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ABSTRACT: Effective removal of per- and polyfluoroalkyl substances (PFAS) from the environment has become a major focus of a
number of research groups due to their high stability and persistence in the environment. In this study, we report a fundamental
study of the removal of one of the most extensively produced PFAS, perfluorooctanoic acid (PFOA), using amphiphilic
perfluoropolyether (PFPE)-containing block copolymers as effective sorbents. The results demonstrate interactions between PFOA
and the PFPE blocks and that the extent of sorption is higher for the block copolymer with the shorter poly(oligo(ethylene
glycol)methyl ether acrylate) segments. High selectivity of sorption was further confirmed by the addition of 10% (v/v) fetal bovine
serum to phosphate-buffered saline. The presence of dissolved proteins and other biomolecules did not interfere with the removal of
PFOA from solution. Overall, the results provide important design parameters and a potential platform for preparing efficient
sorbents for treating PFAS samples at environmentally relevant concentrations.

B INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are synthetic
compounds widely used in commercial and industrial settings,
including as surfactants, lubricants, and foaming agents and in
the synthesis of fluoropolymers." PFAS are highly persistent in
the environment and several studies have demonstrated
bioaccumulation in organisms.”’ The levels of accumulation
of PFAS can be orders of magnitude times higher than the
levels of organochlorine pesticides and dioxin.”” PFAS were
also found to display immunotoxicity, neurotoxicity, and
mutagenic toxicity on Rana pipiens, rats, and rare minnows,
respectively,”” and have accordingly been identified as a class
of environmental pollutants with toxicity in multiple organs.
Toxicological studies have shown that PFAS primarily causes
toxicity by inhibiting the function of the immune system and
prohibiting the metabolic activity of the mitochondria, leading
to changes in gene expression, death of liver cells, and harm to
reproductive cells.®

Granulated activated carbon (GAC) with a large surface area
is the most widely examined material for the removal of long-
chain PFAS, with a removal efficiency of over 90% under
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optimal conditions.”'® However, the removal efficiency was
highly affected by numerous factors, such as the presence of
inorganic substances in solution, the pH of the solution, and
the contact time between sorbate and sorbent.'"'* Also, the
breakthrough of short-chain PFAS for GAC was reported to be
rapid, making GAC a challenging technique for long-term
PFAS remediation.'> Membrane filtration, including nano-
filtration and reverse osmosis, was also shown to effectively
remove PFAS to levels greater that 90%."*"® The two filtration
methods removed not only both long chains and short chains
of PFAS but also other small molecules.'®™'® For instance,
inorganic salts were also removed. The nonselectivity nature of
the membranes results in the removal of both harmful
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substances that are toxic to humans and certain minerals that
are essential to human health.'” Anion exchange, previously
used to remove perfluorooctanoic acid (PFOA), perfluor-
ooctanesulfonic acid (PFOS), and perfluorononanoic acid
(PFNA), achieves moderate removal efficiency (e.g, 75% for
PFOA and 67% for PENA) depending on the type of resins
used.'® However, adsorption of PFAS by cationic resins was
found to be easily influenced by the presence of inorganic
anionic ions, as anions competitively bind to active anionic
adsorption sites and reduced the maximum adsorption capacity
of the resin.”’ Advanced oxidation eliminates micropollutants
by introducing nonselective oxidizing species, hydroxyl
radicals, and was reported to achieve a removal efficiency
toward PFOA and PENA of less than 10% and a moderate
removal efficiency on PFOS (<50%) without removal
selectivity.”*"** After oxidation, the contaminants are broken
into smaller molecule contaminants, which often require
further treatment.”’ The limitations of these conventional
methods have prompted the search for novel methods for
effective and selective removal of PFAS.

A number of researchers have proposed that fluorinated
macromolecules are capable of selective sorption of PFAS as a
result of specific hydrophobic interactions.”* ** Koda et al.
reported that microgel star polymers containing perfluoroalkyl
segments within the core, prepared using ruthenium-catalyzed
living radical polymerization, are able to recognize and separate
both water-soluble and water-insoluble PFAS molecules.””*”
In their initial study,”’ poly(methyl methacrylate) macro-
initiators were linked to form a crosslinked core incorporating
fluoroalkyl methacrylate monomers. The sorption of perfluor-
ooctane and perfluoromethylcyclohexane was confirmed by
careful "F NMR studies. Subsequently, these authors
presented a design capable of removing PFAS from aqueous
solutions.”® In this design, the shell of the core—shell particles
consisted of poly(ethylene glycol) (PEG) units and the core
incorporated both the fluoroalkyl methacrylate and either
quaternized or nonquaternized amine-functionalized metha-
crylates. Relatively high levels of removal of PFOA and related
C8 fluoro-surfactants were reported; however, the inclusion of
the amine monomer was required for high levels of removal of
the shorter chain perfluorohexanoic acid. Recently, this
concept has been extended to particle-embedded hydrogel
systems by Quan et al,”” who prepared fluorous-core particles
by photo-reversible addition—fragmentation chain transfer
(RAFT) polymerization of a fluoroalkyl acrylamide with
methylene bisacrylamide from a PEG macro-RAFT agent.
The authors demonstrated the sorption of a range of
fluorinated surfactant molecules by the particles. In order to
aid the separation of the fluorous particles, the authors
prepared composite hydrogels of crosslinked acrylamide by
chain extension from the nanoparticles. The authors were able
to demonstrate the removal of PFOA from an aqueous
solution and release of PFAS from the particle upon addition
of aqueous tetrahydrofuran (THF) or acetone. The combina-
tion of a fluorinated monomer and amine-containing monomer
was also used by Kumarasamy and co-workers,”” who prepared
a series of crosslinked hydrogels of 2-dimethylaminoethyl
methacrylate with a bifunctional perfluoropolyether (PFPE).
Importantly, the combination of charged amine groups and
fluorocarbon segments allowed removal of a range of PFAS
from an aqueous solution collected from a commercial waste
treatment plant.
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The previous studies have demonstrated the promising
potential of partly fluorinated macromolecules for the removal
of PFAS in contaminated water. In this study, we chose to
examine an alternative class of fluorinated building blocks (i.e.,
the PFPEs) focusing on the fundamental understanding of
interactions between PFOA and PFPE. These chemicals are
commercially available in a range of forms with several types of
functional end group structures suitable for conjugation and
preparation of macroinitiators. A series of block copolymers of
PFPE with poly(oligo(ethylene glycol)methyl ether acrylate)
(poly(OEGA)) having degrees of polymerization of S, 10, 20,
and 40 were prepared. The sorption of PFOA, one of the most
widely used PFAS molecules, was examined in the phosphate-
buffered saline (PBS) buffer with or without the presence of
fetal bovine serum (FBS). The FBS sample was chosen to
examine the effect of additional biomacromolecules in solution
on the sorption processes and with a view to potentially
incorporate these macromolecules in blood separation devices.
Sorption of PFOA was confirmed by detailed '’F NMR and
diffusion-ordered spectroscopic measurements, molecular
dynamics (MD) simulations, and liquid chromatography—
mass spectrometry (LC—MS). The results confirm that this
class of aqueous-soluble PFPE-containing block copolymer is a
promising sorbent for the effective removal of PFOA from
contaminated aqueous solutions.

B EXPERIMENTAL SECTION

Materials. The hydroxy-terminated perfluorinated poly(propylene
ether) (PFPE-OH, M,, ~ 1300 g/mol, CAS number: 1980064-28-5S)
was purchased from Apollo Scientific Ltd, UK. Oligo(ethylene
glycol)methyl ether acrylate (OEGA, M,, = 480 g/mol) purchased
from Sigma-Aldrich was passed through basic alumina columns to
remove inhibitors before use. The initiator 2,2'-azobis(2-methyl-
propionitrile) (AIBN) was recrystallized twice from methanol prior to
use. The RAFT agent 2-(butylthiocarbonothioylthio)propionic acid
(BTPA) was prepared according to a previously reported procedure."
Float-A-Lyzer with S00—1000 molecular weight cutoff (MWCO) was
purchased from Spectrum Labs and FBS from Thermo Fisher
Scientific. All other chemicals were purchased from Sigma-Aldrich and
used as received.

Synthesis of the BTPA—PFPE Macro-RAFT Agent. The
BTPA—PFPE macro-RAFT agent was prepared by an EDCI/DMAP
coupling reaction. In a typical experiment, a solution of N-(3-
(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride (0.584
g, 3.05 mmol) in a mixed solvent of dichloromethane (DCM)/
triftuorotoluene (TFT) (1:1 v/v) was added slowly to a solution of
PFPE-OH (2 g, 1.52 mmol), BTPA (0.435 g, 1.83 mmol), and 4-
(dimethylamino)pyridine (DMAP) (0.056 g, 0.46 mmol) in DCM/
TFT (1:1 v/v) at 0 °C. The reaction was left at room temperature and
stirred for 24 h. The reaction mixture was concentrated and
precipitated into a large volume of methanol three times. The
BTPA—PFPE macro-RAFT agent, a yellow oil, was obtained by
evaporating the methanol at 40 °C under vacuum overnight.

Synthesis of Poly(OEGA),—PFPE Block Copolymers. Poly-
(OEGA),—PFPE block copolymers with different degrees of
polymerization of OEGA were synthesized by RAFT polymerization.
In a typical experiment, the BTPA—PFPE macro-RAFT agent (1 g,
0.625 mmol), OEGA (1.5 g, 3.125 mmol), and AIBN (20.5 mg, 0.125
mmol) were dissolved in TFT (2.5 mL) in a glass flask with a
magnetic stirrer bar and sealed. Argon was introduced to deoxygenate
the solution thoroughly for 15 min, and the solution was heated to 70
°C and reacted overnight. Upon completing the reaction, the solution
was precipitated into petroleum ether and redissolved in THF three
times. The product was obtained by evaporating the solvent at 40 °C
under vacuum overnight. Poly(OEGA),—PFPE copolymers with
different degrees of polymerization (x = S,10, 20, and 40) are referred
to as PS, P10, P20, and P40, respectively.
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Interaction of PFOA with P5, P10, P20, and P40 in PBS.
Measurements of sorption of PFOA by the PFPE-containing
copolymers were performed as follows: an aliquot of 1 mL of 20
mg/mL polymer solution dissolved in PBS was mixed separately with
0 mg (0 mM, control), 0.33 mg (0.8 mM), 0.64 mg (1.6 mM), 1.33
mg (3.2 mM), and 2.66 mg (6.4 mM) of PFOA in a glass flask with a
magnetic stirrer bar for 1 h at room temperature. 450 uL of the
solution mixtures with 0 and 3.2 mM PFOA in the presence of the
four polymers was mixed with S0 uL of deuterium oxide (D,0),
followed by 'F NMR, F NMR DOSY, and dynamic light scattering
(DLS) measurements. 3.2 mM PFOA solution without adding a block
copolymer was also prepared for ’F NMR and F NMR DOSY
measurements. The remainder of the solution mixtures was retained
for DLS measurements.

Removal Efficiency of PFOA by P5, P10, P20, and P40 in
PBS. Polymers with different degrees of polymerization of OEGA
were dialyzed against deionized water for 24 h in dialysis tubes with
2000 MWCO. The samples were then fully dried by freeze drying.

For each polymer, 1.5 mL of 20 mg/mL of polymer solution in PBS
buffer was prepared. In a typical experiment, the polymer solution was
used to dissolve 2 mg of PFOA (3.2 mM). The mixed solution was
stirred for 1 h at room temperature, and 1 mL of the solution mixture
was transferred into a dialysis device (Float-A-Lyzer) with S00—1000
MWCO and dialyzed against deionized water (100 mL) for 8 h. A
control group (3.2 mM PFOA without addition of the polymer) was
also studied. A sample of the outer water was collected after dialysis,
diluted 50,000 times, and passed through a 0.22 pm polytetrafluoro-
ethylene (PTFE) filter for LC—MS measurement. The removal
efficiency was calculated as RE (%) = [(C. — C,)/C.] X 100%, where
C. and C; are the concentration of PFOA from the control group and
the concentration of PFOA that had passed from the dialysis tube,
respectively. The experiments were performed in triplicate.

Release of Bound PFOA from P5. 1 mL of PS PBS solution (20
mg/mL) was used to dissolve 1.33 mg of PFOA (3.2 mM). The
solution was magnetically stirred for 1 h at room temperature, and
400 uL of the solution mixture was taken for '’F NMR and F NMR
DOSY measurements using a coaxial insert filled with D,O.

The remainder of the PS-PFOA solution mixture was evaporated
by passing nitrogen gas for 6 h to fully dry the sample. Ethanol
(~98%, 600 uL) was added to redissolve the sample, and the solution
was stirred for 1 h. The ’F NMR spectrum and ’F NMR DOSY
were collected in 400 uL of the solution mixture.

Following the measurement of desorption of the PFOA from the
copolymer, the ethanol was evaporated under a nitrogen gas flow, and
400 puL of deionized water was added to redissolve the sample. The
solution was stirred for 1 h, and '’F NMR measurements were taken.

Sorption of PFOA in PBS in the Presence of FBS. 1 mL of 20
mg/mL of the PS PBS solution containing 10% (v/v) FBS was used
to dissolve 1.33 mg of PFOA (3.2 mM). The solution was
magnetically stirred for 1 h at room temperature, followed by "F
NMR and F NMR DOSY measurements in 400 uL of the solution
mixture. A coaxial insert filled with D,O was used to lock the
magnetic field.

Characterization Methods. Nuclear Magnetic Resonance
(NMR). '"H NMR spectra of polymer solutions in CDCly were
acquired on a Bruker AVANCE 400 MHz (9.4 T) spectrometer at 25
°C. A 90° pulse width 14 s, relaxation delay 1 s, acquisition time 4.1
s, and 32 scans were used in all measurements.

F NMR spectra were acquired on a Bruker AVANCE 400 MHz
spectrometer with either CDCl; or PBS (with/without 10% FBS) as
the solvent. The samples tested in the presence of FBS were prepared
by the addition of 10% FBS in the PBS/D,0O (90/10, v/v) solution.
Coaxial inserts containing D,O were used for the measurement of
samples in PBS with added FBS. Spectra were measured under the
following conditions: 90° pulse width 15 ps, relaxation delay 2 s,
acquisition time 0.73 s, and 128 scans.

PF spin—spin relaxation times (T,) were measured using the
Carr—Purcell-Meiboom—Gill pulse sequence at 298 K. The
relaxation delay was 2 s, and the number of scans was 64. The
relaxation times for the major peaks are reported in this study.
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F NMR DOSY was measured at 298 K under the following
conditions: the relaxation delay was 2 s, the diffusion time (A) was
0.3 s, and the number of scans was 256.

Size Exclusion Chromatography (SEC). Molecular weights and
molecular weight distributions were determined by SEC using a
Waters Alliance 2690 separations module equipped with a Waters
2414 refractive index (RI) detector, a Waters 2489 UV /vis detector, a
Waters 717 Plus autosampler, and a Waters 1515 isocratic HPLC
pump. THF was used as the mobile phase at a flow rate of 1 mL/min.
The samples were dissolved in THF at a known concentration (1 mg/
mL) and were passed through 0.45 ym PTFE filters before testing.
The molecular weight was calculated relative to polystyrene standards.

Dynamic Light Scattering. DLS was conducted on a Nanoseries
Zetasizer (Malvern, UK) containing a 2 mW He—Ne laser operating
at a wavelength of 633 nm. The scattering angle used was 173°. Each
test for the hydrodynamic diameter was repeated three times to
provide an average value.

Liquid Chromatography—Mass Spectrometry. A Sciex XSO00R
QTOF system (Sciex Applied Biosystems, MA, USA) coupled to an
Exion LC AC liquid chromatograph with C18 column (50 X 2.1 mm,
2.6 um particle size, Phenomenex, USA) maintained at 40 °C was
used for the analysis of PFOA. The mass spectrometer was operated
in a negative product ion scan mode of the precursor at m/z 413.0.
The fragment at m/z 169.002 + 0.025 was used for the quantitation
of PFOA. The flow rate was set to 0.3 mL/min, and the injection
volume was 7 uL. A mobile phase consisting of 0.5 mM aqueous
ammonium acetate acid (A) and 0.5 mM aqueous ammonium acetate
acid/90% methanol (v/v) (B) was used for LC. The gradient
conditions were set at 40% of solvent B for 0.7 min, increased from 40
to 70% within 0.1 min, further increased to 100% at 2 min, and then
held for 2.5 min. Thereafter, solvent B was returned to 40% in 0.1
min. The QTOF system was operated in the negative electrospray
ionization mode. The spray voltage was set to —4500 V. The
temperature of the ionization chamber was set at 420 °C, and the
curtain gas was set to 30 psi, while the ion source gases 1 and 2 were
both maintained at 50 psi. For TOF MS, the declustering potential
(DP) was —60 eV and the collision energy was —10 eV.

MD Simulations. The MD simulations were performed using the
NAMD code.** The polymers P5—P40 and PFOA were described
with the CHARMM general force field.>*** The particle mesh Ewald
(PME)** method was used for the evaluation of long-range
Coulombic interactions. The simulations were performed in the
NpT ensemble (pressure p = 1 bar, temperature T = 300 K) using
Langevin dynamics with a damping constant of 1 ps~' and a time step
of 2 fs.

B RESULTS AND DISCUSSION

In this study, we introduce a new type of PFPE-containing
block copolymer for the removal of an important PFAS,
PFOA, from aqueous solutions. The fluorinated block consists
of a perfluorinated propylene ether segment and was chain
extended with a block of poly(OEGA) using RAFT polymer-
ization. The chemical structure of the PFPE fluorinated block
was specifically chosen for several reasons. First and primarily,
the high fluorine content will ensure high affinity for aqueous-
born fluorinated molecules. Second, the ether units in PFPE
imbue the structure with high flexibility compared with that of
fluoroalkyl structures (lower cohesive energy density of
fluoroethers cf. ﬂuoroalkanes),36 and we therefore expected,
and observed, very rapid rates of sorption of PFOA (<S min).
Finally, the PFPE structure was chosen for the potential to
interact with added alcohols through the relatively polar ether
moiety to allow isolation of the polymer from the bound
PFOA. As previously reported by us, the degree of polymer-
ization (DP) of OEGA affects the aggregation properties in
aqueous solution of this class of block copolymer.*”** Block
copolymers with different DPs of OEGA were prepared

https://dx.doi.org/10.1021/acs.macromol.1c00096
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(poly(OEGA),—PFPE, x = S, 10, 20, and 40) to investigate
how the aggregation behavior affects the uptake of PFOA from
an aqueous solution. The reaction scheme for the preparation
of PFPE-containing block copolymers is shown in Scheme 1.

Scheme 1. Synthesis of PFPE-Containing Block Copolymers
with Different DPs of OEGA Block (poly(OEGA),—PFPE, x
= 5, 10, 20, and 40)

o CFs F,
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The 2-BTPA—PFPE macro-RAFT agent was prepared by N-
(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochlor-
ide/4-dimethylaminopyridine coupling. 'H NMR and “F
NMR confirmed that the macro-RAFT agent was successfully
synthesized (Figures S1 and S2). A series of poly(OEGA),—
PFPE polymers with different DPs of OEGA were prepared by
chain extension. Conversions were determined by '"H NMR of
the crude reaction mixtures (see Figure S3 in the Supporting
Information for detailed calculations) and were calculated to
be 92.3, 93.2, 93.0, and 97.2% for PS, P10, P20, and P40,
respectively. The polymers have a low molar mass dispersity
(P < 1.2) and molecular weights consistent with predicted
values (Table 1). Figure 1 shows the 'H and 'F NMR spectra
of the poly(OEGA);—PFPE with the shortest OEGA block
(PS, x = 5) after purification for removal of the excess OEGA
monomer. All peaks were successfully assigned in both spectra.
Figure S4 shows the "H NMR spectra of the purified P10, P20,
and P40, suggesting the successful synthesis of all four
polymers.

The poly(OEGA),—PFPE block copolymers prepared in
this study have a tendency to form aggregates in aqueous
solution. In previous work, we observed the block copolymer
composition, and hence, the aggregation state significantly
influences the rate of uptake by breast cancer cells, diffusion
within cells and within tumor spheroids.*® In the current
application, we expect that the formation of large aggregates
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Table 1. Structural Properties of Poly(OEGA),—PFPE
Polymers

b

conversion M, yvr” M, ,sec PFPE content®
polymer (%) (g/mol) (g/mol p’ (wt %)
PS 92.3 3830 3600 1.08 33.9
P10 932 6190 3890 1.08 21.0
P20 93.1 10770 5900 1.08 12.1
P40 97.2 20530 7580 1.12 6.3

“M,, nmr for the polymers was calculated based on the integrals of the
proton peaks H6 and HI1. an,SEC and D were acquired by SEC in
THEF using a RI detector. Polystyrene narrow molecular weight
standards were used as the calibrant. “The weight percentage of PFPE
in the samples.

F1
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Figure 1. NMR spectra of purified PS in CDCl;. (a) Chemical
structure of P5. (b) 'H and (c) F NMR spectra of PS and
numbering scheme used in the NMR spectra.

with PFPE as the core and the extent of exposure of the
fluorocarbon to the aqueous environment will strongly affect
the interactions with dissolved PFAS molecules. Accordingly,
we have measured the hydrodynamic diameter of the four
block copolymers in the aqueous solution by DLS (Table S1).
As reported in our previous studies, the size of the polymer
particles in solution remains constant at around 10 nm apart

https://dx.doi.org/10.1021/acs.macromol.1c00096
Macromolecules 2021, 54, 3447—-3457


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00096/suppl_file/ma1c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00096/suppl_file/ma1c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00096/suppl_file/ma1c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00096/suppl_file/ma1c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00096/suppl_file/ma1c00096_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00096?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00096?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00096?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.1c00096?ref=pdf

Macromolecules pubs.acs.org/Macromolecules

Figure 2. Snapshots from the MD simulations of the self-assembly of the block copolymers in 150 mM NaCl solutions taken at 40 ns (a) PS, (b)
P10, (c) P20, and (d) P40. The aggregates of nine PS5 chains, three P10, two P20, and the P40 unimer are highlighted in blue dashed boxes. The
PFPE segments are shown in green surrounded by the hydrophilic OEGA monomeric units in atomistic detail.
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Figure 3. '°F NMR spectra of (a) PFOA, (b) PS5, and (c) mixture of PFOA and PS (90% PBS + 10% D,0). Peaks F1—F6 are signals from the
polymer; peaks F(1)—F(7) are resonances from PFOA. PFOA, 3.2 mM; PS, 20 mg/mL.

from the block copolymer with DPygg, = 40 (P40), indicating results from "F DOSY NMR measurements are consistent
different aggregation behaviors for these four copolymers. The with the DLS results and are discussed below.
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Table 2. Diffusion Coefficients and Hydrodynamic Diameters of Poly(OEGA),—PFPE Block Copolymers with and without the

Presence of PFOA in PBS”

Dy [X10"! m?*/s, measured for peaks F1 and F(1)] D, (nm)
PS P10 P20 P40 Ps P10 P20 P40
polymer only 4.41 4.49 4.36 2.68 11.7 11.5 11.8 19.2
polymer after sorption 4.68 4.69 4.4S 2.70 11.0 11.0 11.6 19.1
PFOA only 50.0 1.0
PFOA after sorption S5.68 6.21 7.26 10.2 9.1 8.3 7.1 S.1
proportion of free PFOA (%) 22 34 62 15.9

“The lowest row shows the proportions of free, unbound PFOA after sorption by the block copolymers in PBS. Polymers, 20 mg/mL; PFOA, 3.2

mM.

MD simulations also demonstrate the different aggregation
behavior of the four polymers in ionic solutions. In these
simulations, 10 polymer chains of PS, P10, P20, and P40 in
150 mM NaCl solution were placed in separate simulation
boxes. The self-assembly of the polymers was simulated for 40
ns to obtain the equilibrium configurations. The results are
shown in Figure 2 with the hydrophobic PFPE segments of the
copolymers highlighted in green. At 40 ns, multichain
aggregates of the copolymers with DPgpgs = 5, 10, and 20
could be observed (blue dashed boxes in Figure 2). To be
more specific, the aggregates of PS comprised nine molecules,
the P10 aggregates contained three polymer chains, P20
aggregates had two chains, and P40 did not exhibit multichain
aggregation. In summary, the MD simulations show that the
aggregation number decreases with increasing size of the
hydrophilic OEGA block.

Changes in the NMR spectra are indicative of the
interactions between PFOA and the copolymers. The '"F
NMR spectrum of PFOA in 90% PBS and 10% D,O is shown
in Figure 3a (3.2 mM). The assignments to the seven resolved
peaks in the spectrum are shown in the figure and are
consistent with the literature.”” Narrow, well-resolved peaks
are observed in the spectrum as at this concentration PFOA is
fully dispersed in the solution, being well below the critical
micelle concentration of PEOA (cmc = 25 mM).*” Note that
environmental levels of PFAS may be orders of magnitude
small; the higher concentrations used here allow the
fundamental NMR study. The '"F NMR spectrum of the
copolymer with the lowest OEGA content, P35, is shown in
Figure 3b and once again, the assignments are consistent with
those reported in the literature.*' ~*

Upon addition of 3.2 mM PFOA to the solution of PS, a
number of changes to the NMR spectra become apparent
(Figure 3c). The peaks due to the PFPE segments of the block
copolymer are largely unaffected by the presence of PFOA in
solution, although slight narrowing of the peaks does occur, as
discussed below. In addition, all of the resonances due to the
fluorinated compound PFOA are shifted. The '"F NMR
chemical shift is exquisitely sensitive to the local chemical
environment, and the changes in chemical shift can be
interpreted as being due to interaction of PFOA with the
dissolved polymer and most likely with the PFPE block. Most
characteristically, the peak due to the terminal CF;— of PFOA
shifts from —80.7 to —82.7 ppm on mixing with P5. Figure SS
also shows the changes in chemical shifts of PFOA peaks in the
presence of P10, P20, and P40 in PBS. The changes in
chemical shifts were apparent immediately after mixing the
PFOA with the block copolymer, that is, the interactions
responsible for the changes were established very rapidly after
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mixing, agreeing well with the previously reported studies of
ionic fluorogel systems.”

The second major change in the NMR spectra of PFOA
upon mixing with poly(OEGA),—PFPE is the increased peak
width. The dominant mechanism of line broadening in these
spectra is homonuclear dipolar coupling, which is averaged by
fast librational motion.** The increase in line width is evidence
of partial restriction of motion of the fluoroalkyl segments of
PFOA, and we ascribe this to the sorption of the PFOA into
the PFPE domains of the block copolymer assemblies. Similar
observations have been reported by others.”**” A closer
examination of the spectra reveals that the line widths are
largest for PFOA interacting with P35, the block copolymer
with the lowest OEGA content (Table S2).

F DOSY NMR is a powerful method for studying the
aggregation behavior of polymers in solution.*> The method
provides measurements of self-diffusion coefficients, Dy, for
each species giving rise to resolved peaks in the NMR
spectrum. The D; of PFOA in PBS was determined to be 5.0 X
107" m*/s, which corresponds to a hydrodynamic diameter of
approximately 1 nm, calculated using the Stokes—Einstein
equation.*® As indicated above, the concentration at 3.2 mM is
well below the cmc of PFOA,* indicating that single-chain
molecules of PFOA are presented in solution. The self-
diffusion coeflicients measured for PFPE block copolymers are
listed in Table 2. The calculated hydrodynamic diameters are
broadly consistent with the results of DLS measurements
discussed above.

After mixing PFOA and the partly fluorinated block
copolymer in the PBS solution, the D¢ of most species involved
changed (Table 2). For block copolymers PS, P10, and P20,
the self-diffusion coeflicient increased slightly, while for P40, D¢
was essentially unchanged. The changes in the self-diffusion
coefficients for PFOA were more significant. On interaction
with PFPE polymers, the values of D¢ for PFOA decreased by
at least an order of magnitude (Table 2 and Figure S6). To be
more specific, as the proportion of PFPE in the block
copolymer decreased (in order from PS to P40) the difference
in self-diffusion coefficient between PFOA and the copolymer
increased. The results indicate that during the time scale of the
DOSY NMR experiment (the diffusion time, A, was 300 ms),
PFOA interacted extensively with the block copolymers and
diffused at the same rate as a large macromolecule. The results
indicate that PFOA was undergoing rapid exchange with the
copolymer on the DOSY NMR timescale; this is especially
obvious for P40. Therefore, a single averaged diffusion
coefficient, weighted by the relative populations of free and
bound PFOA, was observed. In the fast exchange regime, the
observed diffusion coefficient is equal to the sum of the
diffusion coefficients of the “bound” and “free” species,
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Figure 4. Snapshots of MD simulations of association of PFOA molecules with the self-assembled block copolymers at 25 ns. The PFOA molecules
(within 3 A of PFPE cores) are shown in purple and the PFPE segments in green.

weighted by their number fractions, that is, Doperved = Free X
Diee + Fiound X Diound-. The proportion of free (unbound)
PFOA was calculated in this manner to be 2.2, 3.4, 6.2, and
15.9% for PS, P10, P20, and P40, respectively (listed in Table
2).

As mentioned above, the diffusion coefficients of PS, P10,
and P20 increase upon the addition of 3.2 mM PFOA to the
solution, leading to a decreased size, which is consistent with
the results measured by DLS (Table S1). As discussed above,
MD simulations are an important adjunct to experimental
observations.”***’ Additional MD simulations were con-
ducted to support the above NMR observation and to further
examine the interaction of PFOA with the block copolymer in
solution at the molecular level. In these simulations, 10
molecules of PFOA were added to the simulation box
containing the self-assembled copolymer chains (Figure 2),
that is, PS (9 chains), P10 (3 chains), P20 (2 chains), and P40
as single molecule particles. The simulations were performed
for 25 ns (Figure 4), until the size of the block copolymer
aggregates reached a new equilibrium (Figure S7). PFOA
molecules within 3 A of the PFPE segments were counted and
averaged over the last 20 ns. There were five, six, four, and four
PFOA molecules attached to the hydrophobic PFPE cores of
PS, P10, P20, and P40 aggregates, respectively. This single set
of simulations indicates that the highly hydrophobic fluorous
segment of the block copolymers interacted strongly with the
PFOA molecules in the aqueous solution.

NMR results indicate that the block copolymer, PS, with the
smallest fraction of hydrophilic poly(OEGA) block interacts
strongly with PFOA in solution. '’F NMR measurements of PS5
mixed with varying concentrations of PFOA were conducted
(Figure S). As has been discussed before, the chemical shifts
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Figure 5. ’F NMR spectra of (a) PFOA, (b) PS5, and (c—e) mixture
of both at different concentrations of PFOA in PBS at room
temperature (90% PBS+ 10% D,0). PFOA, 0.8—6.4 mM; PS, 20 mg/
mL.

and line widths of the PFOA peaks change in the presence of
P3. At all concentrations up to 6.4 mM of PFOA, unique peaks
corresponding to PFOA interacting with the block copolymer
were observed. Importantly, peaks corresponding to unbound,
free PFOA were absent from the spectra even at the highest
concentration examined. The NMR spectra also reveal that the
width of the peaks arising from the PFPE block of the
copolymer becomes progressively narrower upon addition of
increasing amounts of PFOA (Table S3). This can only be
attributed to plasticization and hence increased librational
motion of the PFPE segments, arising from sorption of the
low-molecular-weight PFOA. In order to quantify this effect,
the transverse (T,) relaxation times, sensitive to such motions,
of the polymer were measured (Figure 6)."°° As can be seen,

100
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0 08 16 32 6.4
Concentration of PFOA (mM)

Figure 6. ’F T, relaxation times of PS5 at 20 mg/mL as a function of
concentration of PFOA (measured for the trifluoromethyl group, peak
F1). The results are the average of three measurements, and the
standard deviation is displayed.

the T, relaxation times of peak F1 in the '°F spectrum of the
solutions increased significantly upon addition of PFOA.
Again, this is clear evidence of extensive interactions upon
mixing PFOA with a block copolymer in an aqueous solution.

The utility of poly(OEGA),—PFPE block copolymers for
removing PFOA from aqueous solutions was tested by
exposing the copolymer to PFOA and separating the sorbed
copolymer particles by dialysis.”® After exposing the block
copolymer to PFOA for 1 h at room temperature, the solution
was transferred to a 500—1000 MWCO dialysis tube and
dialyzed against distilled water for 8 h. The external solution
was sampled and analyzed for PFOA content by LC—MS. The
removal efficiencies show that as expected from the character-
ization experiments described above, the block copolymers
with lower OEGA content have higher levels of PFOA removal
efficiency at 90 and 87% for PS and P10, respectively (Figure
7). Under the conditions of an infinite sink employed in this
experiment, the copolymers P20 and P40 had removal
efficiencies of 5SS and 34%, respectively. As revealed by the
diffusion NMR experiments, the bound PFOA undergoes fast
exchange with free solubilized PFOA, so it is expected that as
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Figure 7. Removal efficiency of 3.2 mM PFOA by PS5, P10, P20, and
P40 at room temperature (25 °C). The block copolymer
concentration was 20 mg/mL. The results are the average of three
replicates, and standard deviation is shown.

the diffusion sink becomes very large in the dialysis
experiment, PFOA will be desorbed from the block copolymers
to a larger extent than in the experiments with a smaller sink
described above. In addition, the above experiments were
performed based on the same weight of the block copolymer
(20 mg/mL); the weight fraction of PFPE in PS is 34%, while
that in P40 is 6%. The dialysis experiments show that the
removal efficiency scales well with the PFPE content in
solution.

The bound PFOA within the fluorous domains can be
simply released by the addition of ethanol. After allowing the
sorption of PFOA by the PS block copolymer to reach
equilibrium in PBS, the water was removed by drying under a
gas flow, and ethanol was added to disperse the PS copolymer
and the sorbed PFOA. The '°F NMR spectrum of PS + PFOA
in the releasing solvent ethanol is shown in Figure 8c. The

(d)
P5+PFOA

(PBS, re-~; absorptlon

P5+PFOA
(ethanol, desorption)
l AL |
P5+PFOA
(PBS, first absorptlo%
A M . N\
PFOA only
(PBS) L
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Figure 8. F NMR spectra of free, sorbed, released, and resorbed
PFOA by PS in PBS at room temperature. (a) PFOA only; (b) PFOA
+ PS5 in PBS (first sorption); (c) PFOA + PS5 in ethanol (desorption);
and (d) PFOA + PS in PBS (resorption). PFOA, 3.2 mM; PS, 20 mg/
mL. (a,b,d) were conducted in 90% PBS + 10% D,O, while (c) was
conducted in ethanol with a coaxial insert tube containing D,O.

chemical shift of the peak due to the terminal CF;— group of
PFOA (—81.4 ppm) became close to the chemical shift of
PFOA in ethanol (—81.4 ppm), indicating that the PFOA
molecules were in the free unassociated form (Figure S8). The
ethanolic solution was then dried, and pure water was added to
the mixture. As can be seen in Figure 8d, the F NMR
spectrum after the addition of ethanol is essentially identical to
the original spectrum collected prior to drying and addition of
ethanol. "F NMR DOSY results in Figure S8 further confirm
the successful release of PFOA upon addition of ethanol (two
sets of different diffusion coefficients, Figure S9a) and
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resorption in aqueous solution (Figure S9b). These experi-
ments demonstrate that the addition of ethanol results in the
release of PFOA from the block copolymer assembly and that
in turn replacement of ethanol with water results in the PFOA
being resorbed by the block copolymer.

The presence of a dissolved organic species represents a
large challenge for effective PFAS remediation.”’ > In our
systems, it is expected that the highly specific nature of the
sorption mechanism, being driven by fluorous interactions, can
minimize interference from nonfluorinated organic molecules.
Therefore, a potential application of the PFPE sorbents
reported in this study is the specific removal of PFAS from
blood serum. Initially, the interaction of PFOA dispersed in
PBS with added FBS was examined. Figure 9c shows the NMR

d
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(PBS+FBS)

A S A J\__\__/\ -
(c)
PFOA only
(PBS+FBS)
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Figure 9. "’F NMR spectra (in D,0) of PFOA in PBS with/without
the presence of FBS, PFOA after sorption by polymer with the
presence of serum and polymer only in PBS at room temperature. (a)
PFOA only in PBS; (b) PFOA in the presence of PS in PBS; (c)
PFOA only in PBS with the presence of FBS; and (d) PFOA in the
presence of PS5 in PBS with the presence of FBS. PFOA, 3.2 mM;
polymer, 20 mg/mL; FBS, 10% v/v.

spectrum of PFOA dissolved in the PBS + FBS solution. It is
notable that compared with the spectrum of PFOA in PBS
shown in Figure 9a, the peaks are substantially broader,
indicating some level of interaction of the PFOA with serum
molecules in solution. Upon addition of P5, the NMR peaks
from PFOA shift and appear at chemical shifts identical to the
case when PFOA and PS alone are in the solution (Figure 9d).
It is clear that the block copolymer PS5 preferentially sorbs the
PFOA and is unaffected by the presence of serum molecules.

B CONCLUSIONS

This study introduces a new class of block copolymer of PFPE
and OEGA that is capable of efficiently interacting with and
absorbing PFOA in an aqueous solution. Four polymers with
different contents of hydrophilic OEGA and hydrophobic/
fluorophilic PFPE were prepared. Consistent with our previous
studies, the polymers self-assembled in the aqueous solution to
an extent depending on the length of the OEGA block. The
polymer with the shortest OEGA blocks, PS5, formed
aggregates that are most effective in sorbing PFOA from
solution with 90% removal efficiency. Diffusion NMR was used
to quantify the fraction of free PFOA molecules remaining in
solution and undergoing exchange with bound PFOA.
Importantly, addition of ethanol resulted in desorption of the
PFOA, allowing the block copolymer to be regenerated and
reused. The presence of dissolved organic molecules in
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solution appeared not to interfere with the sorption of PFOA
by the block copolymers. These encouraging results demon-
strate that PFPE-containing block copolymers can sorb PFOA
in various contaminated aqueous solutions. Further inves-
tigations will focus on the study of removal efficiency of various
PFAS within real water matrices at environmentally relevant
concentrations (e.g., contaminated groundwater or waste-
water).
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