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ABSTRACT

Per- and polyfluorinated alkyl substances (PFASs), particularly long-chain compounds such as perfluorooctanoic
acid (PFOA), perfluorooctanesulfonic acid (PFOS), perfluorononanoic acid (PFNA), and perfluorodecanoic acid
(PFDA), are pervasive contaminants of global surface and groundwater resources. They have a significant
negative impact on human health. Among the existing remediation techniques, adsorption remains an effective
method and widely applied for removing PFASs from water. However, the limited adsorption kinetics of con-
ventional adsorbents have motivated the development of advanced materials. In this study, we have synthesized
a p-cyclodextrin ($-CD) polymer crosslinked with decafluorobiphenyl (B-CD-DFB) for the efficient separation of
multiple long- and short-chain PFASs at environmentally relevant concentrations. The B-CD-DFB polymer
exhibited a significant Langmuir adsorption capacity (43.10 + 4.30 mg g~ %) and 10-times better affinity (K, =
1.10 + 0.40 L mg 1) for long-chain PFOS compared to short-chain PFASs, with kinetics comparable to powdered
activated carbons (ACs) and biochars (Act-BCs). Notably, the f-CD-DFB polymer could reduce the concentrations
of long-chain PFASs in water from 1 to 44 ng L1 via adsorption, significantly below the advisory level (i.e., 70 ng
L™ set by the US Environmental Protection Agency and Korea Ministry of Environment. The adsorbent was
easily regenerated simply by washing with methanol and maintained a high performance over five consecutive
adsorption—desorption cycles. Furthermore, the performance of the adsorbent remained unaffected by natural
organic matter (such as humic acid), which is a common AC foulant. Adsorption tests with real wastewater
samples confirmed the potential of p-CD-DFB as a promising adsorbent for selective long-chain PFAS removal in
water and wastewater treatment applications.

1. Introduction

extensively used in various domestic and industrial applications,
including aqueous film-forming foams (AFFFs), fluoropolymer synthesis

Per- and polyfluoroalkyl substances (PFASs), particularly long-chain (e.g., PTFE), and consumer products such as water-, grease-, and stain-
compounds such as perfluorooctanoic acid (PFOA) and per- repellent coatings. PFASs exhibit environmental persistence and bio-
fluorooctanesulfonic acid (PFOS), contaminate surface and ground accumulation potential, thus leading to various negative health effects,
water if not effectively treated [1-3]. These compounds have been including thyroid diseases, cancer, and liver damage [4-7]. They are
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Scheme 1. Synthesis procedure for the p-cyclodextrin-crosslinked decafluorobiphenyl polymer (B-CD-DFB) adsorbent.

thermally and chemically stable against oxidation and resistant to hy-
drolysis, photolysis, and biodegradation because of their enormously
high C-F dissociation energy (536 kJ mol’l) [8]. Therefore, conven-
tional degradation methods are often ineffective, and attempts at
decomposition may produce toxic byproducts [9,10].

Adsorption is currently the only practical technique for removing
organic pollutants (especially PFASs) from water resources because of its
ease of design and operation, minimal sludge production, high effi-
ciency, and repeatability [11-14]. A variety of adsorbents have been
widely employed for this purpose, including granular or powdered
activated carbons (GACs or PACs), carbon fibers [15,16], inorganic
minerals [17], anionic exchange resins [18,19], metal-organic frame-
works (MOFs) [20], and covalent organic frameworks (COFs) [21].
Among these, GAC is the most widely adopted adsorbent because of its
cost-effectiveness and reasonable adsorption capacity particularly for
long-chain PFASs. However, it suffers from slow kinetics, limited
adsorption capacity, and poor affinity, particularly for short-chain
PFASs, thus making it difficult to remove fluorinated compounds
below regulatory standards [22]. In addition, it is easily fouled by dis-
solved natural organic matter (NOM) and inorganic constituents, and a
significant amount of energy is required to regenerate PFAS-loaded GAC
[23,24]. Therefore, the development of new adsorbents with rapid ki-
netics and good affinities is crucial for removing PFASs, particularly
long-chain PFASs from water systems.

B-cyclodextrin (B-CD) crosslinked polymers are emerging adsorbents
for the removal of organic pollutants like PFASs [4,25-29]. These 3-CDs
are inexpensive and commercially available cyclic oligosaccharides
composed of seven glucose subunits and have non-covalent host-guest
inclusion complexes resulting from their special toroid-shaped molecu-
lar structure (i.e., hydrophobic internal cavity and hydrophilic external
surface) [30-32]. These crosslinked polymers have demonstrated rapid
adsorption kinetics, high affinity, and significant potential for facile
regeneration and reuse. For example, Errico et al. reported the

association constants of 5.0 + 0.1 x 10° M~ and 6.96 + 0.79 x 10° M}
for the host-guest complexes of p-CD/PFOA and ($-CD/PFOS, respec-
tively [33]. Despite their high association constant values, some (-CD-
based polymers, such as the tetrafluoroterephthalonitrile crosslinked
B-CD (B-CD-TFN), demonstrate poor effectiveness in removing long- and
short-chain PFASs, even though they have been known to efficiently
remove other organic contaminants [4,34,35]. These mesoporous (-CD-
polymeric-network-based adsorbents with high surface areas were syn-
thesized via nucleophilic aromatic substitution reactions between un-
modified p-CD and rigid aromatic crosslinkers [35,36]. It has also been
reported that variations in crosslinker chemistry affect the kinetics,
adsorption capacity, and selectivity of polymers in adsorbing PFASs
[4,36]. Xiao et al. reported that the decafluorobiphenyl crosslinked -CD
polymer ($-CD-DFB) could reduce the concentration of PFOA in water
from 1 to < 10 ng L™}, while resisting humic acid fouling and enabling
methanol-assisted regeneration [25]. Recently, Chaudhary et al. re-
ported a dual adsorption mechanism of B-CD-DFB for NHZ-PFOA,
involving both electrostatic and hydrophobic interactions [37]. This
adsorbent was designed to form stable host-guest inclusion complexes
between -CD and PFOA via secondary non-covalent interactions with
crosslinkers. Nevertheless, a systematic evaluation under different water
treatment conditions, including pH, kinetics, and electron affinity, for
both long- and short-chain PFASs has not yet been performed.

Here, we employed a p-CD-DFB polymer, derived from the cross-
linking of DFB and p-CD via a nucleophilic aromatic substitution reac-
tion, to investigate—for the first time—the effects of various parameters
on the removal of 10 model PFASs at 1 pg L™! each. Its performance was
compared with those of p-CD-TFN and activated biochar (Act-BC). The
adsorption efficiency was systematically evaluated under different
water treatment conditions, including pH, kinetics, and initial PFAS
concentrations. Additionally, we have evaluated the regeneration and
reusability of f-CD-DFB via multiple adsorption-desorption cycles and
investigated its performance in the presence of NOM and real
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Fig. 1. FTIR spectra (a), FESEM image (b), N, adsorption-desorption and pore size distribution (inset) (c), and TGA (d) of p-CD-DFB.

wastewater (WW) matrices. Lastly, this study for the first time highlights
the selective affinity of p-CD-DFB adsorbent for long-chain PFASs, thus
demonstrating its potential as a tunable adsorbent for targeted PFAS
removal in water treatment applications.

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals, including the targeted PFASs, were obtained from
commercial suppliers (WENi, Seoul, South Korea) and used as received.
Detailed information is provided in Supporting Information (Text SI-
1A).

2.2. Procedure for the synthesis of f-CD-DFB polymer

The crosslinked polymer network B-CD-DFB was synthesized via
nucleophilic aromatic substitution between p-CD and DFB. A detailed
synthesis procedure is provided in Text SI-1B, and the reaction scheme is
illustrated in Scheme 1.

2.3. Characterization of f-CD-DFB

Quantification of PFOS (10-200 ng L™ in aqueous solutions was
performed using ultra-high-performance liquid chromatography tandem
mass spectrometry (LC-MS/MS) with electrospray ionization (LCMS-
8050™, Shimadzu, Kyoto, Japan). The mobile phase used for separating
PFASs of 1 pg L1 consisted of (A) 20 mM ammonium acetate (Sigma-
Aldrich, St. Louis, MO, USA; prepared in Milli-Q water) and (B) 75 %
acetonitrile (HPLC-grade; Sigma-Aldrich, St. Louis, MO, USA) (aceto-
nitrile:water (75:25). A detailed discussion of the quantification
methods for the target PFASs and the characterization techniques are

presented in Text SI-2.

2.4. Batch adsorption experiments

Different batch adsorption experiments were conducted in the
polypropylene scintillation vials at 24 + 1 °C using a multi-position
incubator (DAIHAN Scientific, Seoul, South Korea) with a shaking rate
of 200 rpm to evaluate the adsorption performance of 3-CD-DFB toward
PFASs. Details of all the experimental parameters, including pH, ki-
netics, isotherms, regeneration, and stability, are provided in Text SI-3.

3. Results and discussion
3.1. Characterization of f-CD-DFB

For confirming the synthesis of p-CD-DFB, Fourier transform
infrared spectroscopy (FTIR) analysis was performed with the polymeric
material and the results are presented in Fig. 1(a). The characteristic
peaks were observed at 3411, 2934, 1033, and 726 cm ™! which are
corresponding to O-H stretching, aliphatic C-H stretching, C-O
stretching, and CH; rocking vibrations of -CD in the p-CD-DFB poly-
mer. After reaction, the spectrum showed a new peak at 1492 em ™},
which corresponds to aromatic C=C, confirming the successful forma-
tion of 3-CD-DFB [38]. All the FTIR major peaks of 3-CD-DFB are shown
in Table SI-2.

In support of f-CD-DFB synthesis, X-ray photoelectron spectroscopy
(XPS) was applied for the material, and its full scan spectra for p-CD-DFB
before and after PFOS adsorption are presented in Fig. SI-1. Before
adsorption, B-CD-DFB showed three binding energy peaks at 286.5,
532.5, and 688.5 eV, which correspond to C 1s, O 1s, and F 1s, respec-
tively, confirming the crosslinking between p-CD and DFB. The surface
morphology of p-CD-DFB was examined using field-emission scanning
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Fig. 2. Kinetics of 10 PFASs adsorption (concentration of each PFAS = 1 pg L™, adsorbent dose = 10 mg L™, pH 5.0) (a) and PFOS adsorption ([PFOS]o = 200 g
L’l, adsorbent dose = 400 mg L) onto B-CD-DFB (b). Linear fitting of PFO (c) and PSO (d) kinetics.

Table 1
PFO and PSO linear kinetics fitting results for adsorption of PFOS onto f-CD-DFB
polymer.

Models Parameters PFOS
Qejexp (Mg g™ 1) 0.50

PFO Qe,ca (Mg g™") 2.68
k™ 15.70
R? 0.910

PSO Qe,ca (Mg g7") 0.490
kz (g mg~'h™") 78.10
R? 0.999

electron microscopy (FESEM) at lower and higher magnifications (Fig. 1
(b) and Fig. SI-2, respectively), indicating a slightly spherical rigid
structure. This rigid type of structure confirmed the better stability of
B-CD-DFB. The EDS-based elemental mapping (Fig. SI-3(a)-(d))
demonstrated a uniform distribution of C, O, and F across the surface.
Quantitative energy dispersive X-ray spectrometer (EDS) analysis
(Fig. SI-3(e)-(f)) further confirmed the atomic composition of 82.4 % C,
11.5% O, and 6.1 % F, which was consistent with the expected structure
with the F element inserted. The Brunauer-Emmett-Teller (BET) surface
area, pore volume, and pore diameter of B-CD-DFB were determined
using the Ny adsorption—desorption isotherm (Fig. 1(c)), and were found
to be 11.64 m? g1, 0.028 cm® g!, and 9.60 nm, respectively. This
surface area is not sufficient for adsorbing a large amount of PFAS
because the adsorption to -CD-DFB primarily depends on the avail-
ability of hydrophobic sites in the form of p-CD’s cavity. The pore size
distribution (inset of Fig. 1(c)) further confirms its nonporous structure,
which is consistent with the FESEM morphology. Notably, this surface
area and porosity are completely opposite to those of p-CD-TFN,
possibly due to the rigid biphenyl core, which introduces steric

[_1PFPA, [ PFBA, [ PFBS, [ ] PFHxA, [ PFHxS
PFHpA, 0] PFOA, [l PFOS, | PFNA, [ PFDA

100+

=2}
o
1

Removal (%)

Fig. 3. Ph effect on removal efficiencies of f-cd-dfb for 10 pfass ([pfass]o = 1
ug L1, adsorbent dose = 10 mg L™}, pH range = 3-11). Error bars indicate the
standard deviation.

hindrance to inhibit the formation of porous adsorbent [4]. The thermal
stability of p-CD-DFB was evaluated using thermogravimetric analysis
(TGA) (Fig. 1(d)). Initially, a small weight loss of 5.40 % was observed
between 30 and 80 °C, attributed to moisture evaporation. Between 80
and 280 °C, the mass of polymer remained relatively stable, suggesting
the completion of water crystallization or evaporation. In the next stage,
a significant weight loss (i.e., 52 %) was observed between 260 and
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Table 2
Nonlinear isotherm fitting parameters for the PFOS adsorption onto the
B-CD-DFB polymer.

Models Parameters PFOS
Qmsexp (Mg g™") 40.30 + 3.70
Langmuir Qm,ca (Mg g~ ) 43.10 + 4.30
Ky (Lmg™Y) 1.10 + 0.40
R? 0.951
Freundlich Kp (mg g 1) (L mg 1)/ 21.10 + 0.90
n 3.10 + 0.20
R? 0.986

400 °C, most likely due to the thermal decomposition of §-CD and DFB
moieties. A gradual mass loss was observed above 400 °C, possibly
owing to the breakdown of the carbon framework [39].
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3.2. Adsorption kinetics

The adsorption performance of p-CD-DFB was evaluated for the
removal of 10 targeted PFASs from water, including seven per-
fluoroalkyl carboxylic acids (PFCAs) with C-numbers of 3, 4, 6, 7, 8, 9,
and 10 and three perfluoroalkyl sulfonates (PFSAs) with C-numbers of 4,
6, and 8 (Text SI-1A). The experiment was conducted using a PFAS
mixture (1 pg L~! each) at pH 5.0 and p-CD-DFB (10 mg LY. The re-
sults, as presented in Fig. 2(a) and Fig. SI-4, clearly show that the PFASs
rapidly occupied the adsorption sites on p-CD-DFB and reached equi-
librium in 12 h. The removal efficiencies were found to be greater than
83 % for long-chain PFASs (PFOA, PFOS, PFNA, and PFDA) and less than
57 % for short-chain ones (i.e., PFPA, PBBA, PFBS, PFHxA, PFHpA, and
PFHxS). The greater adsorption efficiencies observed for long-chain
PFASs were attributed to their strong hydrophobic interaction with
the cavity of p-CD. For PFPA, PFBA, and PFBS, extremely low removal
efficiencies (less than 8 %) were obtained, which was attributed to their
low hydrophobic interactions with the cavity of p-CD. Previously, Murai

0.50
) [_]Adsorption
[ Desorption

1 2

3
Cycle

Fig. 6. Adsorption-desorption capacity during regeneration and reuse of the
B-CD-DFB polymer by simple washing with methanol. For adsorption: [PFOS],
= 200 pg L™}, adsorbent dose = 500 mg L1, For desorption: -CD-DFB polymer
was suspended in 50 mL methanol for 24 h.

I PFPA WW treatment
100 1 g prBA
[ IPFBS (b)
[_|PFHxA
“o 80 - [ PFHxS
X [ PFHpA
. [ IPFOA
o | I PFOS
§ % [_IPFNA
(o) [ PFDA
E 40 -
Q
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20 -
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Fig. 5. Effect of humic acid (20 mg L) on percent removal adsorption of 3-CD-DFB for 10 PFASs (a), and percent removal efficiencies of p-CD-TFN, Act-BC, and
B-CD-DFB for 10 PFASs in real filtered WW (b) (initial concentration of each PFASs = 1 pg L7}, doses of adsorbents = 10 mg L' each, pH 3.0). Error bars indicate the

standard deviation.
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et al. reported that the long-chain PFASs were more readily adsorbed by
B-CD-based polymeric adsorbent than short-chain PFASs [40]. They also
reported that the $-CD would have the tendency to form host-guest
inclusion complexes with PFAS molecules and the stability constant of
these complexes increase with chain length as long-chain PFASs exhibit
greater hydrophobicity than the shorter C-chain PFASs. The high hy-
drophobicity of long-chain PFASs allows molecules to migrate from the
aqueous phase to the adsorbent surface. Considering that the cavities of
B-CD in p-CD-DFB would serve as adsorption sites for PFASs, the long-
chain PFASs interacted strongly with these cavities relative to interior
pores of B-CD-DFB due to their better fitting, resulting in higher removal
efficiencies [27]. Notably, the adsorbent demonstrated higher adsorp-
tion for PFSAs than PFCAs of the equivalent carbon chain length and
were found to have a better removal efficiency with PFSAs. This selec-
tivity of p-CD-DFB was attributed to the presence of a sulfonate head
group in PFSAs. This electron rich group suggested that the p-CD would

have the tendency to capture long-chain PFASs into its cavity in a
complementary manner [27]. These findings were consistent with the
adsorption affinities observed for GAC, resins, and other reported
adsorption materials for PFASs [18]. However, B-CD-DFB showed
negligible removal efficiencies (< 8 %) for short-chain PFASs (i.e., PFPA,
PFBA, and PFBS), which is almost 14 magnitudes smaller than the long-
chain PFASs, as their small size and low hydrophobicity hinder effective
cavity complexation.

The adsorption kinetics of PFASs onto $-CD-DFB was evaluated by
performing adsorption experiments with PFOS as a model compound
(initial concentration = 200 pg L, pH, 3.0, and adsorbent dose = 400
mg L’l). As shown in Fig. 2(b), a high removal efficiency (> 99 %) was
achieved only within the first 20 min of contact time. This result can be
attributed to the strong hydrophobic interactions between PFOS and the
cavity of B-CD, facilitating immediate formation of host-guest inclusion
complexes [28,29,41].
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Two well-known kinetic models, i.e., pseudo-first-order (PFO) [42]
and pseudo-second-order (PSO) [43], were applied to the kinetic data
(Fig. 2(c) and (d)), and the results are presented in Table 1. The
adsorption data showed significantly better agreement with the PSO
model (R? = 0.999) than with the PFO model (R? = 0.910), indicating
the chemisorption process. The calculated rate constant (kp) value was
found to be 78.10 g mg~*h}, indicating a rapid adsorption kinetics to
attain the equilibrium. Notably, this ko value was significantly higher
than those reported for conventional adsorbents including GAC and
PAC, highlighting the superior kinetic performance of (-CD-DFB
(Table SI-3).

3.3. pH effect

The solution pH significantly affects the PFAS adsorption by
B-CD-DFB. Therefore, the pH effect on the adsorption of target PFASs on
B-CD-DFB was evaluated, and the results are presented in Fig. 3. The
removal efficiencies of B-CD-DFB for PFASs decreased as the pH
increased. The removal efficiencies of PFHxS, PFHpA, PFOA, PFOS,
PFNA, and PFDA, respectively were 66.1 %, 53.1 %, 89.8 %, 97.6 %,
94.1 %, and 96.4 %, respectively, at pH 3.0. However, they decreased to
45.60 %, 35.20 %, 65.70 %, 72.50 %, 63.70 %, and 75.10 %, respec-
tively, at pH 7.0. Under the experimental conditions, the used PFASs
existed in anionic or less positive forms (Table SI-1) and the calculated
zeta potential was less negative (—1.2 + 0.61) at pH 3.0 than at pH 5.0
(—7.2 4+ 0.37). This suggests that the removal efficiencies of the adsor-
bent for most PFASs would be higher at pH 3.0 compared to those at
higher pHs. From the data, it is clearly observed that although the pK,
values of long-chain PFASs such as PFHxS, PFOA, PFOS, PFNA and PFDA
were not supportive of interactions with p-CD-DFB, still better removal
efficiencies could be obtained. For example, the pKa value of PFOA is
—0.2, whereas that of PFOS is highly negative (—3.27), meaning that
PFOS creates more electrostatic repulsion than PFOA. Nevertheless, a
better removal efficiency was obtained for PFOS. This is possibly due to
more opportunities for adsorption via hydrophobic interactions (host—
guest inclusion formation), as more negative charges result in more
hydrophobic interactions [27].

The adsorption equilibrium of the synthesized material for the 10
target PFASs was also evaluated at pH 3.0 to obtain similar results to
those obtained in the experiment evaluating the effect of pH, suggesting
better adsorption efficiencies for long-chain PFASs than those for short-
chain PFASs (Fig. SI-5).

3.4. Adsorption isotherm

As shown in the kinetics and pH-dependent adsorption studies, the
superior removal efficiencies of p-CD-DFB for long-chain PFASs were
most likely due to the host-guest binding sites of $-CD within §-CD-DFB
polymer. Therefore, the adsorption capacity and affinity of §-CD-DFB
for PFOS were evaluated by performing isotherm experiments. The
initial PFOS concentration was varied from 0.5 to 15 mg L™! at pH 3.0
with adsorbent dose of 200 mg L™ and equilibrium time of 16 h.

Langmuir and Freundlich isotherm models were applied for fitting
the PFOS isotherm data (Fig. 4), and the results are listed in Table 2. The
Langmuir isotherm fit shows that the adsorption capacity of p-CD-DFB
was 43.1 + 4.3 mg L™}, which is comparable with those of other ad-
sorbents including GAC, AC, and MOFs [44]. The calculated Langmuir
affinity coefficient of the adsorbent for PFOS (K, = 1.10 L mg’l) was
approximately 10 times higher than those of AC (approximately 0.1 L
mg’l) [22] and anion exchange resin (approximately 0.1 L mg’l) [22],
but smaller than that of chitosan beads (22.8 L mgfl) [45], which
confirmed the superior affinity of -CD-DFB for long-chain PFASs. While
both Langmuir and Freundlich exhibited good fits to the PFOS isotherms
data (Table 2), the Freundlich isotherm better described the adsorption
equilibrium behavior of PFOS on p-CD-DFB. This was probably due to
unsaturation behavior within the used concentration range; therefore,
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the calculated adsorption capacity of the p-CD-DFB should be consid-
ered as conservative.

3.5. Effect of NOM

The performance of AC is highly affected by fouling in the presence
of other organic co-contaminants and NOM, whereas -CD-based poly-
meric adsorbents are known to some degree resistant to fouling [37]. To
evaluate this effect, the influence of humic acid (20 mg L’l), an
important component of NOM, on the adsorption of PFASs by f-CD-DFB
(10 mg L™1) was evaluated at environmentally relevant concentrations
1pg L' each). As shown in Fig. 5(a), presence of the humic acid did not
significantly affect PFAS removal by p-CD-DFB; over 87 % adsorption
efficiency was maintained for long-chain PFOA, PFOS, PFNA, and PFDA.
These results further confirm the superior fouling resistance and strong
affinity of p-CD-DFB for long-chain PFASs.

3.6. PFAS adsorption in WW matrix

Generally, PFASs exist in water containing other organic pollutants,
which restrict the efficiency of an adsorbent owing to its lower selec-
tivity. As discussed in the kinetics section, f-CD-DFB showed a high
removal efficiency for long-chain PFASs in pure water (i.e., > 83 %);
therefore, the performance of 3-CD-DFB was evaluated for PFASs in real
WW matrix and compared with those of Act-BC (PAC) and $-CD-TFN on
an equivalent mass basis (Fig. 5(b)). The WW used in these experiments
was collected from a local WW treatment plant in Seoul, Korea, which
was free of detectable levels of all the PFASs used in this study and had a
pH of 12.6. The pH was adjusted to approximately 3.1 based on the
results of the experiment for pH effect, and the stock solution with 10
PFASs was diluted to generate an initial concentration of 1 pg L™" for
each compound. The dose of adsorbents evaluated in this experiment
was 10 mg L1, and the equilibrium time was 16 h.

As presented in Fig. 5(b), Act-BC clearly showed poor removal effi-
ciencies (< 44 %) for all the target PFASs, while its surface area (47.46
m? g~1) was quite high, compared to -CD-DFB which showed more
than 95 % removal efficiencies [34,46]. The lower adsorption efficiency
of Act-BC for PFASs was attributed to the lack of active functional groups
and porosity suitable for capturing PFASs in a stable form. In Table SI-3,
the absorption capacity and kinetic affinity of p-CD-DFB are compared
with those of other reported adsorbents, highlighting anomalously
higher values for GAC and PAC. This observation is attributed to their
large surface area and suitable porosity, which facilitate micelle for-
mation via hydrophobic interaction during the adsorption of PFASs
[47]. Overall, the adsorption capacity of B-CD-DFB for PFASs was
comparable to those of leading PACs, and therefore demonstrated su-
perior performance compared to GACs (Table SI-3). Based on the equi-
librium removal efficiencies of B-CD-TFN for the 10 PFASs, the
adsorbent was found to have an extremely poor affinity for both short-
and long-chain PFASs (approximately 3 % PFASs) although it is known
to have a large surface area (263 m? g 1) and high adsorption capacities
for many organic micropollutants [35].

In the case of p-CD-DFB, the remaining concentration of long-chain
PFASs was lower than 44 ng L™ after treatment with p-CD-DFB, which
is significantly lower than the established health advisory level set by
the Ministry of Environmental, South Korea (70 ng LY [48]. Addi-
tionally, the adsorption efficiency of p-CD-DFB was not found to be
greatly affected by other WW constituents, suggesting that the
B-CD-DFB polymer would be a promising adsorbent for effectively
treating WW contaminated by long-chain PFASs at environmental
relevant concentrations.

3.7. p-CD-DFB regeneration and reuse

For the effective and economical removal of PFASs from WW,
regeneration and reusability are also crucial factors for practical
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application of -CD-DFB. Therefore, five consecutive cycles of adsorp-
tion and desorption were performed with PFOS-loaded p-CD-DFB
(initial PFOS concentration = 200 pg L™}, adsorbent dose = 500 mg L},
pH 5.0), and the results are presented in Fig. 6. The adsorption was
carried out with 50-mg B-CD-DFB in 100-mL PFOS solution for 16 h,
whereas desorption was carried out by suspending the PFOS-loaded
adsorbent into 50 mL methanol for 24 h. The results indicated that the
amounts of adsorbed and desorbed PFOS were almost equal, even after
five consecutive cycles of adsorption and desorption, without any sig-
nificant loss in adsorption capacity. In an additional experiment, it was
found that the complete desorption of PFOS from p-CD-DFB could be
achieved within 10 min, thus demonstrating the potential for rapid and
efficient regeneration; regeneration of GAC and PAC after their
adsorption of PFASs requires a relatively long regeneration time [49].
These results underscore the potential of 3-CD-DFB as a reusable, effi-
cient, and economically viable adsorbent for PFAS removal in real-world
applications.

3.8. Adsorption mechanism

From the above discussion, the higher affinity of p-CD-DFB for long-
chain PFASs can be attributed to the interactions between PFAS mole-
cules and the cavities of p-CD. Each of adsorbed long-chain PFASs con-
sists of a sulphonic or carboxylic head and a carbon chain with C-F
bond, while B-CD possesses hollow hydrophobic inner cavities of suit-
able size and structure that tightly can adsorb long-chain PFAS mole-
cules by forming host-guest complexes [29]. Elemental mapping,
compositional analysis (EDS), XPS, and FTIR techniques were performed
before and after PFOS adsorption by $-CD-DFB to examine the adsorp-
tion mechanism between the polymeric adsorbent and PFASs. The EDS
analysis performed after the PFOS adsorption confirmed the uniform
distribution of elements (i.e., C, O, and F) throughout the whole surface
along with the insertion of sulfur in the form of PFOS (Fig. 7), confirming
the adsorption of PFOS on the surface of §-CD-DFB. The atomic per-
centages of C, O, F, and S were 74.2 %, 13.4 %, 12.0 %, and 0.45 %,
respectively. The full-scan XPS spectrum obtained for p-CD-DFB after
the adsorption of PFOS showed an additional peak of S 2p (from SO3
group of PFOS) at 168.5 eV, without any significant change in other C
1S, O 1S, and F 1S binding energy peaks, confirming the adsorption of
PFOS via only the host-guest inclusion complex formation (hydrophobic
interaction). To support the XPS result, FTIR spectra were also obtained
(Fig. SI-6); although the peak positions for all the elements were not
changed after PFOS adsorption, a new peak was observed for S=0 at
1244 cm™!, indicating the hydrophobic interaction of PFOS with the
cavities of -CD-DFB. Previously, NMR measurements and simulation
data also confirmed the adsorption of PFOA onto $-CD polymer through
the insertion of the fluorinated tail of PFOA inside the hydrophobic
interstitial cavities of $-CD [37,50]. Xiao et al. reported a similar type
hydrophobic interaction between the PFOA and -CD molecules [4]. The
B-CD cavity is electron-deficient while the entire PFOS molecule,
particularly its sulfonate head, is electron-rich, suggesting a favorable
adsorption between the p-CD cavity and PFOS. Weiss-Errico et al. also
reported a similar type of the host-guest interaction between -CD’s
cavity and PFASs using 19 NMR characterization [51].

4. Conclusion

In summary, f-CD-DFB, a crosslinked polymer, was prepared using
the nucleophilic aromatic substitution reaction and characterized using
different techniques. The kinetics results showed faster adsorption for
longer-chain PFASs than for shorter-chain PFASs, with removal effi-
ciencies of more than 83 %. The adsorbent reduces the long-chain PFAS
concentration to less than 44 ng L1, which is much lower than the water
quality standard set by the Ministry of Environment, South Korea (70 ng
L™Y). The rate constant k, was sufficiently high enough (78.10 g
mg 'h™!) to lead ultra-rapid adsorption to attain equilibrium. The
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adsorption capacity and affinity coefficient of f-CD-DFB calculated by
the Langmuir isotherm fit were 43.10 + 4.30 mg L' and 1.10 mg~?,
respectively. This adsorption capacity is in the range of those of GAC and
other reported adsorbents, whereas the affinity is more than 10 times
better than those calculated for GAC and PAC. pH data confirmed the
highest removal efficiency for the majority of PFASs at pH 3.0, which
suggests that not only surface charge but also other key factors affect the
affinity of -CD-DFB polymer in PFAS adsorption. Experiments con-
ducted with samples with NOM and with WW matrices confirmed that
the presence of other constituents did not affect the adsorption effi-
ciencies of the adsorbent. Notably, the current adsorbent reduces the
long-chain PFAS concentration to less than 44 ng L™, which is lower
than that set by the Ministry of Environment, South Korea (70 ng L™1).
Finally, the adsorbent was easily regenerated by methanol washing
without any loss of efficiency. The adsorption mechanism confirmed the
crucial role of hydrophobic interactions in PFAS removal; these char-
acteristics make p-CD-DFB an emerging candidate for the removal of
long-chain PFOSs. Further studies will aim to modify p-CD with an
amine-functionalized tripodal crosslinker for the effective removal of
short-chain PFASs along with long-chain PFASs.
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