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ABSTRACT: The development of new technologies for the
removal of a family of manufactured chemicals, the per- and
polyfluoroalkyl substances (PFAS), from the environment is
urgently needed to safeguard public and environmental health. /
Here we report a fundamental study of the binding mechanisms
driven by fluorine—fluorine and electrostatic interactions between %
perfluorooctanoic acid (PFOA), an important PFAS molecule, and ( \
three types of block copolymer sorbents containing individually

perfluoropolyether (PFPE) or quaternized ammonium groups, or Tight Binding Fast Exchangeﬁ/
both functional segments in combination. The results show that

both the fluorine—fluorine interactions between the PFPE segment of the block copolymer and the fluorinated tail of the PFOA as
well as electrostatic attraction between the quaternized ammonium group and the anionic PFOA headgroup are crucial to achieve
effective PFOA sorption from aqueous solutions. The fluorine—fluorine interactions contribute to recognition of PFOA molecules
via fluorophilicity, with fast exchange between bound and free PFOA being observed, while the electrostatic interactions can tightly
bind PFOA, thus precluding such exchange. Both types of interaction are observed to be rapidly established within 5 min. We show
that the sorbents containing both fluorinated and cationic groups have a higher PFOA removal efficiency with potentially improved
sorption capacity compared with the sorbents with a single functional group and that the electrostatic attraction is stronger and
dominates the fluorine—fluorine interactions when the sorbent is highly charged. Overall, these results provide important insights
into designing novel sorbents for rapid and efficient PFAS removal from contaminated environments.
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7 \ / \
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Increasing PFOA Concentration

Bl INTRODUCTION removal efficiency and capacity for all classes of PFAS
including short-chain and neutral PFAS. Previous work has
highlighted the importance of fluorinated segments in
sorbents. For example, Koda et al. proposed fluorinated
microgel star polymers for selective capture of PFAS in
ethanol/deuterium oxide (D,0) (1:1, v/v). Interactions
between the star polymers and perfluorooctanoic acid
(PFOA) were characterized by '"F NMR, showing changes
in chemical shift of the main peak from PFOA from —82.4 to
—82.6 ppm with broader line widths observed after sorption."”
Shetty et al. designed fluorine-rich calixarene-based porous
polymers for removal of PFOA from water."® Compared with
the non-fluorinated polymers having 23—64% PFOA removal
efficiency, the fluorinated polymers exhibited improved
removal efficiency of 79—100%. This increase is attributed to
hydrophobic fluorine—fluorine interactions between the

Per- and polyfluoroalkyl substances (PFAS) are a group of
man-made chemicals that can travel long distances through soil
and water and do not readily break down in the environ-
ment.' > Their highly persistent nature and demonstrated high
affinity for biological membranes have raised wide concern for
their potential to damage human health.°” The development
of strategies for the removal of PFAS from contaminated water
sources is therefore of great interest.'”'"  Conventional
methods of removal of organic pollutants such as the use of
activated carbon, anion exchange resins, and membrane
filtration have been actively investigated over the past decade.
However, despite some degree of success, these technologies
have certain limitations, including low PFAS removal efficiency
due to interference from other contaminants, e.g., salts and
organic matters,'””~'* and a general lack of removal

selectivity.'* "¢ —
Fluorinated polymer sorbents can potentially address the Received: November 25, 2021 M'Ul'“'“qh'mh"f
limitations of current approaches for removal of PFAS under Revised:  January S, 2022 )

real-life conditions.'”~*" The key to the success of such Published: January 14, 2022

fluorinated sorbents is the combination of mechanisms that
leverage fluorophilic interactions and electrostatic attraction.
The combination of the two interactions promises to improve
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adsorbents and PFOA. More recently, Leibfarth et al*’

reported the preparation of ionic fluorogels using a
commercially available perfluoropolyether (PFPE) with
dimethacrylate chain-end functionality and a quaternary
ammonijum monomer. The gel demonstrates >80% removal
efficiency for both long- and short-chain PFAS in deionized
water in the presence of humic acid, which is superior to
conventional strategies. These reports highlight that both the
fluorine—fluorine and electrostatic attractions are important for
selective and efficient PFAS removal from the aqueous
solutions. However, a detailed fundamental understanding of
the mechanisms of interaction between cationic fluorinated
sorbent and PFAS is still absent.

In our previous work,”* we reported effective sorption of
PFOA at high concentrations by uncharged amphiphilic PFPE-
containing block copolymers in phosphate buffered saline. The
materials demonstrated an effective PFOA removal of up to
90%, with fast exchange between free and bound PFOA being
observed after sorption. In this study, we aim to investigate the
role of both fluorine—fluorine and electrostatic interactions in
the sorption from aqueous solution of one of the most
extensively used PFAS, PFOA. The interactions and behavior
of the species in solution were studied by using molecular
dynamics simulations, "’F NMR, dynamic light scattering, and
isothermal titration calorimetry. Block copolymers with PFPE
as the fluorinated segment were prepared by reversible
addition—fragmentation chain-transfer (RAFT) polymeriza-
tion. An amine-containing monomer 2-(dimethylamino)ethyl
acrylate (DMAEA) was included in the second block to
provide cationic units after quaternization with iodomethane.
Three different polymer sorbents were prepared, namely
nonionic PFPE, cationic PFPE, and cationic non-PFPE
sorbents, and tested for sorption of PFOA from pure water.
Our results reveal different interaction mechanisms involving
fluorine—fluorine and electrostatic interactions—dynamic
binding with fast exchange vs tight binding without exchange.
The study also confirms that at low PFOA concentrations
electrostatic attractions are superior to fluorine—fluorine
interactions for sorption of PFOA. It is expected that the
current findings will provide important insights into the design
and preparation of the next-generation effective PFAS
sorbents.

B EXPERIMENTAL SECTION

Materials. The hydroxy-terminated perfluorinated poly(propylene
ether) (PFPE AL-2, M,, ~ 2000 g/mol, CAS Number: 126066-30-6)
was obtained from The Chemours Company. Oligo(ethylene
glycol)methyl ether acrylate (OEGA, M, = 480 g/mol) and 2-
(dimethylamino)ethyl acrylate (DMAEA) purchased from Sigma-
Aldrich were both passed through basic alumina columns to remove
inhibitors before use. The RAFT agent 2-(butylthiocarbono-
thioylthio)propionic acid (BTPA) was synthesized following the
procedure reported previously.”® The initiator 2,2'-azobis(2-methyl-
propionitrile) (AIBN) was recrystallized twice from methanol before
use. Milli-Q water with a resistivity of 18.4 MQ-cm was used for the
sorption experiments. All other chemicals were purchased from
Sigma-Aldrich and used as received.

Synthesis of Poly(DMAEA4-co-OEGA;)-PFPE (PAO-F). PAO-F
block copolymer was synthesized via RAFT polymerization. The
PFPE macro-RAFT a§ent was prepared by using methods described
in our previous work.”**** For a typical polymerization, the PFPE
macro-RAFT agent (0.5 g, 0.225 mmol), DMAEA (0.215 g LS
mmol), OEGA (0.36 g, 0.75 mmol), and AIBN (7.39 mg, 0.045
mmol) were dissolved in 2.5 mL of a,a,a-trifluorotoluene (TFT)/
dimethylformamide (DMF) (4:1, v/v) solution in a glass round-
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bottom flask fitted with a magnetic stirrer bar. Argon was used to
deoxygenate the solution for 15 min. The reaction mixture was heated
to 65 °C and left to react for 3.5 h. The reaction was stopped by
placing the round-bottom flask in an ice bath and exposing to air. The
reaction mixture was concentrated and precipitated into a large excess
of cold hexane/diethyl ether (1:1), followed by centrifugation. The
purification cycle was repeated three times, and the product, PAO-F,
was obtained by evaporating the excess solvent under high vacuum at
room temperature for 24 h. The synthetic procedures for poly-
(OEGA),-PFPE (PO-F) and poly(DMAEA)s-ethyl (PA) can be
found in the Supporting Information.

Preparation of PAO-F+. In a typical quaternization reaction,
iodomethane (0.189 g, 0.083 mL) was added to a solution of PAO-F
(0.5 g) dissolved in DMF (S5 mL) with stirring at room temperature.
The solution mixture was then heated to 50 °C and reacted for 24 h
in the dark. The polymer was purified by precipitation into a large
excess of diethyl ether, followed by evaporation of the solvent under
vacuum, and dialyzed against Milli-Q water for 24 h. The quaternized
product, PAO-F+, was obtained by freeze-drying. The same
quaternization procedure was used to produce PA+.

Interactions between PFOA and Polymer Sorbents. Sorption
of PFOA by the three polymers was characterized by using 1D °F
NMR and 2D F diffusion-ordered spectroscopy (DOSY)
techniques. For PO-F and PAO-F+, S mg of the polymer was
dissolved in S mL of Milli-Q water to give a polymer stock solution of
concentration of 1 mg/mL, with each solution having the same total
fluorine content. For PA+, to achieve the same concentration of
ammonium groups as the PAO-F+, 3.3 mg of the polymer was
dissolved in 10 mL of Milli-Q water, resulting in a polymer stock
solution of concentration 0.33 mg/mL. PFOA stock solutions 3 mg/
mL) were prepared by dissolving 9 mg of PFOA in 3 mL of Milli-Q
water. The solutions for measurement were prepared as follows: an
aliquot of 510 uL of the polymer stock solution was mixed separately
with 22.5, 52.5, 67.5, 90, and 142.5 uL of the PFOA stock solution.
400 uL of each solution mixture was collected and measured by '°F
NMR spectroscopy using a coaxial insert filled with D,O for the NMR
lock signal. The solution mixtures of PFOA and the two PFPE-
containing polymers (i.e., PO-F and PAO-F+) were further analyzed
for "’F NMR DOSY by using the same coaxial insert. 510 L of Milli-
Q water mixed with 22.5 uL of the PFOA stock solution was also
prepared and measured by using '°F NMR and 'F NMR DOSY as
control experiments.

Changes in Polymer Size and ¢ Potential on Addition of
PFOA. Dynamic light scattering (DLS) was used to monitor the
changes in polymer size and { potential during stepwise addition of
the above PFOA stock solution (3 mg/mL) to solutions of each type
of polymer sorbent. For a typical DLS experiment, a total number of
19 additions of PFOA, with each addition volume being 15 uL, were
added to 1020 uL of polymer solution in a polystyrene cuvette. After
each addition, the solution was thoroughly mixed by using a pipet,
followed by size measurement. Initial sizes of the three polymers were
also measured. The { potential experiments were conducted in a
folded capillary zeta cell following the same protocols as above. The {
potential of the three polymer sorbents after quaternization prior to
the addition of PFOA was also measured.

Interaction Duration and Thermodynamic Properties. The
calorimetric data were obtained by using a nano-isothermal titration
calorimetry (ITC) calorimeter from TA Instruments. All of the
solutions were thoroughly degassed before measurement. The sample
cell was filled with 300 L of polymer solution at 1 mg/mL for PO-F
and PAO-F+ and 0.33 mg/mL for PA+. The titration was performed
by injecting 2.51 uL of PFOA solution (3 mg/mL) into the sample
cell under continuous stirring at 25 °C. The effective volume of the
sample cell was 170 uL. Control experiments were conducted for each
ITC experiment by titrating PFOA solution into the sample cell filled
with 300 L of Milli-Q water. The program NanoAnalyze was used to
analyze the data, and thermograms were obtained by subtracting the
data from the control experiments.

Characterization Methods. Nuclear Magnetic Resonance
(NMR). All NMR experiments were conducted on a Bruker AVANCE

https://doi.org/10.1021/acs.macromol.1c02435
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Scheme 1. Synthetic Scheme for PO-F, PAO-F+, and PA+
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400 MHz (9.4 T) spectrometer at 25 °C. '"H NMR spectra of the
polymer solutions were acquired in either CDCl; or DMSO-dg: a 90°
pulse width of 14 us, relaxation delay of 1 s, acquisition time of 4.1 s,
and 32 scans were used in all measurements. '°F NMR spectra were
acquired by using CDCl;, DMSO-d,, or Milli-Q as the solvent.
Coaxial inserts filled with D,O were used for the measurement of
samples dissolved in Milli-Q water. Spectra were measured under the
following conditions: 90° pulse width 15 us, relaxation delay 2 s,
acquisition time 0.73 s, and 128 (in CDCl; or DMSO-d,) or 3000 (in
Milli-Q water) scans. "F NMR DOSY was conducted under the
following conditions: relaxation delay 2 s, diffusion time (A) 0.3 s,
gradient time (§) 0.003 s, and the number of scans 800.

Size Exclusion Chromatography (SEC). Molecular weights and
molecular weight distributions were measured by SEC using a
Polymer Laboratories GPCSO Plus equipped with a differential
refractive index detector. HPLC grade N,N-dimethylacetamide
(DMAC) containing 0.03 wt % LiCl was used as the mobile phase
at a flow rate of 1 mL/min. InfinityLab EasiVial polystyrene standards
were used for the column calibration. Two PLGel Mixed B (7.8 X 300
mm?) columns connected in series were held at a constant
temperature of S0 °C for separations. Samples were freshly prepared
in DMAc + 0.03 wt % LiCl at a concentration of S mg/mL and then
passed through 0.45 um PTFE filters prior to measurement.

MD Simulations. Fully atomistic models of PO-F, PAO-F+, PA+,
and PFOA were generated by using GaussView. The MD simulations
of the polymers (10 molecules of each polymer) with or without
presence of PFOA were conducted in a 15 X 15 X 15 nm® simulation
box filled with water. Potassium counterions were added to neutralize
the system. The number of PFOA molecules in the simulation box
was 18 for the self-assembled PO-F and PAO-F+ (mole ratio of
PFOA:polymer = 1.8) and 46 for the single-chain folding PA+ (mole
ratio of PFOA:polymer = 4.6). For each of the systems, trajectories
over 100 ns were collected. All the MD simulations were performed
by using the NAMD code and described with the CHARMM general
force field.**">* Long-range Coulombic 1nteract10ns were evaluated
by using the particle mesh Ewald (PME) method.”” The simulations
were performed in the NpT ensemble at p = 1 bar and temperature T
= 298 K by using Langevin dynamics with a damping constant of 1
ps™' and a time step of 2 fs.

Dynamic Light Scattering (DLS). DLS was conducted by using 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°. The number of runs per measurement was set as automatic, and
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the number of measurements for each test was five. BRAND semi-
microcuvettes made of polystyrene with a minimum filling volume 1.5
mL were used for the measurements.

The { potential was measured on the Nanoseries Zetasizer
(Malvern, UK) instrument using a DTS1070 folded capillary zeta
cell. The number of runs per measurement ranged from 20 to S0. For
each test, five repeated measurements were conducted.

Nano-Isothermal Titration Calorimetry (ITC). ITC experiments
were performed on a Nano ITC Low Volume isothermal titration
calorimeter from TA Instruments. The temperature was set to 25 °C,
the volume of each injection was 2.51 uL, the total number of
injections was 19, the injection interval was 250 s, the stirring rate was
set as 300 rpm, and a duration of 60 s was used for the initial baseline
and 120 s for the final baseline.

B RESULTS AND DISCUSSION

In this work, we aim to systematically investigate the important
roles of fluorine—fluorine and electrostatic interactions for
effective sorption of one of the most commonly used PFAS,
PFOA, by a novel block copolymer system. As the pK, of
PFOA is lower than 1,°**' PFOA mainly exists in its anionic
form in Milli-Q water (pH & 7) (Scheme 1). Before discussing
the unique interactions between various polymer sorbents and
PFOA, we briefly describe the synthesis of a series of
fluorinated and quaternized polymers (Scheme 1). First, two
macro-chain-transfer agents, perfluoropolyether (PFPE)- and
ethyl-modified 2-(butylthiocarbonothioylthio)propionic acid
(BTPA), were synthesized by the coupling esterification
reaction of N-(3- (dimethylamino)propyl)-N'-ethylcarbodii-
mide hydrochloride/4-(dimethylamino)pyridine (EDCI/
DMAP). The successful synthesis of the two RAFT agents
was confirmed by 'H and '’F NMR as shown in Figures S1—
S3.

Three candidate polymer sorbents were synthesized by using
RAFT polymerization starting from either the PFPE- or ethyl-
modified macro-chain-transfer agent, i.e, two perfluoropo-
lyether (PFPE)-containing block copolymers poly(oligo-
(ethylene glycol)methyl ether acrylate),-PFPE (PO-F) and
poly((2-dimethylaminoethyl acrylate)s-co-OEGA;)-PFPE
(PAO-F), as well as a polymer lacking the PFPE block,

https://doi.org/10.1021/acs.macromol.1c02435
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Figure 1. Chemical structures and '"H NMR spectra of PAO-F (top) and PAO-F+ (bottom). Both spectra were measured in DMSO-dj.

Table 1. Molecular Characterization of the Three Sorbent Polymers

polymer DPpaEa/0EGA” M, xmr” (g/mol) Mn,SECb (g/mol) p* £ (mV) 9F content” (wt %)
PO-F 0/7 5600 3800 1.06 0.3 24.4
PAO-F+ 6/3 4500 3700 1.17 30.7 25.3

PA+ 16/0 2600 1300 1.11 33 0

“The degree of polymerization (DP) and M,y for each type of polymer were calculated by integbrating the terminal methyl group belonging to
BTPA (peak a) and the methylene protons next to the ester group (Figure 1, Figures S4 and S6). "M, sgc and P were acquired by size exclusion
chromatography in N,N-dimethylacetamide using a RI detector. “Determined by DLS after quaternization. “The weight percentage of fluorine after

quaternization.

PO-F

PAO-F+

PA+

Figure 2. Snapshots of the MD simulations of (a) PO-F, (b) PAO-F+, and (c) PA+ in water taken at 100 ns. Green: PFPE units; gray: OEGA

chains; red: quaternary ammonium groups.

poly(DMAEA),s-ethyl (PA). After purification to remove
unreacted monomer, both 'H NMR and 'F NMR spectra
confirmed the successful synthesis of the three polymers
(Figure 1 top; Figures S4—S6, top). Taking PAO-F as an
example, the methylene protons (2H, —CH,0—) adjacent to
the ester groups of DMAEA and OEGA overlap and contribute
to a single broad peak at 4.1 ppm (protons h and k in Figure 1,

1080

top). Quaternization of PAO-F and PA was then conducted by
reaction with iodomethane to produce PAO-F+ and PA+. The
NMR peak due to the methylene protons next to ester of the
quaternized DMAEA side chains shifted from 4.1 to 4.5 ppm
(peak k in Figure 1) after quaternization, while the peak from
the methylene protons belonging to OEGA remain unchanged
(peak h, Figure 1). The resonance due to the two methyl

https://doi.org/10.1021/acs.macromol.1c02435
Macromolecules 2022, 55, 1077—1087
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PO-F

PAO-F+

PA+

Figure 3. Snapshots from the MD simulations of PFOA and polymer mixture solutions at 100 ns: (a) PO-F, (b) PAO-F+, and (c) PA+. Green:
PFPE units; gray: OEGA chains; red: quaternary ammonium groups; purple: PFOA molecules.

terminal groups of DMAEA was also shifted from 2.1 to 3.2
ppm (peak m) after the reaction with iodomethane,
demonstrating the successful quaternization and production
of PAO-F+ and PA+ (Figures 1, bottom, and Figure S6,
bottom).”*** All polymers have a low molar mass dispersity
determined by using size exclusion chromatography (P < 1.2,
Table 1). See Table 1 for a comprehensive tabulation of
characterization data.

Molecular dynamics (MD) simulations confirm that PO-F
and PAO-F+ can self-assemble into micellar structures and that
PA+ is stabilized in a single-chain folded conformation in
aqueous solution. For each experiment, 10 polymer chains of
PO-F, PAO-F+, and PA+ were randomly placed in a 15 X 15 X
15 nm® simulation box filled with water molecules. In Figures
2a—c, the PFPE hydrophobic segments are highlighted in
green, OEGA in gray, and quaternary ammonium groups in
red. The results in Figures 2ab confirm the formation of
multichain aggregates with PFPE segments as the core for PO-
F (10 chains) and PAO-F+ (two or three chains). Importantly,
the presence of electrostatic repulsion due to the quaternary
ammonium groups reduces the size of PAO-F+ aggregates,
which contain fewer polymer chains per aggregate compared
with PO-F. Multichain aggregates were not observed in the
case of PA+, indicating that unimers are the dominant form for
such non-fluorinated quaternized polymer in aqueous solution
(Figure 2¢).

The MD simulations presented here highlight the hydro-
phobic and electrostatic interactions between PFOA and the
polymer sorbent. Figures 3a and 3b clearly show that the
PFOA molecules can be sorbed by the PFPE segments of PO-
F and PAO-F+ due to the hydrophobic interactions. The large
self-assembled PO-F aggregates in free solution become
smaller in the presence of PFOA (Figure 3a). This is a result
of electrostatic repulsion after the sorption of anionic PFOA, as
discussed in the later sections. Sorption of PFOA by the
quaternary ammonium groups was also observed in PAO-F+
and PA+ driven by electrostatic attractions (Figures 3b and
3c), leading to increased particle sizes especially for PA+. MD
simulations demonstrate that both the PFPE and cationic
quaternary ammonium groups can interact with anionic PFOA.
The coexistence of hydrophobic and electrostatic interactions
is important for improving the sorption capacity and achieving
effective removal of PFOA from aqueous solution.

F NMR is a powerful technique to probe the interactions
between PFOA and polymer sorbent through monitoring
changes in NMR chemical shift and peak width.'”****~*” The
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pH of the Milli-Q water was measured to be &7 and used in
subsequent preparations of polymer and PFOA solutions.
Stock solutions of PO-F and PAO-F+ with the same
concentration (1 mg/mL, ~0.18 mM) were prepared; note
that each solution had the same fluorine concentration. The
concentration of PA+ stock solution was adjusted to be 0.33
mg/mL (~0.07 mM) to achieve the same concentration of
ammonium groups as in the solution of PAO-F+. The
concentration of PFOA used for the '’F NMR experiments
was 0.3 mM, which is well below the critical micelle
concentration (CMC = 25 mM),*® indicating that fully
solvated PFOA molecules were present. The '"F NMR
spectrum of PFOA in pure water in Figure 4a showed well-
resolved and sharp '’F peaks that could be clearly assigned. '°F
peaks belonging to PFOA are shifted to various extents upon
the addition of the polymer sorbents (Figures 4b—4d). For
example, peak F(1) due to the terminal —CF; group of PFOA
shifts from —80.7 to —83.0 ppm after the addition of PAO-F+.
Peaks F(3), F(4), and F(S) which are located at —121.8, —122,
and —122.7 ppm in the absence of polymer also shift and have
a tendency to merge (Figure 4c). Changes in chemical shifts of
peaks due to PFOA can also be observed upon addition of PO-
F and PA+, with for example the F(1) resonance shifting from
—80.7 ppm to —81.3 and —82.5 ppm, respectively. Compared
with the spectrum of free PFOA shown in Figure 4a, it is clear
that the F(1) resonance of PFOA has the largest change in
chemical shift in the presence of PAO-F+ compared with the
other two polymer sorbents (2.3 ppm vs 0.6 and 1.8 ppm for
PO-F and PA+, respectively), suggesting the strongest
interactions occur between PFOA and the fluorinated cationic
polymer.'” In addition, changes in the NMR line widths of
peaks for PFOA in the presence of polymer sorbent are also
evidence of the extent of molecular interaction. The 'F
resonances due to PFOA in Figure 4 broaden upon the
addition of polymer (Table S1), mainly due to the restriction
of mobility of the fluorinated segments on interacting with the
polymer through fluorine—fluorine hydrophobic interactions
and/or electrostatic attraction.'””** With increasing PFOA
concentration >0.3 mM (still below the CMC), the ’F NMR
resonances of PFOA in the presence of the polymer shift back
and approach the chemical shifts of free PFOA, indicating the
effects of fast chemical exchange (Figures S7—S9).

F DOSY NMR provides additional understanding of the
nature of fluorine—fluorine and electrostatic interactions by
providing measurements of the self-diffusion coefficients (Dy)
of PFOA and the polymer sorbent upon mixing.22 In this work,
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Figure 4. "’F NMR spectra of 0.3 mM PFOA in the absence (a) and
presence of polymer sorbent (b) PO-F (0.171 mM), (c) PAO-F+
(0.177 mM), and (d) PA+ (0.066 mM) in Milli-Q water. The mole
ratio of PFOA to polymer is 1.8 for PO-F, 1.7 for PAO-F+, and 4.6 for
PA+. The mole ratios of PFOA to the two PFPE-containing polymers
are the same within experimental error.

D of free PFOA in Milli-Q water was measured to be 4.5 X
107'° m?/s (Table 2), corresponding to a hydrodynamic
diameter of 1.1 nm calculated via the Stokes—Einstein
equation (Table $2).** This indicates that PFOA molecules
were fully solvated in solution. The self-diffusion coefficients of
the two PFPE-containing polymers in the aqueous solutions
were measured to be 3.6 X 107" and 6.4 X 107! m?/s (Table

Table 2. Diffusion Coefficients (D;) of PO-F and PAO-F+
Block Copolymers with and without the Presence of PFEOA
in Milli-Q Water; the Final Row Shows the Proportions of
Unbound PFOA after Sorption by the Block Copolymers

PO-F PAO-F+

mole ratio of PFOA to polymer 1.8 1.7 4.0 5.2 6.9
Ds (x 10" m?/s)

polymer only 3.6 6.4
polymer after sorption 5.4 6.2 4.0 44 4.4
PFOA only 45.0
PFOA after sorption 39 6.2 4.9 13.0 27.8
proportion of free PFOA (%) 848 00 22 212 576
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2) for PO-F and PAO-F+ and give hydrodynamic diameters of
143 and 8.1 nm, respectively (Table S2). The calculated
hydrodynamic diameters of the two polymers agree with the
results of the MD simulations discussed above, indicating that
the polymer PAO-F+ with quaternary ammonium groups
forms smaller aggregates than the nonionic polymer PO-F in
the aqueous solution due to the effect of electrostatic repulsion
between chains.

The diffusion coefficients, Dy after mixing PFOA with
polymer sorbents are summarized in Table 2. At a mole ratio of
PFOA to polymer PO-F of 1.8, the value of D; of PFOA
decreases slightly from 4.5 X 107 to 3.9 X 107'° m*/s (Figure
Sa and Table S2). Such behavior indicates that PFOA is

a
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Figure 5. '’F NMR DOSY decay curves of PFOA and sorbents (a)
PO-F and (b) PAO-F+ in water at 25 °C. The mole ratio of PFOA to
the two polymer sorbents was 1.8 for PO-F and 1.7 for PAO-F+.

undergoing fast exchange between the solution and PO-F
during the DOSY NMR time scale (diffusion time = 0.3 s) and
is consistent with the findings reported in our previous work.””
At the same time, an increase in D¢ for PO-F was observed after
sorption of PFOA, indicating a decreased hydrodynamic
diameter from 14.3 to 9.5 nm (Table S2). This observation
is in agreement with the MD simulations which supported
partial demicellization of PO-F, resulting from enhanced
electrostatic repulsion driven by the sorbed PFOA. A single
self-diffusion coeflicient was measured in all cases, indicating
that PFOA is in fast exchange been “bound” and “free” states.
The observed self-diffusion coefficient in the fast exchange
regime is equal to the sum of Dy for the bound and free species,
weighted by their number fractions. Therefore, the proportion
of free PFOA was calculated to be 84.8% in this manner (Table
2) via eq 1M

Dobserved = ffree Dfree + (1 - ffree )Dpolymer (1)
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where D p.rveq 18 the D; of PFOA in the presence of polymer,
Dg.. is the D¢ of PFOA without polymer, and D is the Dy
of the polymer in the presence of PFOA.

The diffusion coefficients, Dy, of cationic PAO-F+ and PFOA
upon mixing at a mole ratio of PFOA to polymer of 1.7
underwent larger changes compared to those observed for PO-
F on addition of PFOA. The self-diffusion coeflicient of PFOA
decreased by an order of magnitude, from 4.5 X 107'% to 6.2 X
107" m?/s, indicating that PFOA was diffusing at the same
rate as the polymer PAO-F+ (D; = 6.2 X 107" m?/s) after
sorption (Figure Sb and Table 2). Chemical exchange was not
observed under such conditions, suggesting tight binding of
PFOA to PAO-F+ due presumably to electrostatic attraction
and indicating ~100% PFOA sorption. The DOSY results
therefore suggest that the incorporation of cationic groups can
significantly increase the strength of binding of PFOA to
polymer sorbents, in agreement with previous findings.”

Fast exchange between bound and free PFOA can be
observed with increased addition of PFOA to the PAO-F+
solution. When the mole ratio of PFOA to copolymer was
increased from 1.7 to 4.0, the self-diffusion coeflicient of PFOA
was measured to be 4.9 X 107! m?/s, an order of magnitude
lower than D; of free PFOA (4.5 X 107'° m?/s) and close to
that of PAO-F+ (4.0 X 107! m?/s) (Table 2 and Figure S10a).
The proportion of free, unbound PFOA was calculated to be
2.2% by using eq 1, suggesting the reduced capture of PFOA
via electrostatic attraction when the concentration of PFOA
increases. The Dy of PFOA further increased to 1.30 X 107'°
and 2.78 X 107" m*/s when the mole ratio was increased to
5.2 and 6.9, respectively, approaching the diffusion coefficient
of free PFOA. The proportion of free PFOA was calculated to
be 21.2 and 57.6%, respectively (Table 2 and Figure S10b,c).
The increased proportion of free PFOA can be explained by an
excess of PFOA that exceeds the sorption capacity of PAO-F+.
The self-diffusion coefficient of PAO-F+ decreased from 6.2 X
107" to 4.0 X 107" m?/s when the ratio of PFOA to polymer
was 4.0 and then remained largely constant with further
addition of PFOA. Unexpectedly, fast exchange occurs before
the PAO-F+ reaches its theoretical neutralization point, that is,
when the mole ratio of PFOA to PAO-F+ is 6.0. This indicates
that, in addition to the sorption being driven by electrostatic
attraction, fluorine—fluorine interactions also contribute to
PFOA sorption, potentially increasing the PFOA removal
capacity when both interactions are in effect.

Upon mixing PFOA with PA+, broad '"F NMR peaks
belonging to PFOA were observed due to decreased
hydrophilicity/charge and formation of large aggregates,”**>**
agreeing well with the MD simulation results presented in
Figure 3c. At the highest mole ratio of PFOA to PA+ of 29.1,
two sets of peaks can be seen: a broad peak at —83.3 ppm
assigned to the PFOA sorbed by PA+ and a second due to free
PFOA (Figure S9). This observation suggests that the
concentration of PFOA exceeds the binding capacity of PA+
and that the two populations of PFOA are not exchanging.

The ¢ potential and hydrodynamic diameter (Dy) of the
polymer sorbents change significantly with continuous addition
of PFOA to the polymer solutions. To guide the discussion,
Figure 6 has been labeled with five mole ratios of PFOA to
polymer, namely, “A”, “B”, “C”, “D”, and “E” (see also Table 3
and Table S3). These ratios correspond to solutions used in
the F NMR measurements discussed above. Upon the
addition of PFOA to the solution of PO-F, the { potential
decreases immediately from neutral to negative (e.g,, —4.1 and

polymer

1083

a s - — 9

f oA B C D POF é_a
E“'E{ |, E
RRIARIRUDEHE
g0 7. { {{; { 3 ° 3
N ;;qiiﬂpﬂ
15 i 3

b40 T — r — 14
j A 5 C DPAOFIE|,
530_ }{{}I -105
2o Maliiten]].
n;w E}!I !.. e £
N 0- : .éo. ;-48
-10 ...é
C40 : : : : 700
PA+ L 600
ST R B AN RS |
128 I A O LU N -
T 2 B R -
%10- } A B C D !.i..?’m;?
jﬂ?i!!iii:-?' H
EEREEEEETEEEY

Number of PFOA Injection

Figure 6. { potential and hydrodynamic size of the three polymer
sorbents (a) PO-F, (b) PAO-F+, and (c) PA+ with continuous
addition of PFOA at 25 °C. Blue: { potential values; red: size of
polymer sorbent. Each size and { potential value are the average value
of five measurements, and standard deviation is shown. “A”, “B”, “C”
“D”, and “E” indicate the five molar ratios of PFOA to polymer also

used in the 'F NMR analyses and listed in Table 3.

Table 3. Mole Ratios of PFOA to Polymer, Labeled as A—E
in Figures 6 and 7

no. of PFOA injection 3 (A) 7(®B) 9(C) 12(D) 19 (BE)
PFOA:PO-F 1.8 4.1 5.3 7.1 1.2
PFOA:PAO-F+ 1.7 4.0 5.2 6.9 10.8
PFOA:PA+ 4.6 10.7 13.8 18.3 29.1

—9.1 mV at lines A and B, respectively), this being attributed
to the presence of the sorbed anionic PFOA (Figure 6a).
Meanwhile, a rapid decrease in polymer size from 8.6 to <5 nm
was observed, suggesting disassembly of the PO-F micelles in
the presence of PFOA, a result in good agreement with the
changes in D, calculated from the "F NMR DOSY
experiments (Table S2) and with the results of the MD
simulations.

The { potential of PAO-F+ without PFOA was measured to
be ~30 mV. With continuous addition of PFOA, a steady
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decrease in { potential was observed due to the neutralization
of the cationic groups of PAO-F+ by the anionic PFOA. The
neutralization point was observed slightly above the mole ratio
of PFOA to polymer of 6.9 (point “D” in Figure 6b), higher
than the theoretical value of 6.0, likely due to the direct
sorption of PFOA by the PFPE segments of PAO-F+. The
hydrodynamic size of PAO-F+ continuously increased with
increasing PFOA concentration, reaching 8.4 nm at a mole
ratio of 4.0 (“B”). The polymer size was then maintained at
~8.5 nm on further additions (positions “C”, “D”, and “E” in
Figure 6b). Again, the results are broadly consistent with the
hydrodynamic diameters calculated from the '’F NMR DOSY
experiments (Table S2).

Obvious changes in { and size of PA+ were also observed
after mixing with PFOA in the aqueous solution. The non-
PFPE polymer PA+ adopts a single-chain folding conformation
and thus lacks a slipping plane that is essential for
establishment of a { potential,4 5 and so the measured initial
value of { of the polymer without addition of PFOA is not
reliable, showing a value of only 3.3 mV (Figure 6c). The lack
of validity of the observed { value is also supgorted by the
theoretical framework developed by Ohshima.*® In his work,
he demonstrated that for a rigid colloidal particle the
electrophoretic mobility can be used for direct calculation of
the { potential. However, for a soft polyelectrolyte lacking a
rigid core, i.e, PA+, there is no clear relationship between
electrophoretic mobility and ¢. Upon the first three additions
of PFOA, an increase in { was observed, mainly caused by the
formation of large aggregates gradually building a rigid core
composed of perfluoroalkyl segments of PFOA, hence
producing reliable { values of the polymer—PFOA aggregates.
As was proposed again by Ohshima,"” particles containing a
rigid core covered with a soft polyelectrolyte layer show
increased electrophoretic mobility and thus increased ¢ with
decreased thickness ratio of outer layer to the inner core. The
influence of the size of the rigid core on the electrophoretic
mobility of the particle is not significant outside of a thickness
ratio of 107> to 1. Consequently, the increase in { can be
attributed to a significantly increased size of the hydrophobic
core with further additions of PFOA to the polymer solution.
Beyond the point “A”, the { potential remained constant at
~30 mV to point “C” and then decreased with increasing
PFOA concentration. The theoretical neutralization point for
this system should be at a mole ratio of 16.0; however,
neutralization was not achieved even after the addition of a
large excess of PFOA of >29. This could be explained by the
direct sorption of PFOA by the polymer—PFOA aggregates via
fluorine—fluorine interactions that do not contribute to the
value of the { potential. Direct capture of PFOA molecules by
perfluoroalkyl segments has been previously reported.'”****
Notably, large multiple chain aggregates (>80 nm) are formed
upon the continuous addition of PFOA up to the mole ratio
“D” (Figure 6¢), again corresponding well with the findings in
the MD simulations and '"F NMR DOSY experiments. A
significant increase in particle size to >550 nm was seen with
further addition of PFOA, in line with the decrease in (,
lead'ng to decreased solubility and stability of the aggregated
PA+.*

Isothermal titration calorimetry (ITC) offers real-time
analysis of thermodynamic interactions between PFOA and
the polymer sorbent by titrating PFOA into the corresponding
polymer solutions.”®>* The amount of PFOA injected at each
point was controlled so that the mole ratio of PFOA to
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polymer was the same as in the DLS experiments discussed
above. The ITC raw traces in Figures S11—S13 (black curve)
are composed of 19 spikes due to 19 additions, with the full
width of each spike indicating the time scale of the interaction
between PFOA and the polymer.”* The sorption duration was
fully completed within the preset injection interval, i.e., 250 s
upon each PFOA injection, suggesting a rapid (<S min)
sorption of PFOA by the three polymers. Thermograms due to
the interactions between PFOA and each polymer sorbent,
after subtraction of the blank experiment, i.e, PFOA titrated
into Milli-Q water, are shown in Figure 7. A negative AH is

2

o
1

2

AH (kJ/mol)

10
Number of PFOA Injection

Figure 7. ITC thermograms of interaction of PFOA with the three
polymers in Milli-Q water at 25 °C. The points “A”, “B”, “C”, “D”, and
“E” are the same five mole ratios of PFOA to the three polymers as in
Figure 6.

observed in the thermogram of PO-F throughout the total 19
PFOA injections (Figure 7, in blue), demonstrating exothermic
events due to the fluorine—fluorine interactions. Similar
observations of negative AH on hydrophobic interactions
were reported by others.*>*® For polymers bearing cationic
quaternary ammonium groups, endothermic events are
observed for titration of PFOA into solutions of both PAO-F
+ (first injection) and PA+ (first three injections) (Figures 7,
in red and gray), indicating the presence of an endothermic
event arising from the electrostatic attraction between PFOA
and the two cationic polymers. This is in line with the report
by Skvarnavicius et al,”” who observed endothermic binding
interactions by titrating cationic alkylamines surfactant solution
into a solution containing anionic poly(amino acid)s with
carboxyl groups.

The enthalpies AH in the ITC thermograms are the
summation of the contributions from two interaction
processes, namely (1) interactions between PFOA and
polymer and (2) changes in aggregation size. The decrease
in AH on the first several additions of the solutions of PFOA
to PO-F (Figure 7, in blue) can be attributed to the
disaggregation of the polymeric micelles, as also indicated by
the MD simulations and DLS measurements. After incorpo-
ration of cationic groups in PAO-F+, the thermogram in Figure
7 shows that before point “A”, a switch from an initial
endothermic event upon the first PFOA injection to an
exothermic event after the second injection can be observed,
indicating that with presence of both fluorine—fluorine and
electrostatic attractions the electrostatic attractions dominated
upon the first injection. The finding corresponds well with the
work of Khan and Brettmann,”® who concluded a priority of
electrostatic attraction over hydrophobic interactions between
anionic surfactant and cationic polymer when the polymer is
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highly charged. A continuous decrease in AH until a mole ratio
of PFOA to the polymer of 4.0 was observed, mainly due to the
attenuated electrostatic attraction between PFOA and the
polymer with increasing addition of PFOA, as confirmed by
the { potential measurements (Figure 6b), and further
supports our findings from the DOSY experiments. Compared
with PAO-F+ which only shows the first injection to be
endothermic (Figure 7, in red), the titration of PFOA into PA+
displays endothermic events for the first three PFOA injections
(Figure 7, in gray). This highlights the role of fluorine—
fluorine interactions in the fluorinated block copolymer PAO-F
+. In summary, the results from the ITC agree well with the
DLS results and provide a clear description of the changes in
aggregation of the polymers in the presence of increasing
amounts of PFOA.

B CONCLUSIONS

This study has demonstrated that fluorine—fluorine inter-
actions and electrostatic attraction play important roles in
determining the mechanism of interaction of PFOA with three
novel block copolymer sorbents. Three classes of polymers
were successfully prepared, namely neutral PFPE-containing
polymer PO-F, cationic PFPE-containing polymer PAO-F+,
and cationic non-PFPE polymer PA+. Upon mixing PFOA
with aqueous solutions of the polymer sorbents, both PFPE
and quaternary ammonium groups contribute significantly to
the effective and rapid (<S5 min) sorption of PFOA as
confirmed through molecular dynamics simulations, '’F NMR,
DLS, and isothermal titration calorimetry. We observed that
PFOA involved in fluorine—fluorine interactions undergoes
fast exchange between the bound and free states while the
electrostatic interactions result in tight binding of PFOA
without measurable chemical exchange. When both PFPE and
cationic groups are present, the fluorine—fluorine interactions
can augment the effect of electrostatic attraction for direct
sorption of PFOA in the solution, potentially improving PFOA
sorption capacity of the polymer sorbent. Additionally, the
electrostatic attraction between PFOA and the cationic
fluorinated sorbent is strong and dominant for sorption of
PFOA at low concentrations. Overall, this work presents
important rules for the design of sorbents for rapid and
efficient PFAS removal from contaminated aqueous solutions.
Future work will focus on applying these design rules to
prepare PFPE-based magnetic iron oxide nanoparticles and
membranes for remediation of PFAS at environmentally
relevant conditions.
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