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ABSTRACT: The efficient removal of per- and polyfluoroalkyl
substances (PFAS) and recycling sorbents from contaminated water
face grand challenges in the field of PFAS remediation. In this work, a
series of thermoresponsive perfluoropolyether (PFPE)-containing
polymer sorbents were developed for efficient removal of PFAS
from contaminated water using a simple heating process. The polymer
sorbents are thermoresponsive due to inclusion of the monomer N-
isopropylacrylamide (NIPAM). Four block copolymers with the same
degree of polymerization (DP) of [2-(acryloyloxy)ethyl]-
trimethylammonium iodide (AETAI) but increasing DPs of NIPAM
were prepared via reversible addition—fragmentation chain-transfer
(RAFT) polymerization. The results demonstrate that the balance
between hydrophobic/hydrophilic segments from the polymers
significantly influences their lower critical transition temperatures (LCSTs), and such balance could be altered by the presence
of amphiphilic PFAS. Upon complete sorption, >99% removal for majority of the tested PFAS was achieved by heating the solution
mixture to above its lower critical solution temperature and filtration. The study introduces the design and preparation of efficient
“smart” PFAS sorbents based on their thermoresponsive properties, offering a new approach to effectively separate PFAS sorbents
from treated solutions.
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1. INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are a group of
synthetic compounds that have raised broad concerns due to
their adverse effects on the environment and human health."
The presence of unique carbon—fluorine bonds makes the
PFAS ultrastable, rendering them highly resistant to both

concentration of ~10 mg/L (ppm), with 97.5% of PFOA
being removed after sorption for 12 h.'* Quan et al. extended
the concept and prepared cross-linked fluorous-core nano-
particle-embedded hydrogels by tandem photocontrolled
radical polymerization, for easier separation of the sorbent
from the solution after removal of PFAS."* In their work, a
fluorinated methacrylamide was used instead of perfluoroalkyl
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environmental and metabolic degradation.” The bioaccumula-
tion of PFAS in organisms and their toxicity to human body
have been demonstrated,"”'? leading to health problems such
as altered thyroid hormone levels, disruption of the immune
system, liver and kidney diseases, and damage to reproductive
cells.

Fluorinated polymer sorbents have shown great promise for
capture and removal of PFAS."'~"* The key to their success is
the participation of fluorous interactions between the
fluorinated moiety of the sorbent and the perfluoroalkyl
segment of PFAS, not only providing effective capture but also
enhancing sorption selectivity owing to their fluorophilic-
ity.'""'” For example, Koda et al. developed fluorinated
microgel star polymers with a condensed fluorous core via
ruthenium-catalyzed living radical polymerization for removal
of perfluorooctanoic acid (PFOA) from aqueous solutions."”
The fluorous core, consisting of perfluoroalkyl methacrylate,
was capable of selective capture of PFOA at an initial
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methacrylate to increase the stability of the PFAS sorbent.
After treatment for 6 h, >99% removal of PFOA was observed
for all of the three aqueous solutions with initial concentrations
of 1, 100, and 1000 ug/L (ppb), while the fluorine-free
hydrogel showed ~0% removal under identical conditions,"*
highlighting the importance of fluorous interactions for
effective removal of PFAS. More recently, Kumarasamy et al.
prepared a cross-linked ionic fluorogel by inclusion of both
cationic quaternized ammonium functional groups and
perfluoropolyether (PFPE)."> The ionic fluorogel showed
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Scheme 1. Synthetic Scheme for Thermoresponsive Cationic PFPE-Containing Polymer Sorbents”
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“Inset, schematic illustration of using thermoresponsive cationic PFPE-containing polymer sorbents for PFAS-contaminated water treatment.

94% removal of the ammonium salt of hexafluoropropylene
oxide dimer acid (GenX) at an environmentally relevant
concentration (1 ppb) within 30 s in water, and >80% removal
of 18 different legacy and emerging PFAS at the same initial
concentration, ie, 1 ppb each from a aqueous solution
collected at a water treatment plant after treatment for 2 h."
The above studies separated PFAS sorbents from aqueous
solutions via dialysis,12 filtration,">'* or centrifugation after
removal of PFAS."> The dialysis method was applied
specifically when sorbents were small particles,'> potentially
increasing the cost and making the separation process time-
consuming. By designing and preparing cross-linked hydrogels
with larger sizes,">~'° either filtration or centrifugation was
used, largely increasing the convenience of recycling of PFAS
sorbents and their feasibility for practical use.

Thermoresponsive polymers are a class of materials that
undergo reversible changes in their physical properties in
response to variations in the temperature. Poly(N-isopropyla-
crylamide) (PNIPAM) is a well-studied thermoresponsive
polymer that demonstrates unique behavior: it dissolves in
water when the temperature is below its lower critical solution
temperature (LCST) of ~32 °C but becomes insoluble and
undergoes phase transition when the temperature exceeds its
LCST."”™*" The LCST of PNIPAM polymer can be finely
tuned and manipulated by incorporating other cofunctional
monomers, thus alternating the hydrophilic—lipophilic balance
of the copolymer.”*** For example, copolymerizing NIPAM
with more hydrophilic monomers like 2-hydroxyethyl acrylate
(HEA) raises the LCST, and an increased content of the
hydrophilic comonomer further elevates the critical temper-
ature.”~”” Conversely, incorporating hydrophobic seg-
ments, like fluorinated compounds, lowers the LCST.
Therefore, the preparation of thermoresponsive PNIPAM
PFAS capture agents presents a promising alternative strategy
for separation of PFAS sorbents from the aqueous solution
after removal of PFAS. Leveraging their aggregation properties
under elevated temperatures could enable efficient filtration or
centrifugation processes, thus enhancing the effectiveness of
PFAS sorbent separation efforts.

28,29

In this work, a series of thermoresponsive block copolymers
with PFPE as one block, and a statistic copolymer of [2-
(acryloyloxy)ethyl]trimethylammonium iodide (AETAI) and
NIPAM as the other block have been prepared via reversible
addition—fragmentation chain-transfer (RAFT) polymeriza-
tion. PAN161+, the polymer sorbent with the highest NIPAM
(86.8 wt %) but lowest AETAI contents (2.7 wt %), showed
the strongest phase transition and the lowest LCST (58 °C) in
water. Our results demonstrate that PAN161+ had strong
interactions with PFOA, with decreasing LCSTs of PAN161+
being observed in the presence of increasing concentrations of
PFOA. Efficient removal (>99%) of the majority of 11 different
PFAS at 100 ppb was achieved by heating to 40 °C and
filtration. In addition, the sorbed PFAS could be released by
simply heating the solution to high temperatures at >40 °C.
The results provide important design criteria for thermores-
ponsive PFAS sorbents and prove the concept of using such
type of sorbent for PFAS removal from contaminated
environments.

2. RESULTS AND DISCUSSION

2.1. Design, Synthesis, and Characterization of
Cationic PFPE-Containing Thermoresponsive Block
Copolymer Sorbents. Results previously reported by our
group have demonstrated that the inclusion of both
perfluoropolyether (PFPE) and cationic functional groups
are important for efficient removal of PFAS from aqueous
solutions.””*' However, practical application of these polymer
sorbents has been hindered by challenges in separating the
polymer from the aqueous solution once sorption occurs. In
this work, we address this issue by incorporating a
thermoresponsive N-isopropylacrylamide (NIPAM) segment
into our cationic PFPE polymers. Such modification allows
easy separation of the polymer sorbent after PFAS capture by
simply heating the solution mixture to a temperature above the
LCST, followed by subsequent filtration. The overall synthetic
scheme for the thermoresponsive cationic PFPE-containing
thermoresponsive polymers is shown in Scheme 1.
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Figure 1. '"H NMR spectra in CDCl; and the corresponding assignments for PAN11 (top) and PAN11+ (bottom).

The PFPE-containing macro-RAFT transfer agent was
synthesized by N-(3-(dimethylamino)propyl)-N’-ethylcarbo-
diimide hydrochloride/4-(dimethylamino)pyridine (EDCl/
DMAP) coupling esterification reaction between 2-
(butylthiocarbonothioylthio)propionic acid (BTPA) and
commercially available hydroxy-terminated PFPE. Both 'H
and "F NMR spectra confirm the successful synthesis of the
PFPE-containing macro-RAFT transfer agent (Figures S1 and
§2).*>*" A series of PFPE block copolymers with the same
degree of polymerization (DP) of 2-(dimethylamino)ethyl
acrylate (DMAEA) (ie., two) but increasing DP of NIPAM
(ie,, 11, 40, 77, and 161) were subsequently prepared in the
presence of PFPE macro-RAFT agent, namely, poly(DMAEA,-
co-NIPAM,,)-PEPE (PANT11), poly(DMAEA,-co-NIPAM,,)-
PFPE (PAN40), poly(DMAEA,-co-NIPAM,,)-PFPE
(PAN77), and poly(DMAEA,-co-NIPAM,4,)-PFPE
(PAN161) (Figure S3). Again, both 'H and ""F NMR
spectroscopy analyses indicate the successful syntheses of the
four polymers after purification as all peaks in the spectra could
be successfully identified and assigned (Figure 1, top; Figures
S4—S6, top, and Figure S7). Taking PAN11 as an example, the
single proton (1H, >CH—) from the methine group of NIPAM
contributes to a single broad peak at 4.00 ppm (peak 1 in
Figure 1, top), while another single broad peak due to the
methylene protons (2H, —CH,0—) next to the ester group of
DMAEA was observed at 4.25 ppm (peak h, Figure 1, top).

Quaternization of the four block copolymers to produce
PAN11+, PAN40+, PAN77+, and PAN161+ was achieved by
addition of excess iodomethane (Figure 1, bottom; Figures
$4—S6, bottom; and Figure S8). Typically, for PAN11+, the
peak j due to the protons from the two methyl terminal groups
of DMAEA shifted from 2.3 ppm (Figure 1, top) to 3.5 ppm
after the reaction (Figure 1, bottom),”’ indicating the
successful quaternization. For the other three polymers, ie.,
PAN40+, PAN77+, and PAN161+ due to the much higher DP
of NIPAM cf. that of DMAEA, peak j is not resolved due to
overlapping with the polymer backbone peaks (peaks b to e,
Figures S4—S6, top). The conversion of DMAEA to
quaternary ammonium groups was determined by calculating
DP of [2-(acryloyloxy)ethyl]trimethylammonium iodide
(AETAI) using the methylene protons next to the sulfur
from BTPA (peak a, 2H, —CH,S—) and the protons from the
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three methyl terminal groups of AETALI side chain (peak j, 9H,
3 X —CH;) in each 'H spectrum (Figure 1 bottom; Figures
S4—S6, bottom). The calculated DP of AETAI for each
polymer generally matched the target DP of DMAEA, i.e., two,
thus the conversion was considered to be ~100% for all four
polymers. Results from size exclusion chromatography (SEC)
demonstrate that all four polymers had low molar mass
dispersity (P< 1.2). Refer to Table 1 for a summary of the
structural characterization of the four block copolymers.

Table 1. Molecular Characterization of the Four Block
Copolymers

Mywr”  Mysic” LCST*
DPAETAI/NIPAM“ (g/ ‘mol) (g/ mol) B’ (OC)
PAN11+ 2/11 4000 2500 1.06
PAN40+ 2/40 7300 6500 1.09 65
PAN77+ 2/77 11,500 12,100 1.10 67
PAN161+ 2/161 21,000 22,600 1.14 58

“The DP of AETAI for each polymer was calculated by integrating the
methylene group belonging to BTPA (peak a) and three methyl
terminal groups of AETAI (peak j) after quaternization; DP of
NIPAM for each polymer was calculated by integrating peak a, and
combined protons from methylene group adjacent to the nitrogen
[peak (i)] and methine group from NIPAM (peak 1) after
quaternization (Figures 1, S4—S6); M,,yur for each polymer was
calculated based on DPs of AETAI and NIPAM from NMR. *M, ,sc
and D were acquired by SEC in DMF using a refractive index detector
before quaternization. “Measured by UV—vis spectroscopy at 500 nm
transmittance.

2.2. Thermoresponsive Behavior of Cationic PFPE-
Containing Block Copolymer Sorbents. The thermores-
ponsive properties of PAN polymers were explored to
determine the LCST and aggregation behavior upon heating.
In this work, the LCST was defined as the temperature at
which the optical transmittance dropped by 90% of the initial
value during the heatin§ process. Though PNIPAM exhibits an
LCST at ~32 °C,*"*” the presence of hydrophilic AETAI
groups and the hydrophobic PFPE segment may alter the
LCST of the block copolymers in aqueous solution. The
thermoresponsive behavior of the four cationic PFPE-
containing polymers, PAN11+, PAN40+, PAN77+, and
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Figure 2. Thermoresponsive behavior of the four prepared pure block copolymers (ab) and a typical polymer PAN161+ in the presence of
different concentrations of PFOA (c,d) in Milli-Q water, measured by UV—vis (a,c) and DLS (b,d). Polymers, 10 mg/mL each; 1:1, 2:1, 4:1, and
8:1 represent mole ratios of AETAI of PAN161+ to PFOA. The results of DLS are the average of three measurements, and one standard error of

the mean (SEM) is shown.

PAN161+ were examined at a fixed concentration of 10 mg/
mL, using UV—vis spectroscopy across a temperature range of
25-90 °C. Figure 2a demonstrates that PAN161+ has the
strongest phase transition upon heating based on the largest
extent of decrease in transmittance within the temperature
range. However, 0% transmittance was not reached for
PAN161+ when the phase transition was fully complete,
suggesting the role of quaternized ammonium groups that
increase the solubility of PAN161+ in the aqueous solution.””
The LCST of PAN161+ was subsequently calculated to be 58
°C (Table 1). For PAN11+, a phase transition was not
observed until the temperature went beyond 60 °C and was
the broad transition extended beyond 90 °C (Figure 2a),
indicating a relatively high LCST. Both PAN40+ and PAN77+
showed weak phase transitions upon heating (Figure 2a), and
the LCSTs of the polymer sorbents were calculated to be 65
and 67 °C, respectively (Table 1).

In LCST polymers, the balance between hydrophobic and
hydrophilic segments largely determines the LCST. With DPs
of NIPAM increasing from 11 to 161, the content of NIPAM
increases from 31.1 to 86.8%, while the contents of AETAI and
PFPE segments decrease from 14.3 to 2.7% and from 49.2 to
9.4%, respectively (Table S2). For each block copolymer, the
molar amount (in mmol/g) of each of the above three
functional groups normalized by the weight of the polymer was
also calculated (Table S2). An increasing molar amount of
NIPAM but decreasing molar amounts of AETAI and PFPE
with increasing DPs of NIPAM aligns with the trend for the
content of each functional group. The lowest LCST observed

for PAN161+ among the four polymer sorbents is primarily
due to the presence of the largest content of NIPAM but also
the lowest content of the quaternized ammonium groups. This
observation is supported by previous studies from Graillot et
al,>*?* who observed decreasing LCST with decreasing
amounts of hydrophilic moieties of phosphonic acid but
increasing amounts of thermoresponsive units of N-n-
propylacrylamide in the solution.

Dynamic light scattering (DLS) measurements provide
detailed information about the size changes of PAN chains
during the heating process. Temperature ranges were set from
25 to 70 °C. Figure 2b shows that before heating at 25 °C, the
hydrodynamic diameter (D) for all polymers was <3.1 nm.
Upon heating, increases in D, were observed for the four
polymer sorbents across various temperature ranges. No
obvious increase in Dy of PAN11+ was observed below 55
°C. This was followed by a dramatic increase to ~700 nm
when the temperature increased to 70 °C, corresponding well
with the phase transition of PAN11+ when the temperature
was >60 °C from the UV—vis shown in Figure 2a. A significant
increase in D, from 3.1 to 513.8 nm was observed for
PAN161+, while for PAN77+ and PAN40+, the increase in D,
was less significant, again, agreeing well with the observations
of the weaker phase transitions of the two block copolymers
from UV—vis (Figure 2a).

2.3. Thermoresponsive Behavior of PAN in the
Presence of Different Concentrations of PFOA in Milli-
Q. As mentioned above, the presence of quaternized
ammonium groups from the prepared block copolymers can
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significantly affect their solubility and LCSTs in aqueous
solution. Here in this work, the influence of the concentration
of PFAS on the thermal-responsive behavior of the block
copolymer was examined using PFOA as a typical PFAS and
PAN161+ as the sorbent. Upon mixing PFOA at different
concentrations with PAN161+ at a fixed concentration of 10
mg/mL, the thermoresponsive behavior of the polymer
sorbent was studied by performing both UV—vis and DLS
experiments. In these solution mixtures, the mole ratios of
AETAI to PFOA were 8:1, 4:1, 2:1, and 1:1. Before heating,
ie, at 25 °C, the results from Figure 2c show lower initial
transmittance of the solution mixtures in the presence of
higher concentrations of PFOA, 95.3%, 95.2%, 94.4%, 89.7%,
and 88.4%, for no PFOA, and 8:1, 4:1, 2:1, and 1:1 AETAI to
PFOA, respectively, indicating a more significant aggregation
of PAN161+ after interacting with higher concentrations of
PFOA. Upon heating, phase transitions occurred for all sample
solutions, with both lower transmittance of the polymer
solutions and LCSTs of PAN161+ being observed in the
presence of increasing concentrations of PFOA (Table S3),
mainly attributed to an increasing hydrophobicity of the
polymer sorbent in the aqueous solution after interacting with
increasing concentrations of PFOA.*"*

When the temperature cooled back to 25 °C, the results in
Figure 2c demonstrate a partially reversable phase transition in
the polymer solutions in the absence or in the presence of
relatively low concentrations of PFOA, i.e., mole ratios of
AETAI to PFOA of 8:1 and 4:1, and the phase transition was
nearly permanent for the polymer solution in the presence of
the two highest concentrations of PFOA, i.e., mole ratio of
AETAI to PFOA of 2:1 and 1:1. The above observations of
incomplete reversable phase transitions of the polymer
solutions are attributed to hysteresis, mainly due to the
formation of additional intrachain hydrogen bonding and
hydrophobic interactions after phase transition.**™**

DLS size measurements conducted from 25 to 70 °C further
substantiate the observations from UV—vis discussed above.
Figure 2d shows that at 25 °C, aggregates with larger Dy
formed in the presence of increasing concentrations of PFOA,
ie,2.9,6.9,11.8, and 12.1 nm, corresponding to the mole ratio
of AETAI to PFOA of 8:1, 4:1, 2:1, and 1:1, respectively. This
aligns well with the decreasing initial transmittance observed in
UV—vis (Figure 2c). Similar observations have been reported
previously for either cationic PFPE-containing polymer in the
presence of anionic PFOA, or anionic poly(acrylic acid)-based
polymer with addition of cationic dodecyl trimethylammonium
bromide,*"** demonstrating that high concentrations of
counterions in solution lead to the formation of large
aggregates due to electrostatic attraction. Upon heating to 70
°C, smaller values of D, were observed for PAN161+ with
increasing concentrations of PFOA after phase transitions,
contrasting with the lower transmittance of the solution
mixtures observed in UV—vis, as shown in Figure 2c. This
might be due to larger amount of aggregates in solution that
contributed to greater light intensity loss in turbidimetry.”” In
addition, the presence of PFOA reduced the temperature range
over which significant increases in Dy, of PAN161+ occurred,
particularly evident when mole ratios of AETAI to PFOA were
2:1 and 1:1 (Figure 2d). To be more specific, a dramatic
increase in Dy of PAN161+ was observed between 30 and 40
°C at AETAI to PFOA ratios of 2:1 and 1:1, whereas for
solutions without PFOA or with AETAI to PFOA ratios of 4:1
and 8:1, similar increases were observed between 35 and 45

°C. The reduction in the temperature range in the presence of
high concentrations of PFOA is roughly in line with the
decreased LCSTs measured by UV—vis (Table S3). After
phase transitions, the further increase in temperature for
PAN161+ in the absence or in the presence of different
concentrations of PFOA (except when AETAI to PFOA = 1:1)
resulted in slight decreases in Dy, of the polymer (Figure 2d).
The finding is consistent with a previous work completed by
Lemanowicz et al,*' who examined a copolymer containing
NIPAM and methacrylic acid and reported a decreasing
polymer size beyond the LCST due to the shrinkage of
polymer aggregates from loose coils into compact, dehydrated
globules. At a 1:1 mol ratio of AETAI to PFOA, PAN161+
showed little or no change in Dy upon heating from 40 to 70
°C, likely due to the formation of already hydrophobic and
condensed globules during the phase transition process.

2.4. Investigation of the Influence of Variable
Temperatures on the PFAS Sorption. The above results
have demonstrated a crucial role of hydrophobicity/hydro-
philicity balance within the polymer structure on its LCST, and
such a balance could be affected by the presence of PFAS in
the solution. However, determining a suitable temperature
range for practical use of such thermoresponsive polymer
sorbent for efficient removal of PFAS is critical. Previous
studies have reported significant effects of high temperature on
interactions of species in solution,””~* such as weakening
electrostatic attraction between Bent and hydrolyzed poly-
(acrylamide/dimethyl diallyl ammonium chloride) and reduc-
ing intermolecular hydrogen bonding for a copolymer prepared
using oligo(ethylene glycol)methyl ether methacrylate and
2,2,2-trifluoroethyl acrylate. Therefore, the temperature may
play an important role in influencing the sorption of PFAS by
our polymer sorbents.

Interactions between the thermoresponsive cationic fluori-
nated polymer sorbent and PFAS at the molecular level were
investigated using variable temperature '’F NMR spectroscopy
analysis. PAN40+ was chosen as the typical sorbent due to (1)
its high fluorine content that maximizes the fluorine signal in
"F NMR spectra and (2) a weak phase transition upon heating
that minimizes its precipitation above the LCST. PFOA and
GenX were chosen as two typical PFAS for these experiments.

Figure 3 shows that at 25 °C, well-resolved peaks in the '°F
NMR spectra of both PFOA and GenX at 1.13 and 0.95 mg/
mL were observed in the absence of PAN40+, indicating the
complete dispersion of both PFAS molecules in solution. Upon
addition of PAN40+ at 10 mg/mL (with a molar ratio AETAI/
PFAS = 1:1), the "F resonances of PFAS shifted and
broadened (Figure 3, Table S4). Taking PFOA as an example,
the trifluoromethyl group [3F, —CF;, peak (1)] at the chain
end shifted from —80.76 to —82.99 ppm, accompanied by an
increase in peak width at half height (LW, /,) from 6.7 to 42.6
Hz. These changes in the chemical shift and peak width of
PFOA after addition of PAN40+ are consistent with our
previous studies’””" and indicate strong interactions between
PFOA and the polymer sorbent via a combination of both
fluorous and electrostatic interactions. Comparable observa-
tions were made for GenX, with notable line broadening of
peak [2] from 8.0 to 115.2 Hz and peak [4] from 34.7 to 142.3
Hz in the presence of the polymer sorbent. The results from
F NMR confirm the presence of strong interactions between
both the PFAS species and the PAN polymer.

The above solution mixture of either PFOA or GenX in the
presence of PAN40+ was subsequently heated to 90 °C in
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Figure 3. '°F NMR spectra of PAN40+ only, PFOA only, GenX only,
and PAN40+ in the presence of either PFOA or GenX in Milli-Q
water at 25 °C (90% H,O + 10% D,0). Polymer, 10 mg/mL; PFOA,
1.13 mg/mL; and GenX, 0.95 mg/mL. Molar ratio of AETAI/PFAS =
1:1.

increments of 5 °C. The change in peak width of 'F
resonances of PFAS is an important indication of librational
motion of the fluorinated segments in solution (Figure 4).%°
When PAN40+ was mixed with PFOA, the LW, ,, of PFOA
[peak (2)] increased from 123.5 to 485.7 Hz as the
temperature rose from 25 to 40 °C (Figure 4c, purple). This
suggests attenuated motion of the fluorinated segment of the
PFAS, attributed to the phase transition of PAN40+ in the
presence of PFOA in the solution. This finding was confirmed
by UV—vis and DLS experiments using the same solution
mixture (Figure Slla). At temperatures above 40 °C, a
significant and continuous decrease in LW, , of PFOA [peak
(2)] was observed, indicating increasing librational motion of
the PFAS, and can only be attributed to the continuous
dissociation of initially bound PFOA from the polymer sorbent
at higher temperatures. When GenX was examined in place of
PFOA, similar observations were made by calculating LW, /, of
peak [4] from the PFAS as the temperature increased from 25
to 90 °C (Figure 4c, red symbols). Initially, there was a general
increase in LW, from 142.3 to 176.8 Hz up to 40 °C due to
the phase transition (Figure S11b), followed by a continuous
decrease to 42.8 Hz as the temperature reached 80 °C. A
plateau in LW, ;, was observed when the temperature exceeded
80 °C, indicating the completion of the dissociation process of
GenX from PAN40+. Upon heating, GenX exhibited smaller
LW, ,, values at each temperature compared to PFOA. This
difference is mainly due to the more hydrophilic nature of
GenX, stemming from its shorter chain length and the
presence of a C—O bond in its chemical structure.” ™" The
variable temperature '°F NMR study clearly demonstrates that
high temperatures at >40 °C may lead to desorption of PFAS
compounds from sorbents.

2.5. Removal of 11 Different PFAS by a PAN Polymer
Sorbent. PAN161+ was selected as the optimal polymer
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Figure 4. ’F NMR analysis of PAN40+ in the presence of either
PFOA or GenX with increased temperatures from 25 to 90 °C in
Milli-Q water (90% H,O + 10% D,0). (a) Stacked '’F NMR spectra
of PFOA fluorine (2). (b) Stacked '’F NMR spectra of GenX fluorine
[4]. (c) Changes in peak width at half height of PFOA (peak (2)) and
GenX (peak [4]) at different temperatures. Polymer, 10 mg/mL;
PFOA, 1.13 mg/mL; and GenX, 0.95 mg/mL. The number of moles
of PFOA or GenX equals that of AETAI of PAN40+. Changes in the
chemical shift for PFOA, GenX, and PAN40+ were quantified and
fitted well by a simple linear regression (Figure $12).*%*
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sorbent for subsequent PFAS capture studies as it has a strong
phase transition behavior and low LCST. In real water sources,
complex components such as natural organic matter may
largely compete for active sorption sites on the polymer
sorbent,™ potentially altering the thermoresponsive properties
of the sorbent. Additionally, the presence of salt in the natural
water could affect the LCST of the NIPAM-containing
polyrner.51 To simulate these conditions, a PFAS stock
solution containing 11 different kinds of PFAS at an initial
concentration of 100 ug/L (ppb), each, was prepared in Milli-
Q and supplemented with humic acid (HA) and sodium
chloride (NaCl). After treatment using PAN161+ for 24 h, the
thermoresponsive behavior of the sorbent was characterized
using both UV—vis and DLS size measurements. Figure Sa
(orange curves) demonstrates a low initial transmittance
(18.4%) for the solution mixture before heating, indicating
turbidity primarily due to the presence of HA and NaCl. This
was confirmed by performing a control UV—vis experiment
using the polymer solution with the same concentrations of
HA and NaCl but in the absence of PFAS (Figure S13,
orange). Upon heating to 45 °C, a further decrease in
transmittance of the solution was observed due to the phase
transition of the polymer sorbent (Figure Sa, orange), with the
LCST estimated to be 40 °C.

The results from the DLS size measurements are consistent
with those from UV—vis. At 25 °C, the Dy, of PAN161+ was
measured to be 27.6 nm (Figure Sa, blue), nine times larger
than that of the pure polymer (3.1 nm) dissolved in Milli-Q
(Figure 2d), indicating the formation of aggregates. A second
DLS experiment using the polymer solution in the presence of
the same concentrations of HA and NaCl but in the absence of
PFAS showed a similar Dy, of the polymer (~27.4 nm, Figure
S13 blue), confirming that the increase in diameter of the
polymer was due to the presence of HA and NaCl. Upon
heating, a significant increase in the D, of PAN161+ was
observed between 30 and 40 °C (Figure Sa, blue),
corresponding well with the phase transition behavior observed
by UV—vis (Figure Sa, orange). At 40 °C, a maximum average
Dy, of 916.4 nm for the polymer sorbent was achieved, followed
by a continuous decrease in Dy, with a temperature up to 70 °C
(Figure Sa, blue). The decrease in Dy, for the polymer above
LCST was attributed to a change in the conformation of the
fluorinated aggregates, which is in line with the findings from
the variable temperature DLS experiments shown in Figure 2d.

The removal of PAN161+ from water was evaluated by
treating the polymer solution mixture at four different
temperatures, ie., 25, 40, 50, and 60 °C, followed by further
filtration. As the poly(ether sulfone) (PES) membrane filter
has been reported to withstand high temperatures,*>** a PES
filter with an average pore size of 0.22 ym was used to remove
large particles from the solution mixture at each temperature.
Collected filtrates were analyzed by using '’F NMR for
quantification of the remaining PAN161+ after separation.
Trifluoroethanol (TFE, 10%, v/v) in the presence of
deuterium oxide (D,O) filled in a coaxial inset was used as
the internal standard. Figure 5b demonstrates that the filtrate
collected at 25 °C had the highest content of PFPE [relative
intensity to TFE (set as 100) = 21.93] among all of the four
temperatures, indicating larger quantities of PAN161+ with
smaller Dy passed through the PES filter. Upon heating,
significantly decreased NMR intensity of PFPE in the filtrates
collected at 40, 50, and 60 °C was observed, 0.22, 2.23, and
4.72 respectively, mainly ascribed to phase transitions and
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Figure S. Thermoresponsive behavior of PAN161+ after sorption of
11 different PFAS in the presence of HA and NaCl (a)
Transmittance of the solution mixture and size changes of
PAN161+ at varied temperatures; (b) '*F NMR spectra of filtrates
of PANI161+ prepared using filtration at different temperatures.
Sorption duration: 24 h; PFAS initial concentration, 100 ppb each;
and PANI161+, 10 mg/mL. Water constituents: Milli-Q_ in the
presence of 20 ppm of HA and 200 ppm of NaCl, pH = 5.0. The
results of DLS are the average of three measurements, and one SEM is
shown. The samples were heated at the corresponding temperatures
for 20 min before filtration. Coaxial inserts filled with D,O/TFE (9/1,
v/v) were used to lock the magnetic field. Treated temperatures: 25,
40, 50, and 60 °C.

increased Dys of PAN161+ as demonstrated in Figure Sa. A
much lower content of PFPE in the filtrate collected at 40 °C
was observed compared with 50 and 60 °C, consistent with the
DLS results in Figure Sa showing a continuous decreasing
polymer size with the temperature further increasing to >40
°C, resulting in less polymer passing through the PES filters
(Figure S14). The presence of residue PAN161+ at 40 °C was
mainly ascribed to the nonuniform size of aggregates due to
molecular-weight dispersity of the polymer, i.e., variation in
DPs of AETAI and NIPAM.

The performance of PAN161+ in the removal of 11 PFAS
was further examined by analyzing the above collected filtrates
using liquid chromatography with tandem mass spectrometry
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(LC—MS/MS). The 11 PFAS tested in this work can be
classified as perfluoroalkyl carboxylic acids (PFCAs,
C,F,,,;COOH), perfluoroalkyl sulfonic acids (PFSAs,
C,F2,,1S0;H), and GenX (Figure S15). At 25 °C, little-to-
no removal of the 11 PFAS could be achieved after filtration of
the solution mixture (Figure 6). This was mainly due to the
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Figure 6. Removal efficiency of 11 different PFAS by PAN161+ after
filtration at different temperatures. The samples were heated at the
corresponding temperatures for 20 min before filtration. Sorption
duration, 24 h; PFAS initial concentration, 100 ppb each; and
PAN161+, 10 mg/mL. Water constituents: Milli-Q in the presence of
20 ppm of HA and 200 ppm of NaCl, pH = 5.0. Treated
temperatures: 25, 40, 50, and 60 °C. The results are an average of
three replicates, and one standard deviation is shown.

presence of water-soluble PAN161+ having small particle size
that eluted together with the bound PFAS."'”'® Upon
heating the solution to above the phase transition at 40 °C,
>99% of all tested PFAS was captured and removed after
filtration using PES filters except two PFCAs, PFBA (number
of fluorinated carbons, n = 3) and PFPeA (n = 4). The
relatively low removal of 87.6% for PFBA and 96.4% for
PFPeA was mainly due to the shorter chain lengths of these
PFAS, largely increasing their hydrophilicity in the aqueous
solution making them more difficult to be captured by the
polymer sorbent. In addition, the removal of PFBS (99.5%)
was non-negligibly higher than that of PFPeA with the two
PFAS having the same number of fluorinated carbons (n = 4).
This can be attributed to a combination of (1) the more
hydrophobic nature of PFSA than PFCA that leads to stronger
hydrophobic interactions between PFAS and the PFPE
segments,54 and (2) the stronger negative inductive effect of
the sulfonate than the carboxylate due to resonance
stabilization.>

As the temperature further increased to 50 and 60 °C, the
decreased removal efficiency of PFAS is observed in Figure 6.
There are several potential explanations for this observation.
First, the decreased PAN161+ particle size and increased
amount of PAN161+ passing through the membrane filter at
high temperatures (e.g., SO and 60 °C, Figure S) could lead to
increased PFAS levels in the filtrates. Second, as has been
demonstrated in Figure 4, dissociation of two typical PFAS,
PFOA and GenX, occurred when the temperature of the
solution exceeded 40 °C. As a consequence, the dissociated
PFAS could pass through the membrane filter and contribute
to the lower PFAS removal efficiency at elevated temperatures.

The successful development of thermoresponsive polymer
sorbent has several potential implications. First, it efficiently
captures PFAS molecules from contaminated water sources
through a combination of fluorous interactions and electro-
static attraction.’”*"*® This not only increases the sorption
selectivity for PFAS due to its fluorophilicity but also allows it

to work effectively on multiple types of PFAS. Second, it
enables easy separation of polymer sorbent from purified water
solution using a simple heating and filtration process after
sorption. Such a regeneration method eliminates the need for
commonly used organic solvents and brine solutions, offering a
more environmentally friendly alternative.

3. CONCLUSIONS

In summary, a series of thermoresponsive cationic perfluor-
opolyether (PFPE)-containing block copolymers with different
contents of NIPAM were successfully prepared by RAFT
polymerization. The PAN161+ polymer having the highest
NIPAM content (86.8%) exhibits the most progressive phase
transition and the lowest LCST (58 °C) among all prepared
polymers. Lower LCSTs for PAN161+ were observed when
interacting with PFOA due to the increased hydrophobicity of
the polymer sorbent. Variable temperature '’F NMR experi-
ments indicate dissociation of PFAS from the polymer when
the solution temperature exceeds 40 °C. In addition, capture
experiments of 11 different PFAS (initial concentration 100
ppb each) in the presence of 20 ppm of HA and 200 ppm of
NaCl by PAN161+ were performed. Upon complete sorption
of PFAS, the sorbent exhibits an LCST of 40 °C and a particle
size exceeding 900 nm above the LCST. The solution mixture
was filtered at 40 °C, achieving a PFAS removal efficiency
greater than 99% for the majority of the tested PFAS, and the
PFAS removal efficiency is significantly higher compared to
filtration at higher temperatures. Overall, this study offers key
insights into designing efficient “smart” PFAS sorbents,
utilizing their thermoresponsive properties for effective
separation from aqueous solutions through a simple heating
process.
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