The
adsorbent dose was set at 100 mg/L with a total operating volume of 400mL. The fluorogel was soaked in
5ml of water for 3 days with occasional sonication to disperse the adsorbent before being adding to the 1
ug/L PFAS spiked water. About 10 mL aliquot was taken at each predetermined time intervals (0, 30, 60
and 120 mins). The aliquots were filtered through pre-washed 0.45um glass fiber syringe filter and the
filtered solution was analyzed by LCMS to determine the residual PFAS concentration. Two control
experiments to account for PFAS losses and PFAS contaminations during handling were performed under
an identical condition in the absence of adsorbent and Deionized water. This batch kinetics experiment was
performed in duplicate. Settled water was obtained from the Sweeney Water Treatment Plant (TOC = 1.3
mg/L, pH = 6.2).
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Figure S11: 21 PFAS absorption by lonic Fluorogel with 20 wt% quaternized DMEAMA (red) and lonic
Fluorogel with 30 wt% quaternized DMEAMA (blue). Adsorbent dosage: 100 mg/L; [PFAS]: 1 ug/L each.

The data shown are an average of duplicate experiments.
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3. ADSORPTION AND REGENERATION STUDIES

Low Concentration (10mg/g): Adsorption experiment: lonic Fluorogel IF-20+ (20 mg) was suspended in
deionized water (5 mL) followed by series of sonication and vortexing for 5 mins to disperse the adsorbent.
The resulting suspension was passed through 20 mL syringe fitted with 0.45 pm PTFE filter (25 mm),
additional water was used if necessary. The IF-20+ thus created a packed bed of resin on top of the PTFE
filter through which subsequent water had to flow through in order to exit the syringe. A solution of GenX
(10 mg L', 20 mL) was passed through the filter over 2 mins and the resultant filtrate was collected in a
polypropylene tube. The PTFE filter was washed by passing through deionized water (20 mL) to remove
any trace of GenX solution. The change in GenX concentration in the filirate was measured by LC-MS.

Desorption experiment: The PTFE filter containing GenX was extracted by passing through 20 mL of a
methanolic solution containing 400 mM ammonium acetate over 2 minutes. The concentration of extracted
GenX was analyzed by LC-MS. The PTFE filter was washed by passing through deionized water (20 mL)
to remove any trace of methanolic solution left over and the residual deionized water was removed by
vacuum suction.

The adsorption-desorption cycle was extended to 5 cycles to demonstrate the recyclability of the ionic

fluorogel without the loss of efficiency.
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Figure S11: Regeneration and reuse of ionic fluorogel IF-20 with 400 mM methanolic ammonium acetate.
Adsorbent dosage: 20 mg; [GenX]: 10 mg/L, 20 mL. Extraction: IF-20 was extracted with 400 mM

methanolic ammonium acetate over 2 minutes.

High Concentration (200mg/g): Adsorption experiment: lonic Fluorogel IF-20+ (5 mg) was suspended in
deionized water (4.67 mL) in a 20mL glass vial followed by stirring 18hours to disperse the adsorbent. The
solution was spiked with 33 uL 30 mg/mL GenX (final concentration 200 mg/L), and the solution was stirred

2 hours. The mixture was transferred to a 15mL centrifuge tube and centrifuged at 3000 rpm for 3 minutes.
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An aliquot of the supernatant was used to determine the change in GenX concentration in the filtrate via
LC-MS.

Desorption experiment: The pellet was transferred from the centrifuge tube to the glass vial, and 5 mL
methanolic ammonium acetate (400mM) was added. The mixture was stirred 4 hours, after which the

centrifugation process was repeated. The concentration of extracted GenX was analyzed by LC-MS.

The adsorption-desorption cycle was extended to 2 cycles to demonstrate the recyclability of the ionic

fluorogel without the loss of efficiency.
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Figure S12: Regeneration and reuse of ionic fluorogel IF-20 with 400 mM methanolic ammonium acetate.
Adsorbent dosage: 40 mg; [GenX]: 200 mg/L, 5 mL. Extraction: IF-20 was extracted with 400 mM

methanolic ammonium acetate (5 mL).
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4. SYNTHESIS OF FLUOROGEL

An illustrative procedure for the synthesis of ionic fluorogel IF-20 and IF-20+ is given below:

To a 20 mL scintillation vial with green top cap equipped with magnetic stir bar was added Fluorolink
MD700 (1.6 g, 80 wt%), 2-(dimethylamino)ethyl methacrylate (0.4 g, 20 wt%), azobisisobutyronitrile (20 mg,
1 wt%) and ftrifluoroethanol (2.0 g). The vial was closed, nitrogen was passed through the solution for 5
minutes, and the solution was heated at 70 °C for 5 h while stirring at 200-300 rpm. Within 15 mins, gel
particles were observed and within 1 h the entire mixture gelled. After the reaction, the mixture was cooled
to room temperature and the gel was ground to fine powder. To this powder, additional trifluoroethanol (10
mL) and iodomethane (2 mL) was added and the mixture was stirred at room temperature for 24 h. The
content of the vial was transferred to teabag using ethanol as a transfer solvent. The gel was washed with
ethanol using a Soxhlet extraction set up for 24 h. Finally, the gel was dried in a vacuum oven at 50 °C for
24 h. The dried gel was passed through 125 um and 75 um sieves to collect particles in the size range of
75 — 125 um. The ionic fluorogel IF-20+ was obtained as a pale-yellow powder in 2.2 g yield.

To obtain fluorogel F-20 (tertiary amine derived), the methylation step was not performed. Instead, after
grinding, the fluorogel was directly place in teabag and purified using Soxhlet apparatus.

Other formulations of fluorogel (F) or ionic fluorogel (IF) containing varying amount of amine/ammonium
derivatives were prepared by adding appropriate amount of amine and Fluorolink MD700 using the
procedure above. For instance, to make IF-30+, 1.4 g of Fluorolink MD 700 and 0.6 g of 2-
(dimethylamino)ethyl methacrylate (0.4 g, 20 wt%) was used (yield: 2.3 g).

Synthesis of control PEG gel: PEG gels were obtained using the same procedure as mentioned above.
The Fluorolink MD 700 was replaced by poly(ethylene glycol) dimethacrylate (average Mn 750). This
particular molecular weight was chosen to mimic the number of atoms in the backbone between the
dimethacrylate functionality of fluorolink.
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5. CHARACTERIZATION
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Figure S$13: Thermogravimetric analysis (TGA) of Fluorolink MD700 (red), ionic fluorogel IF-20 (blue) and
IF-30 (green).
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Figure S14: Fourier transform-infrared (FTIR) spectra of Fluorolink MD700 (red) and ionic fluorogel IF-20
(blue) and IF-30 (green).
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