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Abstract: Efficient removal of per- and polyfluoroalkyl
substances (PFAS) from contaminated waters is ur-
gently needed to safeguard public and environmental
health. In this work, novel magnetic fluorinated polymer
sorbents were designed to allow efficient capture of
PFAS and fast magnetic recovery of the sorbed material.
The new sorbent has superior PFAS removal efficiency
compared with the commercially available activated
carbon and ion-exchange resins. The removal of the
ammonium salt of hexafluoropropylene oxide dimer
acid (GenX) reaches >99% within 30s, and the
estimated sorption capacity was 219 mgg~' based on the
Langmuir model. Robust and efficient regeneration of
the magnetic polymer sorbent was confirmed by the
repeated sorption and desorption of GenX over four
cycles. The sorption of multiple PFAS in two real
contaminated water matrices at an environmentally
relevant concentration (1 ppb) shows >95% removal
for the majority of PFAS tested in this study. )
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of
synthetic compounds that have been used in industry and
consumer products worldwide since the 1950s.! The unique
chemical structure of PFAS, containing a chain of carbon
atoms bonded to fluorine atoms, makes them highly stable,
persistent in the environment and liable to bioaccumulate in
organisms.” Recent research suggests that exposure to high
levels of certain, specific PFAS compositions and chain
lengths may lead to adverse health outcomes, including
disruption of immune and thyroid function,”’ liver and
kidney diseases, and harm to reproductive cells.”! Hence,
efficient removal of PFAS from the environment is urgently
needed, and a number of new approaches have been
proposed by the scientific community.

Granular activated carbon (GAC) is the most commonly
used sorbent for the removal of long-chain PFAS [ with
relatively high removal efficiency (>90 %) achieved due to
its highly porous structure and strong hydrophobic inter-
actions with PFAS.*l However, slow sorption of PFAS
(often taking over 30h), difficulty in regeneration (e.g.
requiring thermal treatment at high temperatures),>* and
competitive sorption from other co-contaminants signifi-
cantly reduce its effectiveness for PFAS sorption.”! Pow-
dered activated carbon (PAC) with smaller particle size
utilizes the same mechanism of PFAS sorption as GAC, but
with a faster sorption rate (taking ~5-12h) and higher
capacity making it a more reasonable choice for practical
removal of PFAS compared with GAC.*7%] However, as
with GAC, its limitations including reduced removal
efficiency of PFAS due to the presence of other contami-
nants and poor capacity for regeneration of the sorbent at
room temperature should not be neglected.*'”! The com-
mercially available ion-exchange resin (IEX) sorbs PFAS
through electrostatic interactions, and can either be used
singly or regenerated for repeated use,® with high PFAS
removal efficiency (>90%).'"] However, the presence of
common ions, organic molecules and dissolved solids may
interfere with PFAS sorption by IEX.[*'? The limitations of
these established technologies has promoted a number of
research groups to propose new more effective sorbents.

The inclusion of fluorinated moieties within polymer
sorbents has appeared as a promising approach for selective
removal of PFAS via fluorous interactions.!” In early work,
Koda etal. prepared “fluorous-core” star polymers for
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encapsulation of perfluorooctanoic acid (PFOA) from
mixtures of ethanol/deuterium oxide (1:1, v/v).'"1 The
authors characterized the binding of PFOA with the star
polymers using 'F NMR spectroscopy and reported selec-
tive sorption in less than ten mins, driven by fluorous
interactions between the perfluoroalkyl segments of PFOA
and the polymer. With the addition of chloroform, the
bound PFOA was released enabling the sorbent to be
regenerated.®™ By further crosslinking the polymers to
produce star polymer gels, sorption of PFOA with 74 %
efficiency was achieved by simple mixing and filtration."*"!
More recently, by applying similar design principles, fluori-
nated hydrogels proposed by Quan et al. and f-cyclodextrin-
based fluorinated polymers reported by Xiao et al. showed
>99% removal efficiency for PFOA at environmentally
relevant concentrations.*“! Both fluorinated sorbents have
capacity for regeneration demonstrated by sorption/desorp-
tion experiments over several cycles. Previously our group
prepared a novel amphiphilic poly(ethylene glycol)-perfluor-
opolyether (PFPE) block polymer for removal of PFOA
from aqueous solutions."*! The removal efficiency of PFOA
was 97.8% within five mins determined by ""F NMR
diffusion-ordered spectroscopy (DOSY).

Fluorous interactions have been shown to be important
in the design of PFAS sorbents, however, electrostatic
interactions additionally play a role in further improving
sorption performance. In 2020, Kumarasamy et al. reported
the design and preparation of ionic fluorogels containing
cationic quaternized ammonium groups.!™ The fluorogels
not only show >99% removal for PFOA but also had
>80 % removal efficiency for 17 other legacy and emerging
PFAS. More recently, we quantitatively investigated the
contributions of fluorous and electrostatic interactions to the
sorption of PFAS.' The sorption of PFOA by cationic
PFPE-containing polymer was significantly higher (~100 %)
compared with the non-ionic PFPE-containing polymer
(~15.2%). Such enhanced sorption is due to the presence
of electrostatic attraction between PFOA and the cationic
polymer that precludes fast chemical exchange.'¥ To be
more specific, the presence of cationic groups can efficiently
capture anionic PFAS molecules through tight electrostatic
binding, while the fluorinated segments contribute selective
recognition of PFAS via fluorous interactions. The above
studies provide key design rules and highlight that the
incorporation of both electrostatic and fluorous interactions
is important to achieve optimum sorption performance.

An important additional consideration when designing
PFAS sorbents is how to effectively collect and recycle the
PFAS-containing materials. The most commonly reported
methods for removal of PFAS, high-speed centrifugation
and cartridges filled with non-magnetic sorbents, both
involve high energy consumption (Scheme la). In this
current work, a magnetic separation method was employed
as an alternative strategy for recovery of the sorbent after
PFAS sorption (Scheme 1b). Magnetic iron oxide nano-
particles (IONPs, Fe;0,) were synthesized and grafted with
a series of non-ionic or cationic PFPE-containing polymers
prepared using reversible addition-fragmentation chain-
transfer (RAFT) polymerization. These PFPE-containing
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Scheme 1. Schematic illustration of different methods for PFAS removal
and sorbent recovery. a) Conventional centrifugation for recovery of
non-mangetic material and cartridge filled with non-magnetic sorbents
for PFAS removal. b) Recovery of magnetic polymer grafted IONPs via
magnetic separation.

polymers were prepared with similar content of fluorine
(=20 wt %), but different contents of cationic quaternized
ammonium groups (0-39 wt %) by controlling the degree of
polymerization (DP) of the two monomers, 2-dimeth-
ylaminoethyl acrylate (DMAEA) and oligo(ethylene
glycol)methyl ether acrylate (OEGA). Our results reveal
that P2-9+ @IONPs, the grafted polymer sorbent with DP
of OEGA and the quaternized ammonium monomer of 2
and 9, respectively, containing the highest amount of
cationic groups (39 wt %) showed the best performance in
the removal of multiple PFAS. The results demonstrate that
the binding between P2-9+ @IONPs and one major emerg-
ing PFAS pollutant, ammonium salt of hexafluoropropylene
oxide dimer acid (GenX), is both rapid and highly efficient.
Regeneration of the sorbent was confirmed by conducting
both sorption and desorption experiments over multiple
cycles. The sorption of multiple PFAS and magnetic
regeneration of our new sorbents works efficiently in ground
water matrices at environmentally relevant concentration
(1 ppb), highlighting the potential of using fluorinated
magnetic sorbents for the treatment of environmental
PFAS-contaminated solutions.

Results and Discussion
Design and Synthesis of Magnetic Polymer Sorbents

Before synthesizing magnetic polymer sorbents, four fluori-
nated cationic polymers having similar fluorine content
(~20 wt %) but different amounts of cationic segments were
prepared. The incorporation of perfluoropolyether (PFPE)
provides important fluorine-fluorine hydrophobic interac-
tions between the sorbent and the perfluoroalkyl segment of
PFAS.I") The presence of cationic groups in the polymer
sorbents further increases their capture efficiency of PFAS
through electrostatic interactions, especially when PFAS are
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at low concentrations.¥ Magnetic iron oxide nanoparticles
(IONPs, Fe;0,) were produced using the thermal decom-
position method and grafted with the fluorinated polymers,
for simple, rapid recycling of the sorbents after sorption of
PFAS. The synthetic scheme for the preparation of magnetic
fluorinated polymer sorbents is shown in Scheme 2.

The PFPE-containing macro-chain-transfer agent was
synthesized by the N-(3-(dimethylamino)propyl)-N'-ethyl-
carbodiimide hydrochloride/4-(dimethylamino)pyridine
(EDCI/DMAP) coupling esterification reaction between 2-
(butylthiocarbonothioylthio)propionic acid (BTPA) and
hydroxy-terminated PFPE. Both 'H and “F NMR spectra
shown in Figure S1 and Figure S2 indicate the successful
preparation of PFPE macro-chain-transfer agent (BTPA-
PFPE).%  Successful ~synthesis of 2-(dimethoxy-
phosphoryl)ethyl acrylate (PA) using dimethyl (2-
hydroxyethyl)phosphonate and acryloyl chloride as the
reactants was also confirmed by 'H and *'P NMR spectra
shown in Figure S3 and Figure S4.""

Four candidate PFPE-containing polymers were pre-
pared by reversible addition-fragmentation chain-transfer
(RAFT) polymerization (Scheme 2)." Two steps were
conducted to obtain the targeted PFPE polymers. Firstly,
the polymer precursor, poly(PA),-PFPE was synthesized
using PA as the monomer and BTPA-PFPE as the macro-
chain-transfer agent. After purification, the 'H, F and *'P
NMR spectra in Figure S5, Figure S6 and Figure S7 support
the successful synthesis of the polymer precursor. Secondly,
poly(PA),-PFPE was used for further chain extension with
oligo(ethylene glycol)methyl ether acrylate (OEGA) and/or
2-(dimethylamino)ethyl acrylate (DMAEA) as the mono-
mers. Four polymers, poly(PA,;b-OEGA,)-PFPE, poly-
(PA,-b-OEGA-DMAEA;)-PFPE, poly(PA,-b-OEGA,-
DMAEA)-PFPE  and poly(PA,-b-OEGA,-DMAEA,)-
PFPE (denoted as P8-0, P6-3, P4-6 and P2-9, respectively)
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Scheme 2. Typical synthetic scheme for magnetic fluorinated polymer
sorbents.
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were successfully synthesized as confirmed by the 'H and “F
NMR spectra in Figure 1a, Figure S8, Figure S9 and Fig-
ure S10. Taking P2-9 as an example (Figure 1a), the peaks
due to methylene protons (2H, —CH,0O-) adjacent to the
ester groups of OEGA, DMAEA and PA (peaksi, | and n)
contribute to a broad peak at 3.90-4.30 ppm in the 'H
spectrum. The molar mass dispersity (D) for each polymer
was measured by size exclusion chromatography, demon-
strating narrow molecular weight distributions of the four
polymers (D=1.07 for P8-0, P6-3 and P4-6, and H=1.06 for
P2-9).

Quaternized polymers P6-3+, P4-6+ and P2-9+4 were
prepared by adding excess iodomethane to the correspond-
ing polymers P6-3, P4-6 and P2-9, respectively. The degree
of quaternization of the three polymers was determined to
be ~100% using 'H NMR.'"' Typically, the peak at
2.16 ppm (peak m) in Figure 1a and Figure S9 due to the
two methyl groups (6H, 2x—CH;) of DMAEA fully
disappeared and shifted to ~3.20 ppm (peak m’) in Fig-
ure 1b and Figure S11. Meanwhile, after quaternization, the
peak due to methylene protons adjacent to the ester groups
of DMAEA shifted to 4.46 ppm (peak 1), while the other
peaks (peaksi and n) due to the methylene protons (2H,
—CH,0-) adjacent to the ester groups of OEGA and PA
remain unchanged. The fluorine contents of the four
polymers after quaternization were calculated from the
NMR spectra to be approximately 20 wt %. The content of
quaternized DMAEA (cationic monomer) was also calcu-
lated as 0% for P8-0, 12.6 % for P6-3+, 25.6 % for P4-6+
and 39.0 % for P2-9 + based on weight. Deprotection of the
phosphonate was then conducted by silylation and meth-
anolysis reactions. Peak o in the '"H NMR spectrum due to
the methyl groups (6H, 2 x—CHj, Figure 1b and Figure S11)
of the phosphonate group disappears after deprotection,
confirming the successful conversion from phosphonate to
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Figure 1. "H NMR spectra of P2-9 (a) and P2-9+ (b) in DMSO-d;.
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phosphonic acid (Figure S12). The hydrodynamic diameters
of the four polymers after phosphonate deprotection were
<30 nm (number-based) by dynamic light scattering (DLS)
in Milli-Q water (Table S1), indicating that the PFPE
polymers were well dispersed in solution.

Oleic acid coated IONPs (OA@IONPs) were synthe-
sized by the thermal decomposition method."s After
purification, IONPs with an average diameter of 21.4 nm
and a narrow size distribution were obtained (transmission
electron microscopy, TEM, Figure 2a and 2b). The presence
of oleic acid on the surface of the nanoparticles was
confirmed by Fourier-transform infrared spectroscopy (FT-
IR), with typical stretching vibrations of the carbonyl group
(C=0, 1731 cm™") and alkyl carbon-hydrogen bond (C—H,
2914 and 2851 cm™') being observed (Figure 2¢c)."! The
content of oleic acid on the surface of IONPs was
determined to be ~30 wt % using thermogravimetric analy-
sis (TGA, blue curve, Figure 2d).

Successful grafting of the PFPE-containing polymers on
the IONPs through ligand exchange was confirmed by
FTIR, TGA, TEM and zeta potential ({) measurements.
The FTIR spectrum of P2-9+4@IONPs indicates the pres-
ence of characteristic peaks belonging to the PFPE polymer
(CF, at 1241 cm™ and CF; at 1129 cm™, Figure 2c and
Figure S13) and confirms the successful grafting of polymer
on the surface of the TONPs.”” The weight percent of
polymer grafted on IONPs was measured by TGA (Fig-
ure 2d, Figure S14 and Table 1), and was 86 %, 73 %, 70 %
and 74 % for P8-0, P6-3+, P4-6+ and P2-9+, respectively.
Neither obvious change in morphology nor size of the
IONPs after grafting of the polymer was observed (Fig-
ure S15), indicating the IONPs are stable after grafting with
the polymer chains. The zeta potential ({) of the magnetic
polymer sorbents increased with increasing degree of
polymerization of the cationic groups (Table 1). The { were
negative for the two polymer sorbents with no to low
amounts of quaternized cationic groups (i.e. P§-0@IONPs

mean= 21.42 nm|
min= 16.29 nm
max=27.42 nm

Relative Frequency
°
N

0.0 ’
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Size (nm)
C
. 1004
S
8
CE, s

H c=0 2
£ =
E S 504
7] °
 [— p29+@onps| CH — OA@IONPs

—— P29+

— oa@ioNps — P2.9+@IONPs

T T 1
4000 3000 2000 1000 [ 200 400 600

Wavenumber (cm'1) Temperature (°C)

Figure 2. Characterizations of IONPs before and after grafting P2-9+.
a) TEM image; b) Size histogram; c) FTIR spectra of OA@IONPs, P2-9
+ polymer and P2-9+ polymer grafted IONPs (P2-9+ @IONPs);

d) TGA of OA@IONPs (in blue) and P2-9+ @IONPs (in red).
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and P6-3+@IONPs). P4-6+@IONPs and P2-9-+@IONPs
with higher degrees of polymerization of the cationic groups
were positively charged at ~30 mV. The negative { of P8-0
and P6-3+ grafted IONPs is most probably due to the
ionization of the excess and exposed phosphonic acid groups
of the polymers not bound on the surface of the IONPs,?"
and is confirmed by measuring { of the polymers before
grafting IONPs (Table 1).

Equilibrium Multiple PFAS Sorption Using Magnetic Polymer
Sorbents

The four magnetic polymer sorbents, along with two
commercially available materials, activated carbon (AC, 20—
40 mesh particle size) and anion exchange resin (IEX,
Amberlite IRA-410, 20-25 mesh particle size), were used to
treat solutions containing 11 different PFAS (Figure 3a and
Figure S16), including long-chain perfluoroalkyl carboxylic
acids (PFCAs, C,F,,,,COOH, n>7), long-chain perfluor-
oalkyl sulfonic acids (PFSAs, C,F,,,;SOsH, n>6,), short-
chain PFCAs (n<7), short-chain PFSAs (n<6) and
ammonium salt of hexafluoropropylene oxide dimer acid
(GenX).'*?! The initial concentration of each PFAS was
100 ugL™" (ppb). 200 mgL~" (ppm) sodium chloride (NaCl)
and 20 ppm humic acid (HA) were added to simulate a
natural PFAS contaminated environment. Upon completion
of sorption, a neodymium magnet (N50) was used to fully
separate the magnetic polymer sorbents from the treated
solution by exposure for 10 min (Figure 3b), while centrifu-
gation was performed for the two commercially available
sorbents. The results in Figure 3c show that the IONPs
grafted with the non-ionic PFPE-containing polymer, i.e. P8-
0@IONPs, showed low to moderate removal for short-chain
PFAS (i.e. perfluorobutanoic acid (PFBA), perfluoropenta-
noic acid (PFPeA), perfluorohexanoic acid (PFHxA), per-
fluoroheptanoic acid (PFHpA) and perfluorobutanesulfonic
acid (PFBS)) and ammonium salt of hexafluoropropylene
oxide dimer acid (GenX), but the removal reached >98 %
for long-chain PFAS (e.g. perfluorooctanoic acid (PFOA),
perfluorononanoic acid (PFNA), perfluorodecanoic acid
(PFDA), perfluorohexanesulfonic acid (PFHxS) and per-
fluorooctanesulfonic acid (PFOS)). This is mainly due to the
stronger fluorous interactions between the PFPE segments
of the sorbent and the fluorinated tail of long-chain PFAS
compared with that of short-chain PFAS.” The effective
removal of long-chain PFAS using the neutral polymer is
consistent with the work previously reported by our
group.™ For PFCAs and PFSAs with the same number of
carbons in the fluorinated tail, sorption of PFCAs is less
efficient than that of PFSAs using neutral P§-0@IONPs. For
example, the removal of PFPeA (n=4) by P8-0@IONPs was
4.7 %, much lower than that of PFBS (n=4) with a removal
efficiency at 65.9%, and can be attributed to the less
hydrophobic nature of PFCA than PFSA that results in
weaker hydrophobic interactions between PFAS and the
PFPE segments of the neutral sorbent.”"

After incorporation of the quaternized ammonium
groups, the removal of PFAS by the three quaternized
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content, a larger content of cationic group leads to higher ¢
and consequently higher levels of removal of PFAS.

The magnetic polymer sorbents with both quaternized
ammonium and PFPE segments show higher PFAS removal
compared with the two commercially available sorbents
(Figure 3c). After treatment for 24 h, AC shows 80.5%
removal of PFBA, lower than that of P2-9+ @IONPs at
84.0 %, but higher than the other magnetic polymer sorbents
and IEX (ie. 77.6% for P4-64+@IONPs, 72.5% for
P6-3+@IONPs, and 40.5% for IEX). The removal effi-
ciency of the other ten PFAS using our magnetic polymer
sorbents was significantly higher than AC and IEX. In
addition, the PFAS removal efficiency of our sorbents is
superior to previously reported magnetic sorbents.”! For
example, Gong etal. prepared starch-stabilized magnetic
nanoparticles and demonstrated PFOA removal of ~62 %
in the absence of organic compounds, and a reduction of
95 % in removal efficiency was observed after addition of
4.8 mgL~' HA to the solution.”™ Our sorbents have a much
higher level of PFOA removal at >99.8 % even in presence
of 20mgL™" HA, demonstrating outstanding performance
compared with previously reported work. The results high-
light the importance of incorporation of both quaternized
cationic and PFPE segments for more effective removal of
both PFCAs and PFSAs with different chain lengths.

The stability of magnetic polymer sorbents was con-
firmed by collecting the "F NMR spectroscopy of the
residue solution after PFAS removal and magnetic cycling
of sorbents. The F NMR spectrum is shown in Figure S17
and no detectable "F signal from PFPE polymer can be
observed, indicating that the polymer tightly binds on the
surface of IONPs without leaching.

Sorption Kinetics of GenX Using P2-9+ @ IONPs

The kinetics of sorption of GenX was investigated in this
work as it is now used as an alternative to PFOA as a
polymer processing aid.’! P2-9+@IONPs show the highest
PFAS removal efficiency among all magnetic polymer
sorbents and was chosen for the kinetics study. Sorption
kinetics of GenX was tested for a solution with an initial
concentration of 100 ppb using P2-94+@IONPs as the
sorbent in deionized water. The results in Figure 4 show that
>99 % of GenX can be efficiently removed within 30 s with
a further increase to ~99.5% in less than three mins,
demonstrating the rapid capture of GenX with excellent
removal efficiency. After three mins, no detectable signal
from GenX was observed by liquid chromatography with
tandem mass spectrometry (LC-MS/MS). Furthermore,
desorption of GenX from P2-9+4 @IONPs was not observed
within the experimental time window, suggesting that the
binding of GenX to P2-9+@IONPs via electrostatic and
fluorous interactions is strong and irreversible in aqueous
solution. The findings are in line with the work published by
Kumarasamy et al.,® where quantitative removal of GenX
at an initial concentration of 200 ppb using ionic fluorogel
was achieved within one minute.
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Figure 4. Sorption kinetics of GenX using P2-9+ @IONPs. Polymer
concentration, 0.1 mgmL™" (excluding IONPs). GenX initial concen-
tration, 100 ppb. The results are the average of three replicates, and
one standard deviation is shown.

Sorption Isotherms of GenX Using P2-9+ @IONPs

In order to understand the binding parameters between
PFAS and the sorbent, a sorption isotherm study of GenX
using P2-9+4+@IONPs was conducted. After treating solu-
tions with GenX concentrations from 0.1 to 50 ppm with a
fixed sorbent concentration at 0.1 mgmL™' in deionized
water, the sorption data was fitted by two different sorption
models, the Langmuir and Freundlich (Figure5) using
Equation (1) and Equation (2)."

0. 1
InQ, = InK + % InC, 2)

Where C. is the residual concentration of GenX at
equilibrium (mgL™"), Q,, (mgg™") is the estimated maximum
sorption capacity, Q. (mgg™") is the amount of GenX bound

400- o
g 300 ’,—"/
Ea00{ J—em %
8 100- = = Experimental data

= Langmuir

= = Freundlich
I 1 I 1

10 20 30 40
Ce (mg/L)

o
o -

Figure 5. Binding isotherm study between GenX and P2-9+ @IONPs.
Polymer concentration, 0.1 mgmL™" (excluding IONPs). GenX concen-
tration, 0.1-50 ppm. Sorption duration, 24 h. The results are the
average of three replicates, and standard deviation is shown.
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on the sorbent at equilibrium, K; (Lmg™") is the Langmuir
equilibrium constant representing binding affinity,”® Kg
((mgg H(Lmg")"") is the Freundlich constant, n is the
intensity of sorption.

The parameters for the two models were calculated
based on the linearized forms of equations 1 and 2 (Fig-
ure S18), and are listed in Table 2. The experimental data
fits the Langmuir better than the Freundlich model, with a
coefficient of determination (R?) of 0.9979 for the Langmuir
model and R? of 0.9029 for the Freundlich model. K; and
QO,, were calculated to be 4.8x10°M™ and 219mgg™,
respectively, suggesting a stronger binding affinity between
GenX and our sorbent P2-9+@IONPs with a superior or
similar capacity compared with previously reported sorb-
ents, e.g., ionic perfluoroalkane hydrogels (K; unreported,
0.=34mgg'), amine-functionalized covalent organic
framework (K;=63x10°M™", Q,,=200mgg™"), and S-cy-
clodextrin (f-CD) polymer (K, =88x10°M"!, Q,=
222 mgg™") (Table S2).*”! The Q,, value of P2-94 @IONPs is
also comparable with the ionic fluorogels prepared by
Kumarasamy etal. (e.g. TF-30+, Q=217 mgg"),*! but
with a smaller K, value (48x10°M™ vs. 1.5x10’M™,
Table S2). The stronger binding affinity of the ionic
fluorogel could be due to its much higher fluorine content (
~50 vs. 20.8 wt %) that promotes the capture of GenX
molecules. In summary, the magnetic polymer sorbent P2-9
+@IONPs shows high binding affinity and maximum
sorption capacity that provides efficient removal of GenX.
In addition, facile recovery of the sorbent P2-9 4+ @IONPs
using a magnet makes this material suitable for application
in commercial processes.

Regeneration of P2-9+ @IONPs

Regeneration and reusability are key factors in evaluating
the practicality of PFAS sorbents.” In this work, the
regeneration of P2-9+ @IONPs was examined after sorption
of GenX, and was tested over four cycles. Both sorption and
desorption of GenX were examined, with sorption/desorp-
tion times of ten mins for each cycle (Figure 6). Desorption
was performed by replacing the aqueous solution with same
volume of 400 mM of methanolic ammonium acetate
solution. According to previous work,”! organic solvents,
e.g. methanol, play an important role in breaking fluorous
interactions, while the addition of salt can efficiently extract
the electrostatically-bound PFAS. The results in Figure 6
demonstrate a high extent of removal of GenX (>99 %,
>9.9mgg™") in the first sorption cycle, followed by full
extraction of GenX in the methanolic salt solution. The
sorption and desorption capacities were maintained over
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Figure 6. Regeneration ability of P2-9+ @IONPs. Polymer concentra-
tion, 1 mgmL™"; GenX concentration, 10 ppm. Sorption and desorption
duration, 10 mins. The results are the average of triplicates, and
standard deviation is shown.

four cycles, suggesting that P2-9+@IONPs can be regen-
erated and reused after multiple cycles, thus greatly
improving the economic feasibility of the sorbent.

Multiple PFAS Removal in Ground Wastewater Matrices

The composition of ground water, including dissolved
organic and inorganic matter, is highly complex and may
interfere with sorption of PFAS at low concentrations by
sorbents, resulting in poor performance of removal of
PFAS. In this work we employed two samples of different
ground wastewater (GWW), namely GWW1 and GWW2,
collected from a ground well and an effluent lagoon of two
different activated sludge wastewater treatment plants,
respectively. The total organic carbon (TOC) of the GWW
samples was 5.6mgL™" and 8.1 mgL™" for GWW1 and
GWW2, respectively. The water samples were spiked with
multiple PFAS targeting an environmentally relevant con-
centration of 1 ppb, and then treated with P2-9+ @IONPs.
At predetermined times of 30mins and 2h, the water
solutions were collected, followed by magnetic separation
(10 mins), solid-phase extraction (SPE) and LC-MS/MS
analysis for measurement of residue PFAS concentrations.
The results in Figure 7 show that after treatment by the
polymer sorbent for 30 mins, high removal efficiency was
observed for the majority of the tested PFAS from the two
GWWs, with >95 % removal of short-chain PFAS including
PFHxA, PFHpA and PFBS, >98% removal of all long-
chain PFAS tested, and >96 % removal of GenX being

Table 2: Langmuir and Freundlich constants for the sorption of GenX using P2-9+ @IONPs.

Langmuir Freundlich
KL M) On [mgg ] R’ Ki [mgg ] [Lmg )" n R’
4.8x10° 219 0.9979 69.9 2.0 0.9029
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Figure 7. Multiple PFAS removal by P2-9+ @IONPs in two different
ground wastewater matrices. TOC: GWW1, 5.6 mg L™ GWW2,

8.1 mgL™". pH: GWW1, 7.4; GWW2, 7.3. Polymer concentration,
0.5 mgmL™" (excluding IONPs). PFAS initial concentration, 1 ppb
each. Sorption duration, 30 mins. The results are the average of
triplicates, and the standard deviation is shown.

quantified. After 2 h, no significant difference in removal
efficiency of PFAS was observed (Figure S19), indicating
rapid sorption of PFAS in the two GWWs. The results
demonstrate that P2-94@IONPs can efficiently capture
PFAS even with presence of complicated components in the
water matrices, and can potentially be applied for water
treatment of real contaminated water samples.

In addition, the full scale treatment of PFAS contami-
nated water using P2-9+4 @IONPs is highly possible due to
1) low amount of sorbent required for efficient PFAS
removal from real contaminated wastewater (i.e.
0.5 mgmL™) and 2) the high feasibility of scale up synthesis
of magnetic polymer sorbents. The extracted PFAS from the
contaminated sources can subsequently be destroyed using
destructive techniques, including advanced oxidative or
reductive degradation.”?

Conclusion

Magnetic fluorinated polymer sorbents are promising for the
efficient removal of multiple PFAS from contaminated
water sources. A series of fluorinated magnetic nano-
particles were prepared containing similar fluorine contents
but different contents of cationic segments, namely
P8-0@IONPs, P6-3+@IONPs, P4-6+ @IONPs and
P2-9 + @IONPs. P2-9 + @IONPs, with the highest content of
cationic segments, shows the most efficient removal of 11
PFAS compared with the other three polymeric IONPs, as
well as two commercially available sorbents, i.e. activated
carbon and anion exchange resin. A study of the kinetics of
sorption of GenX by P2-9+@IONPs demonstrates rapid
and efficient removal of the PFAS (>99 %) within 30 s, with
no desorption of GenX being observed after 24 h. The
sorption isotherm studies show that the binding between

Angew. Chem. Int. Ed. 2022, 61, €202213071 (8 of 9)
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P2-9+@IONPs and GenX is described well by the Lang-
muir model. The ability to regenerate of P2-9 +@IONPs was
confirmed by conducting both sorption and desorption of
GenX for multiple cycles. Finally, the sorption of multiple
PFAS in two different ground water matrices at an environ-
mentally  relevant  concentration (1 ppb)  using
P2-9+@IONPs demonstrates that the PFPE-containing
sorbent is a promising sorbent and can be practically used
for PFAS remediation from real contaminated environ-
ments.
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