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A B S T R A C T

Per- and polyfluoroalkyl substances (PFAS) are persistent contaminants for which authorities worldwide have 
imposed limits on drinking water, groundwater and surface water. This has created challenges in PFAS detection, 
leading to an urgent need for reliable and selective solid-phase extraction (SPE) materials for PFAS analysis. In 
addressing this demand, we have tailored highly crosslinked copolymers containing 3-(1H,1H,2H,2H-per
fluorooctyl)-1-vinylimidazolium chloride as a comonomer with ethylene dimethacrylate in various molar ratios. 
For ionic fluorosurfactants, these copolymers feature a dual binding mechanism that synergistically combines 
fluorophilic interactions and electrostatic attraction, enhancing selectivity and efficiency. The adsorption 
behavior of short- and long-chain PFAS and their recoveries were evaluated and compared to commercial SPE 
cartridges. Characterization revealed the highest ion-exchange capacity (412.7 ± 22 µeq g− 1) for a monomer-to- 
crosslinker ratio of 2:1. The dynamic adsorption capacities for various PFAS ranged from 15.2 to 306 g− 1. Re
covery experiments consistently demonstrated high PFAS recoveries (98.8–121.6 %), while enrichment studies 
from wastewater confirmed its robustness in complex environmental matrices (recoveries: 90.8–99.2 %). Addi
tionally, reusability experiments showed consistent recoveries over five cycles (recoveries: 90.34–108.0 %). The 
findings underscore the potential of this innovative polyelectrolyte as a selective, regenerable, and efficient 
alternative to conventional SPE materials, qualifying it as a superior candidate for PFAS analysis.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are persistent environ
mental pollutants that have gained widespread public attention due to 
their considerable threats to human health and ecosystems (Brunn et al., 
2023; Freilinger et al., 2025a; Glüge et al., 2020). Manufacturers and 
consumers transitioned to short- chain PFAS (< 7 carbon) in order to 
reduce the hazards associated with long-chain PFAS (Zhang et al., 
2019). However, short-chain PFAS are equally persistent in water and 
soil, and exhibit higher aqueous solubility, associated with higher 
mobility and plume formation. Further, similar to long-chain PFAS (Li 
et al., 2020), severe health and ecotoxicological concerns have been 
attributed to such ‘regrettable substitutes’ (O’Rourke et al., 2024), 

meanwhile even including trifluoroacetate (Garavagno et al., 2024; 
Hanson et al., 2024). Concurrently, regulatory authorities worldwide 
have progressively diminished acceptable PFAS limits in drinking water, 
groundwater, and surface water (Cousins et al., 2022).

Due to the challenges associated with the trace quantification of 
PFAS in complex matrices such as surface water and groundwater, the 
development of sensitive and reliable analytical methods is of para
mount importance (Jahnke and Berger, 2009; Mulabagal et al., 2018). 
Appropriate extractive sample preparation is required in order to 
concentrate the analytes of interest while removing the interfering 
matrix (Jia et al., 2022). Liquid-liquid extraction (LLE) and solid-phase 
extraction (SPE) are among the most widely applied methods for the 
extraction, purification and pre-concentration of PFAS, with the SPE 

* Correspondence to: Institute for Ecopreneurship, School of Life Sciences, University of Applied Sciences and Arts Northwestern Switzerland (FHNW), Hofack
erstrasse 30, Muttenz CH-4132, Switzerland.

E-mail address: marco.rupprich@fhnw.ch (M. Rupprich). 
1 Author passed away before the completion of this work.

Contents lists available at ScienceDirect

Journal of Hazardous Materials Letters

journal homepage: www.sciencedirect.com/journal/journal-of-hazardous-materials-letters

https://doi.org/10.1016/j.hazl.2025.100158
Received 1 April 2025; Received in revised form 6 July 2025; Accepted 13 July 2025  

Journal of Hazardous Materials Letters 6 (2025) 100158 

Available online 13 July 2025 
2666-9110/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-4856-5687
https://orcid.org/0000-0003-4856-5687
mailto:marco.rupprich@fhnw.ch
www.sciencedirect.com/science/journal/26669110
https://www.sciencedirect.com/journal/journal-of-hazardous-materials-letters
https://doi.org/10.1016/j.hazl.2025.100158
https://doi.org/10.1016/j.hazl.2025.100158
http://crossmark.crossref.org/dialog/?doi=10.1016/j.hazl.2025.100158&domain=pdf
http://creativecommons.org/licenses/by/4.0/


being used more commonly (Androulakakis et al., 2022; Groffen et al., 
2019; Liu et al., 2020; Teymoorian et al., 2023). The most frequently 
used sorbents for PFAS are weak anion exchange mixed-mode sorbents 
as well as lipophilic-hydrophilic balance sorbents (Al Amin et al., 2020; 
Brumovský et al., 2018; Iannone et al., 2024; Wang et al., 2018). Ion 
exchangers (IEX) are usually resin beads made from neutral copolymers 
containing positively charged exchange sites giving PFAS the opportu
nity to bind to the hydrophobic backbone with the fluorocarbon tail, 
and, simultaneously, to the positively charged moiety of the resin with 
the negatively charged head of the fluorosurfactant, i.e. by a dual 
binding mode (Dixit et al., 2021; Woodard et al., 2017; Woodard et al., 
2018). However, anion exchange resins also have a high affinity for 
inorganic anions that are abundant in natural and industrial water 
streams (Hu et al., 2016; Maimaiti et al., 2018). Consequently, the 
presence of ions and organic matter can interfere with the adsorption 
performance of PFAS, in particular at trace levels (Ateia et al., 2019; 
Butzlaff et al., 2025; Du et al., 2015; Rahman et al., 2014).

In order to achieve more PFAS-selective adsorption characteristics, 
research focus has shifted to the development of sorbents that incor
porate fluorinated segments and provide specific F–F interaction (fluo
rophilicity) with the omniphobic fluoroponytail of PFAS (Singh et al., 
2023; Tan et al., 2022b). Fluorosorbents that have been introduced 
include modified inorganic materials (Du et al., 2016; Medha et al., 
2024; Singh et al., 2023; Wang et al., 2018), organic materials (Koda 
et al., 2015; Kumarasamy et al., 2020; Manning et al., 2022; Quan et al., 
2020; Tan et al., 2022a), framework materials (Chen et al., 2015; He 
et al., 2022; Li et al., 2022), and molecularly imprinted polymers 
(Tasfaout et al., 2023). While fluorophilicity enables a targeted 
approach for PFAS capture, monofunctional fluorosorbents often suffer 
from low adsorption capacities and limited removal efficiency. There
fore, increasing attention has turned to multifunctional materials that 
combine fluorophilic interactions with additional binding modes.

In particular, the integration of ion exchange sites with fluorinated 
domains provides a complementary dual binding strategy, improving 
both affinity and selectivity for anionic PFAS (Fu et al., 2024; He et al., 
2024a). This approach benefits from electrostatic attraction of the 
negatively charged PFAS headgroups and fluorophilic partitioning of the 
fluorinated tails, leading to synergistic retention. Singh et al. (2023)
demonstrated the potential of this concept using a silica-based scaffold 
with closely positioned charged and fluorinated sites. However, the use 
of covalent siloxane bonds in these materials may compromise hydro
lytic stability and may lead to leaching of cationic fluorosurfactants 
(Kaden et al., 2017), which could interfere with PFAS analysis by 
forming ion pairs. Similarly, materials developed by Chavan et al. 
(2018) show limitations such as low selectivity, non-switchable ionic 
character, and restricted reusability.

The present research introduces a polymer utilizing 3- 
(1H,1H,2H,2H-perfluorooctyl)-1-vinylimidazolium) chloride, [212684 
4-17-3], a now commercially available monomer (Partl et al., 2021). 
Consequently, the polymer consists of repeating units that contain a 
cationic group with covalently attached fluorinated alkyl chains in close 
proximity. Therefore, this material presents a stable, regenerable poly
mer featuring a dual binding mechanism for selective enrichment of 
PFAS from aqueous matrices.

2. Materials and methods

2.1. Chemicals

The chemicals 1-propanol, 2,2-dimethoxy-2-phenylacetophenone 
(DMPA, 99 %), aluminium oxide (Al2O3, ca. 150 mesh), ammonium 
acetate (NH4OAc, ≥ 97 %), ammonium chloride (NH4Cl, z.A, ACS, ISO, 

PH.EUR.), ammonium hydroxide solution (NH4OH, 25 % in water), 
ammonium perfluoro (2-methyl-3-oxahexanoate) (GenX, 95 %), aceto
nitrile (for LC-MS, ≥99.95 %), diclofenac sodium salt (98 %), ethylene 
dimethacrylate (EDMA, 98 %), formic acid (FA, 98–100 %), heptade
cafluorooctanesulfonic acid potassium salt (PFOS, ≥ 92 %), lithium 
chloride (LiCl, ≥ 99 %), methanol (for LC-MS, hyper grade), per
fluorobutanoic acid (PFBA, analytical standard), perfluoro-n-(13C8) 
octanoic acid (13PFOA, IS, > 99 %), perfluorooctanoic acid (PFOA, 
96 %), sodium bicarbonate (NaHCO3, ≥ 99.7 %), sodium carbonate 
anhydrous (Na2CO3, ≥ 99.5 %), sodium chloride (NaCl, Reag. Ph. Eur.), 
sodium iodide (NaI, anhydrous) were obtained from various suppliers 
(abcr, Apollo Scientific, Carl Roth, Honeywell, Manchester Organics, 
Merck, Sigma-Aldrich, Thermo Fisher Scientific, Th. Geyer, Wellington 
Laboratories). For analysis, purified water from a Merck Millipore Milli- 
Q™ Reference Ultrapure Water Purification System with deionized 
water was used.

2.2. Polymer synthesis

For polymer preparation, 400 mg of the F-monomer, CAS RN 
2126844-17-3, (Partl et al., 2021) and varied amounts of the crosslinker 
(EDMA) were combined with 200 mg H2O, 500 mg ACN, and 500 mg 
1-propanol functioning as porogens (Fig. 1). 40 mg DMPA were used as 
initiator for polymerization. To determine the optimum composition, 
the mass ratio of F-monomer to crosslinker was varied as 1:1, 2:1, 3:1, 
and 4:1.

The solution was sonicated for five minutes and then inserted be
tween two glass plates. The polymerization with UV light was performed 
by exposing the mixture to an UV lamp operating at 8 W and 254 nm 
(CX-2000 UV Crosslinker, UVP Upland) for 30 min. The polymer was 
dried overnight at 65 ◦C. It was ground and sieved (AS 200 basic, Retsch) 
to obtain particles between 50 µm and 500 µm. The polymer was 
washed through a funnel filter (DURAN®, porosity 3) with water, ACN, 
MeOH, and dried again at 65 ◦C.

2.3. Physiochemical characterization

The obtained F-polymers were characterized via scanning electron 
microscopy, attenuated total reflectance (ATR) Fourier-transform 
infrared (FTIR) spectroscopy, physisorption of N2 at 77 K, and ther
mogravimetric analysis (TGA). The details of each method are described 
in the Supplementary material.

2.4. Ion chromatography and PFAS analysis

Ion chromatography using a Dionex IC-2500 system and PFAS 
analysis using HPLC-MS/MS are described in the Supplementary 
material.

2.5. Solid-phase extraction (SPE)

2.5.1. Preparation of SPE cartridges
SPE cartridges were prepared by packing 25 mg polymer in an empty 

cartridge (1 cc, PP, with 20 µm PE frits, Merck). Dynamic adsorption and 
recovery experiments were also performed with Waters Oasis® WAX 
(weak anion exchange) 1 cc cartridges filled with 30 mg sorbent mate
rial as reference. The detailed workflow is described in the Supple
mentary material.

2.5.2. Ion-exchange capacity
The packed SPE cartridges were conditioned with 3 mL of a 0.1 M 

NaCl solution at a speed of 1 drop per 2 s by using pressurized air at 
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1 bar. Afterwards, the material was washed with 6 mL of water. The last 
mL was collected for control measurements. 3 mL of a 0.1 M NaI solu
tion were then added to substitute the original chloride of the IEX resin. 
The eluate was collected and diluted to 10 mL before measurements 
with ion chromatography to determine the chloride content. The poly
mer with the F-monomer-to-crosslinker ratio showing the highest ion- 
exchange capacity (IEC) was selected for further experiments.

2.5.3. Dynamic adsorption capacity
SPE cartridges packed with the optimized polymer (ratio vinyl

imidazolium Cl‾ to EDMA 2:1 w/w) were conditioned with 1 mL MeOH 
and 1 mL water and then loaded with 1 mL PFOA (1000 mg L− 1) solu
tions. The eluate concentration was measured until a plateau was 
reached, so that a specific-throughput breakthrough curve could be 
obtained. The experiment was repeated with GenX (polymer: 
100 mg L− 1, WAX: 400 mg L− 1). Furthermore, the selectivity towards 
PFAS was assessed by measuring the dynamic adsorption capacity with a 
mixture of NaCl, diclofenac, and GenX (polymer: 60 mg L− 1, WAX: 
40 mg L− 1) using a ratio of 4:2:1 (w/w/w). The Thomas model (Thomas, 
1944) was fitted to the experimental breakthrough data using Eq. (1), 
from which the dynamic adsorption capacity q0 was calculated. 

ln
(

C0

Ct
− 1

)

=
kTh

Q
q0m −

kTh

Q
C0V (1) 

2.5.4. Recovery and enrichment experiments
To determine the recovery of the materials, the optimized polymer as 

well as Oasis® WAX were loaded with a standard containing 100 µg L− 1 

of each, PFBA, GenX, PFOA, and PFOS (1 mL), followed by elution. 
Recoveries were calculated based on the PFAS mass quantified in the 
eluate, representing the total amount recovered from the sorbent under 

the given conditions. Additionally, enrichment experiments were car
ried out in spiked wastewater (0.5 µg L− 1 of each PFAS) to determine the 
effect of complex water matrices on the recovery of the optimized 
polymer. Consequently, both low (environmental) and high (laboratory) 
PFAS concentration ranges are encompassed within the experimental 
framework.

2.5.5. Cyclic stability
The reusability of the material was evaluated through cyclic 

adsorption/desorption studies. One cycle involved loading SPE car
tridges packed with either F-polymer or Oasis® WAX with 100 µg L− 1 

PFAS solutions, followed by elution. The material was dried with pres
surized air for 5 min before reloading.

2.5.6. pH effects
In order to detect potential hydrolysis of the F-polymer under acidic 

or alkaline conditions, the material was conditioned at pH 2 and 11 prior 
to PFAS adsorption. Additionally, the effect of the pH on adsorption was 
examined by adjusting the pH of the PFAS solution to 4 and 10. Details 
are described in the Supplementary materials.

3. Results and discussion

3.1. F-monomer-to-crosslinker ratio

The surface morphology of the synthesized F-polymers is illustrated 
by the SEM images, which reveal differences in porosity based on 
varying F-monomer-to-crosslinker ratios (Fig. 2a–d). A comparison of 
these images reveals that polymers produced with 1:1 and 2:1 ratios 
have a significantly more open-porous morphology than those synthe
sized with 3:1 and 4:1 ratios. Furthermore, the surface features observed 

Fig. 1. Synthesis of the F-polymer with perfluorohexyl-ethyl-tethered polyvinylimidazolium chloride crosslinked by EDMA.
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in the SEM images are indicative of higher adsorption capacities in 
polymers 1:1 and 2:1 in comparison to polymers 3:1 and 4:1, thus 
qualifying them more appropriate for utilization in PFAS adsorption 
applications. Physisorption analysis (Fig. S2a,b) confirmed higher po
rosities at lower F-monomer-to-crosslinker ratios. Furthermore, TGA 
(Fig. S2c,d) demonstrated thermal stability up to approx. 200 ◦C, beyond 
which thermal decomposition took place in accordance with the imi
dazolium group (Singh et al., 2023).

Analysis of the FTIR spectra (Fig. 2e, Fig. S2e) reveals characteristic 
absorption regions corresponding to both the imidazolium derivative 
and crosslinker, which are also present in the synthesized polymers. 
Notably, a distinct absorption band at 1717 cm− 1, attributed to the C––O 
stretching vibration of the crosslinker, is observed, whereas the het
erocyclic constituent does of course not exhibit a band in this region. A 
comparative evaluation of this peak across the polymer samples in
dicates a progressive increase in transmission with increasing imidazo
lium content. Conversely, the spectral region between 630 and 
800 cm− 1 displays characteristic bands associated with the cationic F- 
monomer, primarily corresponding to specific C–H deformation vibra
tions, while the crosslinker does not contribute significantly to this 
range. Additionally, an absorption band at 1234 cm− 1, indicative of C–F 
stretching vibrations, further confirms the presence of the fluoropony
tailed moieties. These findings suggest that all four polymer samples 
incorporate both, cationic fluorosurfactant and crosslinker in varying 
proportions.

The IEC is indicative of the binding potential of negatively charged 
ions, and thus suitable for a preliminary assessment of PFAS acid 
adsorption capacities. The IEC of the polymer synthesized with a 2:1 
imidazolium-to-crosslinker ratio is the highest, reaching 412.7 ± 22 µeq 
g− 1 (Fig. 2f). This supports the observation from SEM and physisorption 
experiments, according to which copolymers with ratios of 3:1 (330.9 
± 14 µeq g− 1) and 4:1 (241.7 ± 12 µeq g− 1) exhibit insufficient porosity 
to facilitate efficient ion exchange, while the 1:1 ratio demonstrates a 
significantly lower capacity of 47.03 ± 1.9 µeq g− 1. Whilst common 
commercial ion-exchange materials demonstrate IECs of approx. 

1 meq g− 1 (Dixit et al., 2021), for SPE applications, PFAS specificity is 
the most significant factor (Androulakakis et al., 2022). Based on these 
results, a F-monomer salt-to-crosslinker ratio of 2:1 (w/w) was selected 
for further experimental investigations.

3.2. Dynamic adsorption capacity

The dynamic adsorption capacities obtained from the synthesized 
polymer with a imidazolium-to-crosslinker ratio of 2:1 were compared 
to commercially available Oasis® WAX cartridges (Fig. 3a–c). A distinct 
trend can be observed when comparing the fluoroalkyl-tethered copol
ymer to the WAX cartridges. According to the Thomas model, under 
aqueous standard conditions, the WAX material exhibits superior 
adsorption capacities for PFOA (504 mg g− 1) and GenX (84.3 mg g− 1) 
compared to the optimized polymer, which achieves 306 mg g− 1 for 
PFOA and 33.3 mg g− 1 for GenX (Table S2). In comparison, the median 
PFOS isotherm uptake capacities of different ion-exchange resins are 
reported to be approx. 400 µeq g− 1 (i.e., 200 mg g− 1) (Dixit et al., 2021). 
However, it should be noted that the experimental conditions (resin 
dosage, PFAS concentrations, and water matrix) reported in literature 
vary widely and influence the measured capacity significantly.

However, when competing anions such as diclofenac and Cl- are 
introduced, both of which compete with PFAS for binding sites, the 
newly evaluated polymer outperforms the WAX cartridges. Specifically, 
the GenX capacity of the polymer decreases by 54 % to 15.2 mg g− 1, 
whereas the WAX material exhibits a more pronounced decline of 86 %, 
reducing its capacity to 11.8 mg g− 1. These findings support the hy
pothesis that, expectedly, fluorine-fluorine (F–F) interactions contribute 
to a more selective PFAS-binding to the polymer, in contrast to common 
ion exchange materials, where adsorption is primarily governed by 
electrostatic interactions. Furthermore, in contrast to the fluorous 
polymer, the WAX material does not exhibit a well-defined break
through curve in the presence of competing ions, making it challenging 
to determine the exact point at which PFAS adsorption ceases—a further 
indication that more accurate analytical methods may be possible by 

Fig. 2. Scanning electron micrographs of polymers with F-monomer-to-crosslinker ratio 1:1 (a), 2:1 (b), 3:1 (c) and 4:1 (d) at a magnification of 2500x, bar rep
resents 10 µm. (e) Fourier-transform infrared spectra in transmission of F-monomer, crosslinker and the synthesized polymers. (f) Ion-exchange capacity (IEC) of the 
synthesized polymers (means, standard deviations, n = 3).
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taking advantage of supportive fluorophilic interactions.
The proposed binding mechanism (Fig. S1) is substantiated by 

theoretical insights into F–F interactions (Fu et al., 2024), evidence from 
shifts in the 19F NMR peaks (He et al., 2024b; Koda et al., 2014), and 
previous studies employing positively charged moieties and fluorine 
chains on a silicon-based backbone (Singh et al., 2023). The potential for 
computational studies to provide further insight into the interaction of 
PFAS and polymers has been recently confirmed through the utilization 
of a global optimization (MACE-OFF23) neural network potential 
approach (Freilinger et al., 2025b).

3.3. Recovery, reusability, and pH effects

The recoveries of PFBA, GenX, PFOA, and PFOS were tested for both, 
the synthesized F-polymer 2:1 and the commercially available Oasis® 
WAX cartridges (Fig. 3d). The results indicate consistently high re
coveries for all four PFAS across both materials. The fluoroalkyl- 
tethered copolymer exhibited recoveries ranging from 98.8 % (PFOS) 
to 121.6 % (PFBA), with relative standard deviation (RSD) values below 
6 %. Similarly, the Oasis® WAX material demonstrated recoveries be
tween 95.05 % (PFBA) and 129.2 % (PFOS) and RSD values lower 
6.5 %. These findings confirm that the F-polymer performs comparably 
to the WAX cartridges, demonstrating its suitability for SPE of both 
short-chain and long-chain PFAS.

Furthermore, the enrichment of PFAS from spiked effluent waste
water samples was measured using F-polymer 2:1 and the recoveries 
were calculated (Fig. 3e). The synthesized material demonstrated re
coveries ranging from 90.8 % for PFOS to 99.2 % for PFOA, with RSD 

values below 10 %. These findings suggest that the F-polymer is well- 
suited for the enrichment of PFAS from complex water matrices con
taining dissolved organic matter, electrolytes, and further components 
that potentially diminish the binding affinity of PFAS.

Additionally, the reusability of both materials over multiple cycles 
was investigated. The F-polymer maintained consistently high re
coveries across all five cycles (90.34–108.0 %), whereas the WAX car
tridge exhibited a decline in performance, with recoveries dropping 
from 91.29–122.9 % to 34.60–51.12 % after only two cycles (Fig. 4).

Moreover, the pH stability of both materials was assessed. Neither 
conditioning at pH 2 or 11 nor loading with a PFAS solution at pH 4 
affected adsorption performance. Only in the case of WAX cartridges did 
the uptake of PFBA decrease to 90 % when the PFAS solution was 
adjusted to pH 10 (Fig. S5).

4. Conclusion

In the context of escalating regulatory restrictions on perfluoroalkyl 
substances (PFAS), we have tailored organic ion exchange materials for 
the selective and reliable detection of PFAS acids by solid phase 
extraction (SPE). These highly crosslinked copolymers are readily 
accessible from commercial precursors, containing 3-(1H,1H,2H,2H- 
perfluorooctyl)-1-vinylimidazolium chloride as a comonomer with 
ethylene dimethacrylate. For ionic fluorosurfactants, they feature a dual 
binding mechanism that synergistically combines fluorophilic in
teractions and electrostatic attraction, thus enhancing selectivity and 
binding efficiency.

The synthesized F-polymer demonstrated a well-defined porous 

Fig. 3. Breakthrough curves (means, standard deviations, n = 3) and recoveries of F-polymer 2:1 and WAX. (a) Breakthrough with PFOA. (b) Breakthrough with 
GenX. (c) Breakthrough with a mixture of GenX:diclofenac:NaCl (1:2:4). (d) Recoveries of PFBA, GenX, PFOA, and PFOS. (e) Recoveries after PFAS enrichment from 
spiked effluent wastewater.
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morphology, with the 1:1 and 2:1 F-monomer-to-crosslinker ratios 
exhibiting the highest apparent porosity in scanning electron micro
graphs and physisorption studies, suggesting enhanced adsorption ca
pacities. ATR-FTIR analysis confirmed the incorporation of both F- 
monomer and crosslinker in all F-polymer samples. Ion-exchange ca
pacity measurements revealed that the 2:1 ratio exhibited the highest 
capacity (412.7 ± 22 µeq g− 1), leading to its selection for further 
studies. Dynamic adsorption experiments indicated that, under standard 
aqueous conditions, the F-polymer displayed lower adsorption capac
ities for PFOA and GenX compared to the commercial Oasis® WAX 
material. However, in the presence of competing organic and inorganic 
anions, it outperformed the WAX cartridges, highlighting the role of 
fluorine-fluorine (F–F) interactions in selective PFAS binding, which is 
attributed to the F-monomer. This specificity is particularly advanta
geous in complex environmental matrices, where non-target anions may 
otherwise interfere with adsorption.

Additionally, recovery experiments demonstrated that the F-polymer 
performed comparably to the WAX cartridges, with high recoveries 
(98.8–121.6 %) and low RSD values (<6 %) for PFBA, GenX, PFOA, and 
PFOS. Furthermore, enrichment studies in effluent wastewater 
confirmed its effectiveness in complex matrices, with recoveries ranging 
from 90.8 % to 99.2 % and RSD values below 10 %. The reusability of 
both materials revealed that the F-polymer maintained consistently high 
recoveries over five cycles (90.34–108.0 %), while the WAX cartridge 
showed a decline from 91.29–122.9 % to 34.60–51.12 % after just three 
cycles. In order to establish the hydrolytic stability, the F-polymer was 
subjected to varying pH conditions, without any reduction in PFAS 
uptake; however, additional long-term studies are recommended to 
confirm this finding.

Overall, these findings demonstrate that the F-polymer newly 
introduced as SPE sorbent is a viable alternative to commercially 
available WAX materials for PFAS extraction, particularly in samples 
containing competing anions. Its high selectivity and strong perfor
mance in complex water matrices make it a promising candidate for 
environmental PFAS analysis and remediation applications. In order to 
verify the proposed dual binding mechanism, clarify the respective 
contributions of electrostatic and fluorophilic partitioning, and to assist 
in future material optimization, further experimental and computational 
approaches are required. Furthermore, long-term stability should be 
assessed through extended adsorption/desorption cycling under varying 
pH and water matrix conditions, complemented by post-use structural 
characterization (e.g., SEM or TGA) to evaluate material integrity.
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