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ABSTRACT: Cross-linked polymers containing β-cyclodextrin (β-
CD) are promising adsorbents with demonstrated removal perform-
ances for per- and polyfluoroalkyl substances (PFASs) from
contaminated water sources. Despite the promising performance
of some β-CD-based adsorbents for PFAS removal, many of these
materials are not amenable for rational performance improvement or
addressing fundamental questions about the PFAS adsorption
mechanisms. These ambiguities arise from the poorly defined
structure of the cross-linked polymers, especially with respect to the
random substitution patterns of the cyclodextrins as well as side
reactions that modify the structures of some cross-linkers. Here, we
report a new β-CD polymer platform in which styrene groups are
covalently attached to β-CD to form a discrete monomer that is
amenable to radical polymerization. This monomer was polymerized with styrene and methacrylate comonomers to provide three β-
CD polymers with high specific surface areas and high isolated yields (all >93%). A β-CD polymer copolymerized with a
methacrylate bearing a cationic functional group achieved nearly 100% removal for eight anionic PFASs (initial concentration of 1
μg/L for each compound) in nanopure water at an exceedingly low adsorbent loading of 1 mg L−1, as compared to previous
cyclodextrin polymers that required loadings at least 1 order of magnitude higher to achieve an equivalent degree of PFAS removal.
Furthermore, when the adsorbents were studied in a challenging salt matrix, we observed that long-chain PFAS adsorption was
controlled by a complementary interplay of hydrophobic and electrostatic interactions, whereas short-chain PFASs primarily relied
on electrostatic interactions. This approach demonstrates great promise for anionic PFAS removal, and we anticipate that new
compositions will be tailored using the versatility of radical polymerization to simultaneously target PFASs and other classes of
micropollutants in the future.

■ INTRODUCTION

Per- and polyfluoroalkyl substances (PFASs) are fluorinated
surfactants1−4 applied in industrial processes5−7 (e.g., pesticide
formulations, waterproofing textiles, and oil production) and
consumer products8,9 such as cosmetics, firefighting foams, and
food packaging. Their manufacture and use have contaminated
water resources around the world, and their bioaccumulative
nature, toxicity at low levels of chronic exposure, and
environmental persistence motivate efforts to prevent and
remediate PFAS contamination.4,10−12 Anionic perfluorocar-
boxylic acids (PFCAs) and perfluorosulfonic acids (PFSAs) are
the most widely detected classes of anionic PFASs, whose
structures include long-chain derivatives, such as the eight-
carbon perfluorooctanoic acid (PFOA) and perfluorooctane-
sulfonic acid (PFOS), and short-chain derivatives, such as the
four-carbon perfluorobutanoic acid (PFBA) and perfluorobu-
tanesulfonic acid (PFBS). The short-chain PFASs are now also
widespread, more mobile in the environment, and more
resistant to degradation or removal efforts than long-chain

PFASs.3 Conventional adsorbents, such as activated carbons
(ACs),13−15 ion exchange resins,15,16 and inorganic miner-
als,17−19 have been widely studied and applied for PFAS
removal. However, these adsorbents generally suffer from
shortcomings, such as a moderate or low affinity for long- and
short-chain PFASs and fouling by dissolved natural organic
matters and inorganic constituents found in natural and
engineered water systems.20−23 These shortcomings have
motivated the development of novel adsorbents, such as
cyclodextrin polymers,24−26 chitosan beads,27,28 metal organic
frameworks,29 and magnetite nanoparticles.30,31
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Cross-linked β-cyclodextrin (β-CD) polymers are promising
adsorbents for PFAS removal.24,32−37 β-CDs are commercially
available, cyclic oligosaccharides consisting of seven glucose
subunits. β-CDs have hollow inner hydrophobic cavities
capable of forming host−guest complexes with many organic
compounds.34,38,39 Cross-linked β-CD adsorbents exhibited
rapid adsorption kinetics, high adsorption affinity and
selectivity for target PFASs, and the potential for facile
regeneration and reuse. In particular, β-CD adsorbents that
also contain cationic functional groups have demonstrated the
most efficient removal of anionic PFASs, including efficacy for
removing short-chain PFASs.34−36 We developed several β-CD
adsorbents derived from nucleophilic aromatic substitution
reactions between unmodified β-CD and electron-deficient
aromatic cross-linkers, such as tetrafluoroterephthalonitrile-
cross-linked β-CD polymers (TFN-CDPs).26,32 TFN-CDPs
efficiently remove many cationic and uncharged micro-
pollutants from water, and postpolymerization reduction of
the nitrile groups to cationic primary amines reversed its
selectivity to effectively remove anionic PFASs from water at
environmentally relevant concentrations.26,40

Despite their promising performance, β-CD polymers based
on TFN or other electron-deficient aromatic cross-linkers are
limited in their ability to be rationally improved or further
modified. The random nature of cross-linking at the twenty-
one hydroxyl groups of each cyclodextrin, as well as further
complexity introduced by side reactions, other nucleophiles
added to the polymerization, or postsynthetic modifications,
gives rise to a nearly limitless number of pollutant binding
environments.26,37 Furthermore, there are relatively few
alternatives to TFN that are compatible with nucleophilic
aromatic substitution reactions used for polymerization. Here,
we report a structurally well-defined and tunable approach to
access many porous β-CD polymers. One of the polymers
offers a superior PFAS removal performance as well as insight

into the interactions that drive short- and long-chain PFAS
removal that were difficult to elucidate in prior β-CD polymers.
Our approach involves copolymerizing a styrene-function-

alized β-CD derivative with various styrenic or methacrylic
comonomers to give permanently porous, cross-linked
molecules with a more uniform β-CD binding environment
and easily tunable compositions of hydrophobic or charged
comonomers. The first polymers based on these design
principles were evaluated for their ability to bind seven
PFCAs and four PFSAs of different chain lengths and in
different water matrices to elucidate the relative importance of
the β-CD interactions, conventionally thought to be hydro-
phobic, and electrostatic interactions between anionic PFASs
and cations embedded in one of the polymer networks. We
showed that a β-CD adsorbent containing a cationic functional
group exhibits exceptional removal of PFASs with a different
chain length from nanopure water at an exceedingly low
adsorbent loading of 1 mg L−1 which is at least an order of
magnitude lower than required for the previous generation of
materials to achieve an equivalent performance. The changes in
removal efficiency for both long- and short-chain PFASs as a
function of salt concentration provided insight into the
combined roles of charge and β-CD binding sites for PFAS
adsorption. These studies establish the styrene-functionalized
β-CD monomer as a highly promising building block for β-CD
adsorbents and for elucidating the contribution of different
structural features on PFAS removal.

■ RESULTS AND DISCUSSION
Styrene groups were installed at each of the seven 6′ positions
of β-CD, effectively replacing primary alcohol groups (C-6)
using an approach adapted from that of Rojas and co-
workers.41 First, the primary alcohols were selectively
converted to iodines, yielding 1 (Scheme 1A), which were
subsequently converted to thiols using thiourea, yielding 2.41,42

The enhanced nucleophilicity and acidity of the thiols relative

Scheme 1. Synthetic Scheme of Styrene-Functionalized Cyclodextrin Monomer and Polymers

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.2c00478
ACS Cent. Sci. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acscentsci.2c00478?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00478?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.2c00478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to the remaining hydroxyl groups of β-CD enabled their
selective benzylation in the presence of K2CO3 and 4-
vinylbenzyl chloride, yielding 3. This sequence was carried
out with an isolated yield of 75% over three steps (23 g) with
no chromatography required to purify any of the intermediate
or final products. The 1H NMR spectrum of 3 indicated the
successful installation of styrene groups, based on the
appearance of resonances in the 5.0−7.5 ppm region as well
as the disappearance of thiol S−H resonance at 2.16 ppm.41

The integration of the aromatic resonances (7.0−7.5 ppm)
relative to the β-CD resonance at 5.0 ppm was consistent with
seven styrene groups per β-CD (Figure S1). 13C NMR
spectroscopy of 3 indicated the correct number of carbon
resonances as well as the successful addition of styrene groups
with peaks between 115 and 140 ppm (Figure S2). High-
resolution mass spectroscopy of 3 confirmed the addition of
seven styrene groups on the primary site based on a single peak
in the full-scan chromatogram with an accurate mass
corresponding to the theoretical mass of 3. IR spectroscopy
and combustion elemental analysis were also consistent with
the expected structure (see the Supporting Information).
The styrene groups of 3 are potentially compatible with

hundreds of commercially available vinyl comonomers and
radical polymerization methods. This versatility will be
advantageous in targeting a broad scope of micropollutants
in the future.24,43 For this first study, we polymerized 3 using
azobis(isobutyronitrile) (AIBN) as a free radical initiator to
prepare three polymers based on 3: a styrene copolymer 4, a
methyl methacrylate copolymer 5, and a cationic methacrylate
copolymer 6. Polymers 4−6 were synthesized using similar
procedures by heating 3, the comonomer, and AIBN in DMF
for 1 h, with increased viscosity of the solution developing
within 15 min. The cross-linked polymers were subjected to
continuous liquid/solid extraction in methanol for approx-
imately 14 h. Following extraction, the polymers were activated
by supercritical CO2 washing and isolated in high yields at
multigram scales (Scheme 1B). Notably, the isolated yields of
these polymerizations (93−96%) were significantly higher than
those of TFN-based β-CD adsorbents, which we attribute to
the high efficiency of radical polymerizations of styrene and
methacrylic monomers relative to those based on aromatic
substitution chemistries.26

Polymers 4−6 formed porous and cross-linked networks
with permanent surface charge. Solid-state cross-polarization
magic angle spinning 13C NMR spectroscopy confirmed the
incorporation of comonomers in 4−6 (Figures S4−S6). In all
three spectra, the resonance corresponding to the vinyl carbons
of 3 (113 ppm) was not detected, suggesting a high degree of
polymerization of the styrene groups. The polymer backbone
was formed from the vinyl carbons, as evident from the
broadened alkane regions (20−55 ppm). In the spectra of 5
and 6, carbonyl carbons of the comonomers were detected
around 180 ppm. Furthermore, the characteristic N-methyl
carbons (55 ppm) were detected in the spectrum of 6. The
elemental analyses of the three polymers suggested that each

polymer incorporated between 1.2 and 2.0 comonomers per β-
CD. A feed ratio of 2 equiv of comonomers with respect to 3
was determined to be most promising based on preliminary
PFAS binding studies (Figure S14) and was used in
subsequent polymerizations. The comonomer incorporation
ratios of 4 and 6 were calculated to be 1.8 and 2.0, respectively,
which were consistent with the feed ratio. However, the ratio
of 5 was 1.2, indicating that methyl methacrylate was not
incorporated as readily. The porosity and Brunauer−Emmett−
Teller surface area (SBET) of polymers 4−6 were characterized
by N2 porosimetry. Each polymer exhibited permanent
porosity and high SBET, ranging from 237 to 402 m2 g−1,
which is higher than those of previous β-CD adsorbents
(Figures S11−S13).25,26,33 Lastly, the ζ potentials of
suspensions of 4 and 5 were found to be weakly negative
whereas that of 6 was strongly positive (Table 1).44 IR
spectroscopy of the polymers was consistent with their
expected structures (Figures S7−S10). These data confirmed
the porous and cross-linked nature of the polymers, which
were then used to remove PFASs from water.
We first evaluated the removal performances of polymers 4−

6 at an adsorbent loading of 10 mg L−1 for 4−10-carbon
PFCAs (initial concentration of 1 μg L−1 for each compound)
in a nanopure (NP) water matrix and in a 1 mM Na2SO4 (SS)
matrix (Figure 1). The high salt concentration of the SS matrix
was chosen to probe the relative importance of hydrophobic
and electrostatic interactions in both short- and long-chain
PFAS removal. Adsorbents 4 and 5 were inefficient at
adsorption in NP matrix with 0−5% removal for all tested
PFASs. However, adsorbent 6 performed effectively, with
nearly 100% removal across the 4−10-carbon PFCAs. The
ability of 6 to remove the four-carbon PFBA and five-carbon
PFPeA (>99% removal) was notable because these short-chain
PFASs are not removed as effectively by ACs and other
emerging adsorbents. As an external performance benchmark
to a leading ion-exchange resin, Purofine PFA694E anion
exchange resin removed 46% of PFBA and 54% of PFOA
under identical conditions.35 We attribute the promising
performance of 6 to its permanent positively charged
ammonium groups that interact favorably with anionic
PFASs, as has been shown for other designed adsorbents
based on β-CD and other materials.45−47 The adsorption
kinetics of 6 for 4−10-carbon PFCAs (initial concentration of
1 μg L−1) at an adsorbent loading of 10 mg L−1 in NP matrix
was studied (Figure S17A). The time required for reaching
adsorption equilibrium was less than 4 h for all PFCAs.
Notably, the adsorption kinetics of 6 is faster than that of
previous β-CD adsorbents (24 h for PFOA) previously
reported under the same experimental conditions.26,36 For
the rest of the removal experiments, a 48 h contact time was
used to ensure that equilibrium binding had been reached.
PFCA removal experiments conducted using adsorbents 4−

6 in a 1 mM SS matrix indicated that PFASs of different chain
lengths interacted with the adsorbents and matrix through
different noncovalent interactions. Generally speaking, hydro-

Table 1. Characterization of the Adsorbents

adsorbent
comonomer

charge
ζ potential
(mV)

average particle diameter
(μm)

BET surface area
(m2 g−1)

isolated yield
(%)

comonomer incorporation ratio
(comonomer:3)

4 neutral −8.2 ± 0.6 149 402 94 1.8
5 neutral −9.9 ± 0.9 118 392 93 1.2
6 cationic +23.8 ± 1.6 162 237 96 2.0
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phobic adsorbents 4 and 5 showed enhanced, yet still modest,
PFCA removal in SS matrix as compared to NP matrix (Figure
1A,B). In contrast, adsorbent 6 showed inhibited, yet still
relatively high, PFCA removal in the SS matrix as compared to
the NP matrix (Figure 1C). Inhibition was most pronounced

for PFBA and PFPeA, the shortest-chain PFCAs studied, and
was relatively minor for seven-carbon and longer PFCAs. The
removal of four-carbon PFBA by 6 was inhibited substantially
from 99% to 21% in SS matrix, suggesting that electrostatic
interactions play a significant role in short-chain PFCA
removal. We attribute the interference to either direct-site
competition, in which inorganic anions compete with anionic
PFCAs for adsorption sites, or the increased screening effect
that attenuates electrostatic interactions at increased electrolyte
concentrations.17,19,31 Notably, the removal of 6−10-carbon
PFCAs was less inhibited in the SS matrix than that of shorter-
chain derivatives. The removal of six-carbon PFHxA decreased
from 99% to 87%, and the removal of 8−10-carbon PFCAs was
nearly unaffected. The decreased sensitivity of longer-chain
PFCAs to ionic strength suggests that hydrophobic inter-
actions between the perfluoroalkyl tails, the hydrophobic
portions of the polymer, and the β-CD inner cavity play a
relatively large role in longer-chain PFCA removal. Alter-
natively, it is possible that these hydrophobic interactions
increase in energy at higher ionic strength as PFCA and
electrostatic interactions are attenuated. On the other hand,
the performance of adsorbents 4 and 5 was significantly
enhanced for most PFCAs, except four-carbon PFBA, with
longer-chain PFCAs experiencing a more profound enhance-
ment. For instance, the removal of ten-carbon PFDA increased
from 7% to 34% by 4 and from 1% to 39% by 5. We attribute
this enhancement to a screening effect that reduces the
repulsion between negatively charged surfaces of 4 or 5 and the
anionic PFCAs.17,19,31 Additionally, this enhancement may also
result from a salting out effect, in which the presence of
inorganic ions decreased the solubility of organic molecules
and increased hydrophobic interactions for adsorbents 4 and 5
and long-chain PFCAs.1,48,49

To better investigate the magnitude of inhibitory or
enhancement effects for the same concentration of PFCA in
NP and SS matrices, adsorbent 6 loading was adjusted from 10
to 1 mg L−1 (Figure 2A), and the loadings of adsorbents 4 and
5 were adjusted from 10 to 100 mg L−1 (Figure S15). In a
separate study, a mixture of 4-, 6-, 7-, and 8-carbon PFSA was
also added in both matrices with an initial concentration of 1
μg L−1 (Figure 2B). Under these conditions, adsorbents 4 and
5 showed modest removal and similar trends of enhancement
in the higher-ionic-strength matrix. However, 6 exhibited
promising high PFCA and PFSA removal even at these low
adsorbent loadings, such as over 90% removal of 6−10-carbon
PFCAs. The removal percentages of four-carbon PFBA and

Figure 1. Removal of 1 μg L−1 PFCAs by 10 mg L−1 (A) 4, (B) 5, and
(C) 6 in nanopure water (NP, blue bar) and 1 mM Na2SO4 (SS,
purple bar) after 48 h of contact time. The x-axis denotes PFCAs of
different chain lengths. For example, C4 refers to PFBA.

Figure 2. Removal of 1 μg L−1 PFCAs and PFSAs by 1 mg L−1 6 in nanopure water (NP, blue bar) and 1 mM Na2SO4 (SS, purple bar) after 48 h
of contact time. The x-axis denotes PFASs of different chain lengths. For example, C4 refers to PFBA for (A) and PFBS for (B).
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five-carbon PFPeA were 57% and 84%, respectively, which are
unsurprisingly lower than their removal percentages at 10 mg
L−1 adsorbent loading. However, this performance is still
promising because of the difficulty of short-chain PFCA
removal.3 Exceptional removal was also observed for PFSAs
(Figure 2B), which were each removed to a greater extent than
their PFCA counterparts with the same number of carbons.
For example, 94% of four-carbon PFBS was removed in NP
matrix compared to the 57% removal of four-carbon PFBA.
Similar studies have corroborated the greater adsorptions of
PFSAs than those of PFCAs on β-CD polymers and other
adsorbents.15,16,33,36 We attribute this difference to PFSAs
being more hydrophobic than PFCAs, due to PFSAs having
one more fluorinated carbon atom than PFCAs with the same
carbon number. The more effective removal of PFASs (relative
to 4 and 5) by 6 once again highlights the importance of the
cationic feature for anionic PFAS removal. To our knowledge,
1 mg L−1 is the lowest β-CD adsorbent loading to achieve
exceptional removal for anionic PFCAs and PFSAs in NP
matrix at 1 μg L−1 pollutant loading.
The inhibitory effect of inorganic ions on short-chain PFCAs

and PFSA is apparent at a lower adsorbent 6 loading in SS
matrix, with decreased removal performance as a function of
decreasing fluoroalkyl chain length for both PFCAs and PFSAs.
The removal of shorter-chain PFCAs and PFSAs experienced
significantly greater removal interference from inorganic ions
than that of longer-chain analogues. The removal of four-
carbon PFBA decreased from 57% to 1%, and that of five-
carbon PFPeA decreased from 84% to 12%. The virtually
complete inhibition of adsorbent 6 implies that the removal of
shorter-chain PFCAs relies heavily on electrostatic interactions.
Four-carbon and five-carbon PFSA removals were less
inhibited, with removals decreasing from 94% to 38% and
from 97% to 64%, respectively. The removal percentages of
longer-chain PFCAs and PFSAs were weakly inhibited. The
removal of eight-carbon PFOS decreased from 97% to 79%,
and the removal of ten-carbon PFDA decreased from 97% to
65%. As noted previously, the uptake of longer-chain PFAS
was less attenuated because of the more pronounced
hydrophobic interaction with the β-CD cavities. Assuming
that electrostatic attraction is rendered ineffective in the SS
matrix, such as the case of four-carbon PFBA, hydrophobic
interactions become the primary interactions for removal. In
NP matrix, 96% of PFOA was removed by adsorbent 6,
whereas the removal decreased to 48% in SS matrix. This
difference of approximately 50% in removal performance hints
at a complementary nature of electrostatic and hydrophobic
interactions.
Monovalent and divalent inorganic ions were evaluated to

further explore the importance of observed adsorption
inhibition. We selected salts and concentrations of 1 mM
Na2SO4 (SS), 2 mM NaCl (SC), and 1 mM CaCl2 (CC) in
order to generate comparable data with 2 mM monovalent
sodium or chloride ions and 1 mM divalent sulfate or calcium
ions (Figure 3). The adsorbent 6 loading remained as 1 mg L−1

with 1 μg L−1 PFCA mixture. No significant differences (p ≥
0.05) were found when comparing the removal of PFCAs by
adsorbent 6 in the SC and CC matrix, suggesting that the
cation valency does not impact inhibition. However, the anion
valency was observed to impact inhibition as the removal
percentages of 5−10-carbon PFCAs were significantly (p <
0.05) more inhibited in the divalent SS matrix than in the
monovalent SC matrix. Additionally, the type of anion may

potentially affect inhibition to a varying extent. We attribute
anion valency to either direct-site competition or a screening
effect.50 For instance, one unit of divalent anion sulfate has a
greater screening effect due to compression of the electrical
double layer than two units of monovalent anion, where the
compression is directly related to ionic strength which is
proportional to the square of ion valency.

■ CONCLUSIONS
We used modular, permanently porous, and cross-linked
styrene-functionalized β-CD polymers with a controllable
binding environment and tunable compositions of comono-
mers to remove PFASs of different chain lengths from water.
The modularity of this platform and reliability of radical
polymerization enabled a broad range of comonomers to be
incorporated. This structural versatility in turn enables
performance trends to be studied as a function of the
adsorbent structure and water matrix. Adsorbent 6, with its
cationic comonomer, achieved exceptional removal efficiencies
of PFCAs and PFSAs at adsorbent loadings as low as 1 mg L−1.
The inhibition effect observed in SS matrix revealed a

complementary interplay of hydrophobic and electrostatic
interactions between the adsorbent and PFASs as a function of
fluorocarbon chain lengths. We demonstrated that removal of
shorter-chain PFASs that are conventionally difficult to remove
relies most strongly on electrostatic interactions, which are
disrupted when salts are present in the matrix. The removal of
longer-chain PFASs is achieved through both hydrophobic and
electrostatic interactions. These results demonstrate that
styrene-functionalized β-CD polymers are promising adsorb-
ents for the remediation of anionic PFASs. Furthermore, the
materials might be tailored to target other organic micro-
pollutants, including cationic and neutral PFASs by varying the
comonomers’ structures, including using mixed compositions.
The unprecedented control afforded by the platform offers
insights into the fundamental binding mechanisms between β-
CD polymers and PFASs. Future studies will focus on an in-
depth investigation of binding mechanisms and applications in
removing micropollutants from real water matrices.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscentsci.2c00478.

Figure 3. Removal of 1 μg L−1 PFCAs by 1 mg L−1 6 in nanopure
water (NP, blue bar), 1 mM Na2SO4 (SS, purple bar), 2 mM NaCl
(SC, green bar), and 1 mM CaCl2 (CC, yellow bar) after 48 h of
contact time. The x-axis denotes PFCAs of different chain lengths.
For example, C4 refers to PFBA.
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Synthesis procedures and characterizations, including 1H
and 13C NMR spectra, IR spectra, HRMS data, N2
binding isotherms, ζ potentials, elemental analysis,
analytical methods, and validation experiments; prep-
aration of PFAS analytical standards; and additional
batch removal experiments (PDF)
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