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Abstract 

 Per- and polyfluoroalkyl substances (PFAS) are known bioaccumulative and persistent 

chemicals which pollute natural waters globally. However, there exists a lack of granular sorbents 

optimized to efficiently remove PFAS at environmentally relevant concentrations. To address this 

need, we previously developed a platform approach for fabrication of regenerable granular 

sorbents (i.e., ionic fluorogel (IF) resins) that selectively remove PFAS over background competing 

contaminants. In this project, we modified 1st generation IFs to realize structurally tunable and 

chemically stable resins with systematic variations of network architecture and cation density. 

Chemical stability was demonstrated through accelerated degradation studies. Investigation of 

the library of chemically stable IFs enabled insights into structure–property relationships 

important to high affinity PFAS binding. Results show that the chemically stable IF resin 

outperformed a leading commercially available ion-exchange resin in batch and column tests. 

Using as a guiding principle in sorbent development the cost and availability at large scale of base 

materials, we developed a 2nd generation IF resin based on trifunctional crosslinkers with a more 

translationally relevant profile in terms of chemical inputs and cost. Batch results from challenge 

tests with various NC waters showed that the 2nd generation IF resin had a PFAS-removal 

performance level intermediate between those of two leading commercial ion exchange resins. 

The 2nd generation IF resin had a substantially better performance in drinking water sources than 

in wastewater matrices. Results also showed that there is the potential to improve PFAS removal 

performance via optimization of the resin synthesis procedure. Additionally, because of the high 

modularity and copolymerization amenability of the platform chemistry used for IF synthesis, we 

hypothesize that future tuning of the fluorinated backbone can be used to optimize PFAS 

partitioning, and resin swelling and flexibility and enable superior PFAS removal across water 

matrices. 
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1. Introduction 

PFAS are a diverse class of chemicals that are extensively used in industrial and consumer 

products ascribing to their oil- and water-repelling properties (Rahman et al., 2014). PFAS are 

widespread contaminants of air, soil, and water media and they are persistent in the 

environment, bio-accumulative, and difficult to remove by existing technologies (Evich et al., 

2022). Further, exposure to PFAS poses potential adverse health effects including cancer, thyroid 

disease, pregnancy-induced hypertension and preeclampsia, among others (Grandjean et al., 

2012; Barry et al., 2013; National Institute of Environmental Health Sciences, 2022; United States 

Environmental Protection Agency, 2022a). Accordingly, the U.S. Environmental Protection 

Agency (EPA) set interim updated lifetime health advisory levels in drinking water of 0.004 and 

0.02 ng/L for perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), 

respectively, and a final health advisory level of 10 ng/L for GenX (United States Environmental 

Protection Agency, 2022b). EPA subsequently proposed maximum contaminant levels (MCLs) of 

4 ng/L for PFOA and PFOS, and a hazard index calculated based on the concentrations of GenX, 

perfluorohexanesulphonic acid (PFHxS), perfluorononanoic acid (PFNA), and perfluorobutane 

sulfonate (PFBS) (United States Environmental Protection Agency, 2023). In addition, numerous 

states have set limits on PFAS in drinking water (Boone et al., 2019). 

 

Occurrence studies have detected legacy and emerging PFAS in multiple locations in NC, 

including drinking water sources (Sun et al., 2016; Dukes, 2017; Hopkins et al., 2018; North 

Carolina Division of Water Resources, 2018; Seymour Johnson Air Force Base, 2019; Barnes, 

2020b; United States Environmental Protection Agency, 2022c). Among U.S. states, NC is the 

third highest state for PFAS exposure through drinking water (Scruggs, 2019) with North 

Carolinians being exposed to PFAS through contaminated drinking water supplied by either 

municipal water treatment systems (City of Raleigh, 2020; Evans et al., 2020; Ross, 2020) or 

private wells (Sun et al., 2016; MacDonald Gibson and Pieper, 2017; North Carolina Division of 

Water Resources, 2018; Barnes, 2020a). For example, PFAS have been shown to be present in 

the Cape Fear River Watershed (Sun et al., 2016; Hopkins et al., 2018; Barnes, 2020b), private 

wells (North Carolina Division of Water Resources, 2018), groundwater near Seymour Johnson 

Air Force Base (Seymour Johnson Air Force Base, 2019), Cane Creek Reservoir, streams near 

Greensboro Airport, Lake Jordan, and drinking water of Cary and Apex (Dukes, 2017). PFAS 

exposure through private wells is of particular importance since NC has the second-largest 

population (3.3 million) and third-highest population percentage (35%) who rely on private wells 

for drinking water (MacDonald Gibson and Pieper, 2017). PFAS have also been found in effluents 

from wastewater-treatment plants that receive contaminated waters from industrial facilities, 

therefore contaminating receiving water streams (Southern Environmental Law Center, 2019; 
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Barnes, 2020b). This is the case, for example, for the South and East Burlington Wastewater 

Treatment Plants in NC (Southern Environmental Law Center, 2019). 

 

The occurrence of PFAS across different NC water sources, Iing finished drinking water, 

the large NC population relying on private wells, and the relatively low-income level of the 

median North Carolinian household (39th in the U.S. in 2021) (World Population Review, 2022), 

means that technologies for effective PFAS removal from water need to be amenable to easy 

implementation not just in municipal facilities but also in the average NC household. However, 

PFAS are recalcitrant to degradation and, in particular, short-chain PFAS are not effectively 

removed by conventional nor advanced water treatment processes. Hence, a need exists to 

develop technologies for effective removal of PFAS from water (Yu et al., 2012; Dudley et al., 

2015; Sun et al., 2016; Hopkins et al., 2018). 

 

To address PFAS removal technology needs, we recently reported (Kumarasamy et al., 

2020) a platform approach for the development of regenerable granular 5luorogelsorogel (IF) 

resins that effectively removed, in batch tests, a diverse mixture of 21 legacy and emerging PFAS 

from real water samples, including short-chain PFAS. The IF resins are crosslinked polymers that 

combine ionic and fluorous components to achieve specificity for PFAS sorption over background 

organic contaminants. We demonstrated that perfluoropolyether (PFPE)-based IFs could 

outperform commercial granular activated carbon (GAC) and an ion exchange resin (IX), even in 

the presence of 20,000 times excess non-fluorinated organic matter (Kumarasamy et al., 2020). 

However, the PFPE used in the initial proof-of-concept work had a structure containing ester and 

carbamate linkages which we hypothesized would degrade over long lifetimes in flow-through 

columns. Additionally, the use of only one PFPE limited systematic evaluation of the influence of 

network architecture on PFAS sorption and performance tests were not performed in the typical 

configuration used at full scale (i.e., packed-bed configuration).  

 

In this work, to achieve hydrolytically stable PFPE-IFs, we end-functionalized the 1st 

generation PFPEs with polymerizable functionality connected through aryl-ether linkages. 

Subsequent copolymerization of these PFPEs with an amine-containing monomer resulted in a 

library of IFs with systematic variations of network architecture and cation density. Investigation 

of this library enabled insights into structure-property relationships important to high affinity 

PFAS binding. In accelerated degradation studies, the hydrolytically stable PFPE-IF maintained a 

low swelling ratio and consistent mass, whereas its predecessor degraded significantly, as 

measured via mass loss and nontargeted analysis using high-resolution mass spectrometry. 

Finally, in a translationally relevant proof-of-concept experiment, mini-Rapid Small-Scale Column 

Tests (RSSCTs) of one IF significantly outperformed a state-of-the-art ion-exchange resin by 
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demonstrating effective PFAS removal from natural NC water over one year of simulated use. We 

also proposed as an alternative to PFPEs fluoroolefin-vinyl ethers (FVEs) which are partially 

fluorinated polymers that are components of LumiflonTM brand paints, cost $20-40 per kilogram 

(as opposed to ~$500 per kilogram for PFPEs), are chemically stable for decades in outdoor paint 

application, and do not require PFAS surfactants for their production. Preliminary tests in our 

laboratories have shown that 2nd generation fluorogels based on FVE polymer networks have the 

same advantages as PFPE-IFs in terms of PFAS removal selectivity, which enables their use as a 

materials platform. 

 

Therefore, the overall goal of this project was to develop physically and chemically stable 

IF resins for PFAS removal from water with translational relevance for use at full scale. We 

explored further development of PFPE-IFs (1st generation resins) as well as FVE-IFs (2nd 

generation resins). Specific objectives were to:  

(1) develop a systematic library of chemically stable IF resins through end-group 

modifications 

(2) evaluate the efficacy of chemically stable IF resins at removing long-chain and short-

chain PFAS from water 

(3) evaluate the regenerability of chemically stable IF resins 

(4) evaluate the translational relevance of chemically stable FVE-IF resins by assessing 

their performance in flow-through, packed-bed configuration 

 

 

2. Materials and Methods 

2.1 Materials 

 

All materials were purchased from commercial source and used as received without 

further purification unless otherwise mentioned. Perfluoropolyether Fluorolink® E10H (Mwt: 1.8-

2.0 kgmol-1) was purchased from Solvay Solexis. Perfluorostyrene was purchased from Oakwood 

Chemical. 1H,1H,11H,11H-Perfluoro-3,6,9-trioxaundecane-1,11-diol was purchased from 

Exfluor. 2-(dimethylamino)ethanol, 2-(dimethylamino)ethyl methacrylate, azobisisobutyronitrile 

(AIBN), humic acid and perfluorooctanoic acid (PFOA) were purchased from Sigma-Aldrich. 

Trifluoroethanol was purchased from Synquest labs. Perfluorohexanoic acid (PFHxA) and GenX 

were purchased from TCI and Matrix respectively. Me6TREN was purchased from TCI, and 

fluoroolefin-vinyl ether copolymers were provided by AGC Chemical company. 

 



7 
 
 

Deionized water used in this study is a type 1, 18.2 megohm-cm water obtained from 

Labconco – waterpro PS series. This water was amended with sodium chloride and humic acid as 

described for specific experiments. Natural water samples were also collected from diverse water 

sources for evaluation of PFAS removal by commercial and novel sorbents under environmentally 

relevant conditions as described below. 

2.2 Synthesis of library of 1st generation ionic fluorogels 

 

Chemical stability of ionic fluorogels was achieved by end-functionalization of PFPEs with 

polymerizable functionality connected through aryl-ether linkages. Copolymerization of these 

PFPEs with an amine-containing monomer resulted in a library of IFs with systematic variations 

of network architecture and cation density. In order to explore the influence of polymer network 

architecture, we identified two PFPE oligomers—Fluorolink® E10H (E10H) and fluorinated 

tetraethylene glycol (FTEG)—which have analogous chemical structures and different molecular 

weights (Figure 1A). Fluorolink® E10H has a similar molecular weight to the material used in our 

previous study (~1,600 g/mol) (Kumarasamy et al., 2020) while FTEG is a short PFPE oligomer 

(410 g/mol). Nucleophilic aromatic substitution of pentafluorostyrene (PFS) using the hydroxy 

end groups of the PFPEs (Figure 1A) yielded PFS-capped oligomers of E10H and FTEG. The same 

nucleophilic aromatic substitution approach was used to synthesize an amine-containing 

monomer 1 to ensure similar copolymerization kinetics between IF building blocks. 

 

Synthesis of IF was achieved through the thermally initiated radical copolymerization of 

PFS-E10H, PFS-FTEG, and 1 (Figure 1B) to form polymer networks, which were subsequently 

quaternized with methyl iodide, crushed into granules, and sieved to isolate IF grains of a desired 

size. The range of IF compositions prepared is reported in Figure 2 and represents a library of 

materials that systematically vary the incorporation of fluorophilic and electrostatic components, 

as well as vary network architecture. The amine content of the IF was held constant at either 20 

or 40 weight % amine comonomer, a range of amine incorporation that has provided efficient 

PFAS removal in previous studies (Kumarasamy et al., 2020).  
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Figure 1. A. Synthesis of PFPE crosslinkers (PFPEs starting materials shown in shaded inset). B. Synthesis 
of Ionic Fluorogel formulations (denoted as IF-X), with varied compositions of PFS-E10H, PFS-FTEG, and 1. 
Resulting crosslinked materials after polymerization were ground and sieved to obtain resin particles 75-
125 mm. 

 

 
Figure 2. Library of 1st generation Ionic Fluorogels. a Calculated by Differential Scanning Calorimetry during 
the second heating cycle at a rate of 10 oC/min. b Ratio of swollen to dry mass of IF after swelling in 0.1 M 
NaCl.  

 

2.3 Synthesis of 2nd generation ionic Fluorogels 

Commercial fluoroolefin-vinyl ether (FVE) copolymer (1 eq., 200 mg) was dissolved in 2-

methyltetrahydrofuran (0.3M), and added to and 8 mL glass vial containing multiamine (varied 

equivalents), sodium iodide (1 eq., 118 mg), Hunig’s base (1 eq., 102 mg). The reaction mixture 

was sparged under N2 for 10 minutes, then sealed with the vial cap and electrical tape. The 

mixture was then heated to 75 ⁰C over 24 hours with no stirring. After an insoluble gel was 
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formed, the crude product was removed from heat, ground into multiple pieces, and purified via 

Soxhlet extraction with ethanol. IF 2-X was then dried in a vacuum oven at 50 ⁰C to yield the pure 

product as a brown powder. The resulting powder was ground and sieved to between 75-125 

microns for evaluation in batch and column tests. 

2.4 Characterization of ionic fluorogels 

 

 Ionic fluorogels were characterized for their swelling ratio, thermal behavior, and 

mechanical properties. To evaluate the swelling ratio photocured discs of IF were swollen in 

deionized water for 24 hours, massed, then dried under vacuum and massed again. The swelling 

ratio was calculated as the mass of swollen resin divided by the mass of dry resin. This analysis 

was completed in triplicate for each IF formulation. Thermal gravimetric analysis (TGA) was 

performed on a TA Instruments TGA (Discovery Series) using 5-8 mg of the sample. The samples 

were heated to 25-600 °C at a temperature ramp rate of 10 °C/min. Infrared (IR) spectra were 

obtained using PerkinElmer Frontier FT-IR spectrometer. Differential scanning calorimetry (DSC) 

was performed on a TA Instruments Discovery DSC. Tg values were determined from the second 

heating scan. All experiments were run at a ramp rate of 10 ⁰C/min. Mechanical analysis was 

performed via dynamic Oscillatory rheology on a TA Instruments Discovery HR-3 Rheometer 

using an 8mm Aluminum Peltier Plate. Experiments were run at 25 ⁰C at 1.0 % strain from 0.1 to 

500 rad/s to obtain the elastic modulus (G’) and loss modulus (G’’) as a function of frequency. 

2.5 Water sample analysis with LCMS for PFAS evaluation 

 

Water samples were stored under refrigeration until analysis. A 180 µL aliquot of sample 

and 20 µL of stable isotope-labeled analogues (Wellington Labs, Guelph, CA, product numbers 

MPFAC-C-ES and M3HFPO-DA) were transferred to polypropylene autosampler vials and closed 

with caps fitted with silicone septa. No other processing was done as per a direct injection 

method by (Sun et al., 2016).  

 

Analysis of target compounds PFOA, PFHxA, and GenX was performed using an Accela 

HPLC system coupled to a TSQ-Quantum Ultra triple-quadrupole mass analyzer (Thermo 

Scientific, San Jose, CA) operated in negative ion mode. Analytes were separated on a 2.1 × 50 

mm Sunfire C18 3.5 µm column (Waters Corporation, Milford, MA) with gradient elution at a flow 

rate of 350 µL per min. Binary mobile phase consisted of 95:5:water:methanol containing 2 mM 

ammonium acetate (A) and 5:95:water:methanol containing 2 mM ammonium acetate (B). 

Composition started at 25% B, was held for 0.5 min, increased linearly to 90% B over 2 min, was 

held at 90% B for 1.5 min, decreased linearly to 25% B over 0.1 min, and held at 25% B for 0.9 
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min for column equilibration. Mass spectrometer parameters were as follows: spray voltage of 

3000 V, vaporizer temperature of 150 oC, sheath gas flow rate 40, auxiliary gas flow rate 20, 

capillary temperature of 225 oC, argon collision gas pressure of 1.0 mTorr, 0.05 sec per scan, 

quadrupole 1 resolution of 0.5 amu, quadrupole 3 resolution of 0.7 amu and collision energy 10 

eV. Linear or quadratic calibration curves using the analyte to internal standard ratio were used 

to calculate analyte amounts. Calibration points were 2, 10, 50, 200, and 1000 pg analyte versus 

200 pg internal standard for PFCAs and PFASs.  

 

Additional details about PFAS analysis, including analysis of 21 PFAS and nontargeted 

analysis can be found in Appendix 3. The tabulated analyte-specific information including mass 

transitions is reproduced in Table 1 (also available in Appendix 3). 
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Table 1. List of Target PFAS Analytes. 

Analyte Acronym CAS # 
Exact 
Mass 
(g/mol) 

Acquisition 
Window 
(min) 

MS/MS 
Transition 
(m/z) 

Collision 
Energy (V) 

Min Dwell 
Time (ms) 

RF Lens 
(V) 

Internal 
Standard 

Detection 
Limit 
(pg on 
column) 

Perfluoroalkylcarboxylic Acids (PFCA) 

Perfluorobutanoic acid PFBA 375-22-4 213.9865 0 - 4.0 213 → 169 8.66 16.306 59 M4PFBA 2 

Perfluoropentanoic acid PFPeA 2706-90-3 263.9833 3.8 - 5.2 263 → 219 7.91 2.719 65 M5PFPeA 0.5 

Perfluorohexanoic acid PFHxA 307-24-4 313.9801 4.5 - 5.7 313 → 269 8.37 2.719 75 M5PFHxA 0.25 

Perfluoroheptanoic acid PFHpA 375-85-9 363.9769 4.7 - 5.7 
363 → 169 
363 → 319 

16.54 
8.71 

2.719 84 M4PFHpA 0.1 

Perfluorooctanoic acid PFOA 335-67-1 413.9737 5.0 - 6.0 
413 → 169 
413 → 369 

17.26 
9.25 

2.719 91 M8PFOA 0.5 

Perfluorononanoic acid PFNA 375-95-1 463.9705 5.1 - 6.1 
463 → 219 
463 → 419 

15.95 
9.68 

2.719 103 M9PFNA 1 

Perfluorodecanoic acid PFDA 335-76-2 513.9673 5.3 - 6.3 
513 → 269 
513 → 469 

16.88 
10.14 

3.155 109 M6PFDA 0.25 

Perfluoroalkylsulfonates (PFSA) 

Potassium perfluorobutanesulfonate PFBS 29420-49-3 337.9062 4.5 - 5.5 
299 → 80 
299 → 99 

32.67 
28.88 

2.719 168 M3PFBS 0.5 

Sodium perfluorohexanesulfonate PFHxS 82382-12-5 421.9258 5.0 - 6.0 
399 → 80 
399 → 99 

37.31 
34.78 

2.719 222 M3PFHxS 1 

Sodium perfluorooctanesulfonate PFOS 4021-47-0 521.9194 5.1 - 6.5 
499 → 80 
499 → 99 

41.18 
40.55 

2.719 299 M8PFOS 2 

Perfluoroalkyl Ether Acids (PFEA) 
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Difluoro(perfluoromethoxy)acetic acid PFMOAA 674-13-5 179.9846 0 - 4.0 179 → 85 10.39 16.306 65 MPFBA 0.25 

Perfluoro-2-
(perfluoromethoxy)propanoic acid 

PMPA 13140-29-9 229.9814 0.8 - 4.5 
185 → 85 
185 → 119 

14.56 
9.76 

14.96 68 MPFBA 2 

Perfluoro-3,5-dioxahexanoic acid PFO2HxA 39492-88-1 245.9763 3.7 - 5.1 
201 → 85 
201 → 135 

13.3 
9.04 

3.817 70 M5PFPeA 1 

1,1,2,2-Tetrafluoro-2-(1,2,2,2-
tetrafluoroethoxy)ethane-1-sulfonic acid 

NVHOS 801209-99-4 297.9546 4.0 - 5.3 
297 → 80 
297 → 135 

34.82 
26.27 

2.719 170 M5PFPeA 1 

2,3,3,3-Tetrafluoro-2-
(pentafluoroethoxy)propanoic acid 

PEPA 267239-61-2 279.9782 4.0 - 5.3 
235 → 119 
235 → 135 

8.96 
15.19 

2.719 71 M5PFPeA 0.25 

Perfluoro-3,5,7-trioxaoctanoic acid PFO3OA 39492-89-2 311.9680 4.6 - 5.6 
311 → 85 
311 → 151 

10.9 
5.25 

2.719 49 M5PFHxA 0.5 

Perfluoro-2-methyl-3-oxahexanoic acid 
HFPO-DA or 
GenX 

13252-13-6 329.9750 4.6 - 5.6 
285 → 169 
285 → 185 

5.34 
16.92 

2.719 48 M5PFHxA 1 

Perfluoro-3,5,7,9-butaoxadecanoic acid PFO4DA 39492-90-5 377.9597 4.9 - 5.9 
377 → 85 
377 → 151 

11.36 
5.25 

2.719 58 M8PFOA 2 

2,2,3,3-Tetrafluoro-3-{[1,1,1,2,3,3-
hexafluoro-3-(1,2,2,2-
tetrafluoroethoxy)propan-2-
yl]oxy}propanoic acid 

HydroEve 773804-62-9 427.9730 4.9 - 5.9 427 → 283 11.7 2.719 106 M8PFOA 0.5 

1,1,2,2-Tetrafluoro-2-{[1,1,1,2,3,3-
hexafluoro-3-(1,2,2,2-
tetrafluoroethoxy)propan-2-
yl]oxy}ethane-1-sulfonic acid 

Nafion 
Byproduct 2 

749836-20-2 463.9399 5.1 - 6.1 463 → 263 26.95 2.719 168 M9PFNA 0.1 

Perfluoro-3,5,7,9,11-
pentaoxadodecanoic acid 

PFO5DA 39492-91-6 443.9515 5.1 - 6.1 
443 → 85 
443 → 151 

12.88 
5.25 

2.719 75 M9PFNA 1 

Internal Standards 

Perfluoro-n-[13C4]butanoic acid M4PFBA n/a 218.0001 0 - 4.0 217 → 172 8.75 16.306 60 n/a n/a 
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Perfluoro-n-[13C5]pentanoic acid M5PFPeA n/a 269.0003 3.8 - 5.2 268 → 223 8.12 2.719 69 n/a n/a 

Sodium perfluoro-1-[2,3,4-
13C3]butanesulfonate 

M3PFBS n/a 324.9424 4.5 - 5.5 
302 → 80 
302 → 99 

32.3 
29.09 

2.719 165 n/a n/a 

Perfluoro-n-[1,2,3,4,6-13C5]hexanoic acid M5PFHxA n/a 318.9971 4.5 - 5.7 318 → 273 8.41 2.719 74 n/a n/a 

Perfluoro-n-[1,2,3,4-13C4]heptanoic acid M4PFHpA n/a 367.9905 4.7 - 5.7 367 → 322 8.92 2.719 86 n/a n/a 

Perfluoro-n-[13C8]octanoic acid M8PFOA n/a 422.0009 5.0 - 6.0 421 → 376 9.42 2.719 95 n/a n/a 

Sodium perfluoro-1-[1,2,3-
13C3]hexanesulfonate 

M3PFHxS n/a 424.9360 5.0 - 6.0 
402 → 80 
402 → 99 

36.84 
35.2 

2.719 225 n/a n/a 

Perfluoro-n-[13C9]nonanoic acid M9PFNA n/a 473.0011 5.1 - 6.1 472 → 427 9.59 2.719 105 n/a n/a 

Perfluoro-n-[1,2,3,4,5,6-13C6]decanoic 
acid 

M6PFDA n/a 519.9877 5.3 - 6.3 519 → 474 10.05 3.155 114 n/a n/a 

Sodium perfluoro-1-
[13C8]octanesulfonate 

M8PFOS n/a 529.9466 5.1 - 6.5 
507 → 80 
507 → 99 

41.39 
41.23 

2.719 299 n/a n/a 
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2.6 Evaluation of sorption of PFAS in laboratory waters 

2.6.1 Overview 

 

A variety of tests were performed to evaluate sorption of PFAS in laboratory waters. This included 

batch sorption of three representative PFAS (PFOA, PFHxA and GenX), binding isotherm studies, 

and GenX sorption kinetics tests. For each of these tests, control experiments to account for PFAS 

losses during handling were performed under identical conditions in the absence of sorbent. 

Experiments were performed in triplicate.  

2.6.2 Batch sorption of PFAS in laboratory water 

 

Batch adsorption studies of mixtures of PFAS (PFOA, PFHxA and GenX) were performed in a 1-L 

polypropylene bottle equipped with a magnetic stir bar (700 rpm) at room temperature. The test 

solution consisted of 1 L of deionized water with 200 mg/L sodium chloride, 20 mg/L of humic 

acid (Sigma-Aldrich®, Saint Louis, MO), 10 mg/L of ionic fluorogel, and 1 g/L of each PFAS. Water 

samples (10 mL) for evaluation of PFAS removal were withdrawn at 21 h of absorption time, and 

filtered through either 0.2 μm PTFE or 0.45 μm cellulose acetate filter. The first 5 mL was drained 

to avoid any electrostatic effect from the filter and the remaining 5 mL was collected for LCMS 

analysis. The percent PFAS removal (%PFAS removal) by sorbents was determined as given by 

 

% PFAS removal = 
𝐶0 − 𝐶𝑡

𝐶0
 ×   100 

𝐶0 (mg L-1) = Initial concentration of PFAS                                  

𝐶𝑡 (mg L-1) = Residual concentration of PFAS 

 

2.6.3 Binding isotherm studies 
 

Batch isotherm studies were performed in 125 mL polypropylene bottle (100 mL operating 

volume) equipped with a magnetic stir bar (500 rpm) at 23-25 C. The test solution consisted of 

deionized water dosed with 100 mg/L of ionic fluorogel and GenX spiked to initial concentrations 

of 0.2, 1, 5, 10, 20, 30 and 50 mg/L. Water samples for evaluation of PFAS removal were 

withdrawn at 21 h of absorption time, centrifuged for 15 minutes, and the supernatant from the 

top was taken for LCMS analysis. High concentration samples were serially diluted (5-10 mg/L 

diluted 20x and 20-50 mg diluted 100x) before LCMS analysis. Sorption data was fitted to 

Langmuir and Freundlich sorption isotherms. 
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2.6.4 GenX sorption kinetics  

The kinetics of sorption of GenX were evaluated in 125 mL polypropylene bottles equipped with 

a magnetic stir bar (500 rpm) at room temperature. The test solution (100 mL) contained a 

sorbent dose of 10 mg/L and GenX concentration of 200 g/L or 1 g/L. About 1 mL aliquot was 

taken at each predetermined time intervals (0.5, 1, 5, 10, 30, 60, mins and 21, 48 and 72 h), 

centrifuged for 15 minutes, and the supernatant analyzed by LCMS to determine the residual 

GenX concentration.  

2.7 Evaluation of sorption of PFAS in natural water  

2.7.1 Overview  

Two sets of tests were performed to evaluate sorption of PFAS in laboratory natural waters. This 

included batch sorption tests and flow-through, packed-bed sorption tests using representative 

PFAS. For each of these tests, control experiments to account for PFAS losses during handling 

were performed under identical conditions in the absence of sorbent. Reference sorbents (i.e., 

commercial IX resins and GAC) were also evaluated. 

2.7.2 First Generation Materials – batch sorption of 21 PFAS in settled 

conventional water 

Sorption tests with settled conventional water (OWASA, Chapel Hill, NC, pH = 5.34, TOC ≤ 0.5 

mg/L, conductivity 180 S/cm) spiked with 21 PFAS ([PFAS]0 = 1 ug/L each) (Table 1) were 

performed at room temperature in 100mL polypropylene bottles equipped with a magnetic stir 

bar. A 2 mL aliquot was taken immediately before adding 10 mg IF-1 and at time = 30, 60, 120, 

240 minutes and 24 hours. The aliquots were filtered through a 0.45 um cellulose acetate syringe 

filter, then centrifuged 5 minutes. 1mL of supernatant was transferred to a clean 1.5-mL snap-

top tube, then analyzed by LCMS to determine the residual PFAS concentration. Controls were 

performed with either no PFAS, or no PFAS and no resin.  

2.7.3 First Generation Materials – flow-through, packed-bed sorption of 

21 PFAS in settled conventional water  

Filtered settled conventional water was spiked with PFHxA, PFOA, and GenX, each at a 

concentration of ~500 ng/L, and exposed to air at ambient temperature (~22 oC) overnight. 

Bench-scale RSSCT experiments were performed in accordance with the protocols stipulated in 

ASTM 6586-03 (ASTM International, 2021). The respective RSSCT columns were scaled from a 
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representative pilot-scale column based on the constant diffusivity (CD) similitude approach (see 

additional details in Appendix 3). This scaling approach has been validated for PFAS sorption via 

GAC (Park et al., 2020; Zeng et al., 2020; Najm et al., 2021) and IX (Schaefer et al., 2019; Zeng et 

al., 2020) from PFAS-impacted waters with low levels of dissolved organic carbon, which is 

synonymous with the type of water used in this study. Columns were made of polypropylene (PP) 

with an inner diameter of 0.318 cm (Grainger, Lake Forest, IL). Granular sorbents were pulverized 

and sieved with mesh sizes of #200 and #230 to obtain a desired mean particle diameter of 

0.0685 mm. The sorbent was loaded as a slurry into the column (1.35 cm bed depth) between 

two wetted pieces of glass wool (0.008 mm diameter, Fisher Scientific). The hydraulic loading 

rate (HLR) and empty bed contact time (EBCT) of the RSSCT were 26.3 m/h and 0.03 min, 

respectively, and were calculated assuming a HLR and EBCT of 36.7 m/h and 3 min, respectively, 

for the representative pilot-scale column. Effluent samples were collected in PP centrifuge tubes 

at predetermined intervals and stored at 4oC prior to analysis. Experiments were performed in 

duplicate through ~150,000 bed volumes (BVs). 

2.7.4 Second Generation Materials – batch sorption experiments 

Sorption tests were conducted at room temperature in 500 mL rectangular polypropylene bottles 

equipped with a magnetic stir bar. Water was filtered through a 1 µm filter and spiked with PFOA, 

PFHxA, GenX, and PFMOAA ([PFAS]0 = 1 ug/L each). IFs, GAC, and commercial IX were dosed to 

each bottle at 20 mg/L and stirred at 700 rpm. After 21 hours, stirring was stopped and sorbents 

were allowed to settle for 5 minutes before the supernatant was collected and filtered through 

a 0.22 µm filter. All experimental conditions were tested in duplicate. Controls were performed 

with PFAS and no resin dosed. Tests were conducted using the waters listed below, with water 

quality included in Table 2. 

• OWASA Jones Ferry WTP settled conventional water 

• Greensboro Mitchell WTP settled conventional water 

• Cape Fear Public Utility Authority (CFPUA) Sweeney WTP settled conventional water 

• CPFUA Well P raw water (feed well for the Richardson WTP) 

• East Burlington WWTP effluent 
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Table 2. Source Water Quality. 

 Water Source 

TOC Cl- SO4
2- NO3

- 

mg/L mg/L mg/L mg/L 

OWASA Jones Ferry WTP Settled  1.4 6 50 2 

City of Greensboro Mitchell WTP 
Settled  1.5 7 26 1 

CFPUA Sweeney WTP Settled  1.8 14 36 4 

CPFUA Well P 2.1 22 9 ND 

City of Burlington East Burlington 
WWTP Effluent 13.4 53 48 47 

 

2.7.5 Second Generation Materials – flow-through, packed-bed sorption 

RSSCTs for the 2nd generation materials were conducted under similar conditions to those for 

the 1st generation materials, with a few modifications. For column depth, IF and IX materials 

were tested at 1.5 cm depth and scaled to a 2 min EBCT. GAC materials were tested at 3.5 cm 

column depth and scaled to a 7.5 min EBCT. IF, IX, and GAC materials were tested in singlet to 

~370,000 BV, ~375,000 BV, and ~145,000 BV, respectively. Mean particle diameters for IF, IX, 

and GAC were 68.5 µm, 97 µm, and 89 µm, respectively. Water used for these tests were not 

spiked with PFAS. 

2.8 Ionic fluorogel regeneration tests 

 

Five cycles of sorption and desorption of GenX with IF-1 were performed to assess the 

regenerability of IFs and performance after regeneration. To perform these tests, a small packed-

bed of IF-1 (20 mg) was created in a 0.45 m PTFE filter (25 mm) via filtration of a 400mM 

ammonium acetate in 1:1 EtOH:H2O (20 mL) solution containing the fluorogel followed by 

filtration of deionized water, if needed. The absorption stages consisted of filtration of a solution 

of GenX (18 mg/L, 20 mL) through the filter over 2 mins. To remove any trace of GenX solution in 

the filter before the desorption stage, the filter was washed by passing through deionized water 

(20 mL). The desorption stage consisted of passing through the filter 20 mL of a 1:1 EtOH:H2O 

solution containing 400 mM ammonium acetate over 2 minutes. The GenX concentration in the 

effluent was evaluated by LCMS in both the sorption and desorption stages. Before the next 

absorption stage, the filter was washed by passing through deionized water (20 mL) to remove 

any trace of methanolic solution left over and the residual deionized water was removed by 

vacuum suction. 
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2.9 Ionic fluorogel stability tests 

 

The stability of pre-weighed IF-1 and IF-20+ (Kumarasamy et al., 2020) photocured discs 

after exposure to alkaline solutions was evaluated. The discs were pre-weighed and suspended 

in 2 mL alkaline solution for a defined period (i.e., 1, 2, 4, and 8 weeks), then removed from the 

suspension. After removal, the discs were washed once with deionized H2O, massed, dried, 

soaked in 400 mM methanolic ammonium acetate solution over 2hr, washed with deionized H2O, 

dried, and massed again. Alkaline solutions consisted of a glycine-NaHCO3 buffer (pH 8.7) and a 

NaHCO3-NaOH buffer (pH 11.7). Exposure to alkaline solution was performed in an incubator at 

either 23 ⁰C or 50 ⁰C. Swelling ratio was determined by the ratio of swollen to dried mass before 

washing with MeOH solution. Percent mass loss was determined from the initial and final (after 

MeOH wash) dry mass. The degradation media were submitted for nontargeted analysis to 

determine if any PFAS were leached upon resin degradation. Each experiment was run in 

triplicate.  

 
 

3. Results and Discussion 

3.1 Physical properties and stability of 1st generation ionic fluorogels 

 

A library of IFs was synthesized with the PFS-capped oligomers of EH10H and FTEG which 

have analogous chemical structures and different molecular weights (Figure 1A). The range of IFs 

compositions used is summarized in Figure 2 along with the measured glass transition 

temperatures (Tg) and swelling ratios. The resulting materials were elastomers with low swelling 

ratios (1.1-1.6) in 0.1M NaCl. Notably, the swelling ratio was generally higher for materials with 

higher incorporation of ammonium ion, which is presumably due to both increased hydrophilicity 

and decreased crosslink density. The Tg of the IFs did not change considerably with the subtle 

differences in chemical composition and remained between 3.7 and 14 ⁰C. Light and scanning 

electron microscopy images of the materials (Figure 3) demonstrated their granular nature and 

lack of appreciable porosity. 
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Figure 3. (A) Light microscope image at 100x magnification of IF-8 showing the granular nature 
of the resin. (B) SEM images of IF-8 at 2.0 kV. 

 

We fabricated structurally tunable and chemically stable IF resins. Chemical stability was 

achieved by end-functionalization of PFPEs with polymerizable functionality connected through 

aryl-ether linkages. This contrasts with our previous generation IF resins (Kumarasamy et al., 

2020) which contain ester and carbamate linkages that we hypothesized would degrade 

significantly over time in aqueous solution. We performed accelerated degradation studies (i.e., 

immersion in basic solution at pH 8.7 at 50 ⁰C for up to 56 days) with IF-1 (Figure 2) and the 

structurally similar IF-20+ from the previous generation IF resins (Kumarasamy et al., 2020). The 

hydrolytically stable IF-1 maintained a low swelling ratio and consistent mass, while the IF-20+ 

with ester and carbamate linkages degraded significantly, suffered precipitous loss and 38% mass 

loss over 56 days (Figure 4A).   

 

A.

B.
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Figure 4. (A) Mass loss of IF-20+ (red triangles) and IF-1 (blue diamonds) over 56 days. pH = 8.7, 
50 ⁰C. Error bars: standard deviation of 3 experiments. Discs were washed with methanol before 
drying to determine mass loss. (B) Averaged area counts (duplicate samples) of the 5 most-
intense peaks detected via nontargeted analysis of the extracts after washing the samples from 
day 28 of the mass loss study in methanol. The m/z values vary by combinations of 49.99, 65.99, 
and 115.99, indicative of PFPE repeat units. 
 

To identify the degradation products of IF hydrolysis, nontargeted analysis via high-

resolution mass spectrometry was used to analyze the aqueous media and methanol extracts 

isolated from each degradation time point (McCord et al., 2020; Washington et al., 2020). The 

nontargeted analysis of IF-20+ revealed characteristic homologous series of m/z values for PFPEs 

in the IF-20+ methanol extract (Figure 4B). The five m/z values with the highest area counts via 

MS vary by approximately 49.99, 65.99 or 115.99, characteristic of the difluoromethylene (CF2), 

difluoromethylene glycol (CF2O), and tetrafluoroethylene glycol (CF2CF2O) (Figure 4B) repeat 

units present within Fluorolink® PFPEs (McCord et al., 2020; Washington et al., 2020). Minimal 

peak areas were observed for the same m/z values in the aqueous IF-20+ degradation media, 
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indicating that degraded fluoropolymer remained trapped in the IF matrix until desorption with 

organic solvent (Figure 5). In contrast, nontargeted analysis of the aqueous media and methanol 

extracts of IF-1 demonstrated over two orders of magnitude lower area counts of characteristic 

PFPE peaks relative to IF-20+ (Figures 4b, 5). These data support the hypothesis that end-

modification of PFPE oligomers with perfluorostyrene enables synthesis of more hydrolytically 

stable IFs. 

 

 

Figure 5. Comparison between averaged area counts of degradation media (H2O) and methanol 
extracts (MeOH) of IF-20+ and IF-1 subjected to nontargeted analysis. Duplicate samples. 

3.2 Influence of polymer network architecture on PFAS removal 

 

To explore the influence of polymer network architecture, we used the library of 

quaternized IFs summarized in Figure 2. The effect of network architecture on PFAS removal 

performance was evaluated through batch PFAS sorption experiments under simulated natural 

water conditions using PFOA (long-chain), PFHxA (short-chain), and GenX (branched) as target 

contaminants (Figure 6).  Many IFs removed over 75% each of PFOA, PFHxA, and GenX, and all 

IFs outperformed Purolite 694AE, a commercial IX used for PFAS remediation. For example, IF-1, 

which had 20 wt% amine content and only the longer PFS-E10H as a fluorous component, had 

nearly complete PFOA removal and approximately 80% PFHxA and GenX removal. Varying 

network architecture had a marked effect on PFAS remediation. Specifically, IF-3, which 

contained the same ammonium content as IF-1 but contained 40 wt% of the shorter PFS-FTEG as 

a fluorous component, demonstrated enhanced performance for the remediation of the short-

chain PFAS substrates PFHxA and GenX. Using only the shorter PFS-FTEG as a fluorous component 

(IF-5, IF-10), however, led to a decrease in performance compared to all the other materials. 

Further, the two best performing formulations (IF-3 and IF-8) had the same content of the longer 
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(PFS-E10H) and shorter (PFS-FTEG) fluorous components. From these data, we conclude that a 

heterogeneous distribution of mesh size within the polymer network improves PFAS sorption. 

 

 
Figure 6. Batch equilibrium PFAS sorption by IFs. IX = Purolite 694AE. Water constituents: 200 
mg/L NaCl and 20 mg/L humic acid; pH = 6.4; Sorbent: 10 mg/L; PFAS: (PFOA, PFHxA, GenX, 1 
μg/L each); Equilibrium time: 21 h. Error bars: Standard deviation of 3 experiments. The 
composition of IF-1 through IF-10 is summarized in Figure 2. 
 

3.3 Sorption kinetics and isotherm for GenX by 1st generation ionic 

fluorogels 

 

We evaluated the sorption kinetics and isotherm for GenX, a model anionic PFAS, using 

IF-1, a high performing resin. IF-1 demonstrated rapid, irreversible adsorption of GenX in pure 

water reaching nearly maximum sorption within 1-2 h (Figure 7A). The IF-1 isotherm data 

demonstrated a better fit to the Langmuir model (R2 = 0.96) relative to the Freundlich model (R2 

= 0.90) (Figure 7B), indicating that surface adsorption of GenX to the IF particle is likely the 

dominant method of PFAS removal from water (Swenson and Stadie, 2019). The Langmuir 

adsorption model indicated a binding capacity for GenX of 280 mg/g of resin, which is on par with 

the highest capacity for GenX in the literature at an environmentally relevant pH (278/mg/g) 

(Kumarasamy et al., 2020).  
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Figure 7. (A) Time dependent GenX sorption by IF-1 at [GenX]0 = 1 μg/L; [IF-1] = 10 mg/L) 
concentration. pH = 9.7. Similar fast kinetics were obtained at [GenX]0 = 1 μg/L (Appendix 3). (B) 
GenX Sorption Isotherm by IF-1 ([IF-1] = 100 mg/L; [GenX]0 = 0.2-50 mg/L). Lines show fit to 
Langmuir (red, solid) and Freundlich (blue, dashed) models. Langmuir model: R2 = 0.96; 
equilibrium constant KL = 1.2 ± 0.5 L/mg; maximum sorption capacity at equilibrium Qm = 280 ± 
20 mg/g. Freundlich model: R2 = 0.90; Freundlich constant KF = 140 ± 20 mg/g)(L/mg)1/n; intensity 
of adsorption n = 4.2. 

3.4 Regenerability of 1st generation ionic fluorogels  

 

The regenerability of IF-1 over multiple cycles of GenX sorption and desorption was 

investigated using a syringe filter containing IF-1. During loading of IF-1 with GenX, over 75% 

removal of GenX was achieved per LC-MS analysis of the filtrate, equivalent to 10-15 mg/g PFAS 

loading of the IF material. GenX was adsorbed and desorbed from IF-1 over 5 cycles (Figure 8) 

with no decrease in GenX sorption efficiency, using an environmentally friendly solvent (Capello 

et al., 2007). The ability to regenerate these IFs enables their reuse and creates a concentrated 

solution of PFAS that can be disposed of or destroyed through traditional or emerging 

technologies (Cui et al., 2020). 
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Figure 8. Regeneration and reuse over 5 cycles of IF-1. IF-1 = 20 mg, [GenX] = 18 mg/L (20 mL); 
extraction with 400 mM ammonium acetate in 1:1 EtOH:H2O (20 mL). Error bars: Standard 
deviation of 3 experiments. 
 

3.5 Synthesis of 2nd generation Ionic Fluorogels 
 

Given the need for a scalable and chemically stable PFAS remediation technology, we next 

looked to other classes of partially fluorinated polymers which could serve as low cost, chemically 

stable, and high performance fluorophilic matrices for PFAS removal. To that end, we identified 

Fluoroolefin-Vinyl Ether copolymers (FVEs), a class of polymers with tunable fluorine density 

(from the fluoroolefin comonomer) and a wide variety of accessible functionality (from the vinyl 

ether comonomer).(Valade et al., 2009, 2010; Santhosh Kumar and Ameduri, 2010; Liu et al., 

2011; Alaaeddine et al., 2012, 2013b, 2013a; Couture et al., 2013, 2015; Wang et al., 2013; 

Boschet and Ameduri, 2014; Hamiye et al., 2014; Dams and Hintzer, 2016; Lee et al., 2020; 

Mohammad et al., 2020) FVEs are attractive materials for a multitude of applications due to their 

resistance to chemical, thermal, and hydrolytic degradation, imparted by the high fluorine 

density and alternating structure of the polymer backbone.(Couture et al., 2011; Boschet and 

Ameduri, 2014; Li and Liao, 2017, 2018; Mohammad et al., 2020) 

  

We hypothesized that FVEs would be excellent substrates for the development of new 

platform technology of chemically stable, versatile, and scalable 2nd generation IFs. The 2nd 

generation IFs comprise FVE copolymers that are chemically crosslinked into polymer networks 

through a nucleophilic displacement reaction with a reactive vinyl ether monomer. This platform 

allows the tuning the fluorophilicity of IFs by varying the fluoroolefin (tetrafluoroethylene, 

chlorotrifluoroethylene, hexafluoropropylene) and the vinyl ether (ethyl, n-butyl, i-butyl) 
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comonomers that comprise the FVEs. Additionally, commercially available FVEs may be leveraged 

as starting materials, highlighting the translational relevance of this method. 

 

We hypothesized that tuning the identity of the nucleophile would impact PFAS sorption 

efficiency. To probe this tunability, we identified three representative nucleophiles (Figure 9). 

The first, Me6TREN, was a commercially available multiamine which we hypothesized we could 

leverage through nucleophilic substitution reactions with FVE copolymers to achieve IFs. The 

other two nucleophiles, multiamine 1 and multiamine 2, were aromatic-core trifunctional 

crosslinkers with varied functionality which we hypothesized would affect PFAS removal from 

water. 

Figure 9. Representative multiamines used in synthesis of 2nd generation IFs. 

 

We synthesized a systematic library of IFs (Table 3) by varying multiamine identity and 

weight percent incorporation, enabling systematic variation of crosslinking density and cation 

density. Representative synthesis of 2nd-generation IFs is shown for IF 2-1 in Figure 10. In a one-

pot reaction, commercial FVE copolymer was dissolved in organic solvent, then multiamine 

crosslinker was added to the solution. Leaving groups on the FVE copolymer are substituted with 

the tertiary amines of Me6TREN, installing crosslinks and permanent cationic charge in a single 

step. The resulting granular materials were ground and sieved to between 75 and 125 microns 

for batch testing in various water sources. 
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Table 3. Library of 2nd generation IFs. 

Entry Multiamine Weight % incorporation 

IF 2-1 Me6TREN 20 

IF 2-2 Multiamine 1 20 

IF 2-3 Multiamine 1 30 

IF 2-4 Multiamine 1 40 

IF 2-5 Multiamine 2 20 

IF 2-6 Multiamine 2 30 

IF 2-7 Multiamine 2 40 

 

 

 

Figure 10. Representative 2nd generation IF synthesis (IF 2-1). 

 

3.6 Batch results with lab water for 2nd generation ionic fluorogel 

Initial screening of 2nd generation materials was achieved by subjecting each material to 

batch tests in pure water with sodium chloride added to it (Figure 11). Each sorbent was added 

at 10 mg/L loading and stirred for 3 hours. Then, PFAS solution (1ug/L each) was added, and the 

experiment was run for 21 hours before water sample collection for analysis by LC-MS relative to 

control samples without exposure to sorbents. Control experiments were also conducted using 

commercial anion exchange resins PFA694E and Purolite PSR2+.  

 Second generation IFs demonstrated a range of PFAS remediation efficiencies. IF 2-1, 

which leverages commercially available Me6TREN, demonstrated low to moderate removal 

efficiencies of most PFAS. However, IF 2-2 through 2-7 efficiently removed long-chain PFOA, 

PFOS, and PFNA, and were comparable to the two commercial resins. Short-chain PFAS removal 

was limited, however, compared to PSR2+, as well as compared to 1st generation materials 

subjected to the same experiment. These results highlight the difference that specific polymer 
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and crosslinker architectures may make; although the atomic composition of 1st and 2nd 

generation IFs are similar, the architecture and specific structure of 1st generation IFs likely 

enables them to outperform these 2nd generation materials. 

 

Figure 11. Batch equilibrium PFAS sorption by 2nd generation IFs. Water constituents: 200 mg/L 

NaCl; pH = 6.4; Sorbent: 10 mg/L; PFAS: (PFOA, PFHxA, GenX, 1 μg/L each); Equilibrium time: 21 

h. Average of duplicate experiments shown. Meanings and acronyms of PFAS given in Table 1. 

 

 Despite the lesser performance of 2nd generation fluorogels compared with 1st generation 

fluorogels in batch tests, we hypothesize that tuning the synthesis and processing procedure for 

the 2nd generation IFs may improve PFAS removal performance. IF 2-6a (Figure 12) was 

synthesized as a variation of IF 2-6, wherein the crosslinker was formed in situ during the 

reaction. The resulting material demonstrated improved PFAS removal performance for seven of 

the eight analytes tested, indicating that we have not yet synthesized optimized materials from 

this class. Further research in this area to fine-tune the chemistry and synthesis procedure would 

be beneficial. 



28 
 
 

 

Figure 12. Batch equilibrium PFAS sorption by 2nd generation IF 2-6 and IF 2-6a relative to anion 

exchange resins. Water constituents: 200 mg/L NaCl; pH = 6.4; Sorbent: 10 mg/L; PFAS: (PFOA, 

PFHxA, GenX, 1 μg/L each); Equilibrium time: 21 h. Average of duplicate experiments shown. 

Meanings and acronyms of PFAS given in Table 1. 

3.7 PFAS removal from natural water 

3.7.1 Batch tests – 1st generation ionic fluorogels 

We described in Section 3.2 (Figure 6) the removal of three representative PFAS (i.e., 

PFOA, PFHxA, and GenX) from simulated water by a range of structurally diverse and chemically 

stable IFs. The performance of the chemically stable IF-1 was also evaluated in batch tests using 

real water spiked with a chemically diverse mixture of PFAS at environmentally relevant 

concentrations (Figure 13). To that end, settled conventional (surface) water (pH = 5.34, TOC ≤ 

0.50 mg/L, conductivity = 180 S/cm) was spiked with 21 emerging and legacy PFAS at 1 μg/L 

each.  Batch equilibrium adsorption of each PFAS using IF-1 (100 mg/L) resulted in greater than 

77% removal for 18 of the 21 PFAS. 

 

Closer analysis of this data elucidated the relationship between PFAS chemical structure 

and adsorption efficiency. Notably, analytes that contain only two (PFMOAA) or three (PFBA, 

PMPA, and PFO2HxA) perfluorocarbons, respectively, demonstrate less selective removal 

efficiency, which we hypothesize is due to their limited fluorophilic interaction with the IF resin. 

PFAS with four perfluorocarbons (PFPeA, PFBS, PEPA, PFO3OA, NVHOS) demonstrated 87 to 97% 

removal, and legacy PFAS with seven perfluorocarbons (PFOA) demonstrated over 98% removal. 

Additionally, these data demonstrate clear trends wherein perfluorinated sulfonic acids are 
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adsorbed more efficiently than their perfluorinated carboxylic acid counterparts, and linear PFAS 

are adsorbed more efficiently than their branched counterparts. These analyte structure–

adsorption relationships align with our previous work (Kumarasamy et al., 2020) and provide 

more detailed support for our proposed mechanism of PFAS adsorption. 

 

 
Figure 13. Batch equilibrium adsorption of 21 PFAS by IF-1 (100 mg/L). [PFAS]0 = 1 μg/L each. 
Settled conventional water, OWASA, Chapel Hill, NC. Experiment time: 24 hours. Error bars: 
Standard deviation of 3 experiments. Meanings of acronyms for PFAS are listed in Table 1. 

3.7.2 Batch tests – 2nd generation ionic fluorogels 

Percent removal of different PFAS compounds for IF 2-3, IF 2-7, and PSR2+ are shown in 

Figure 14. PSR2+ outperformed both new IF formulations in all water matrices, whereas IF 2-7 

was the better of the two IF formulations and demonstrated comparable removal (to PSR2+) of 

PFOA, PFHxA, and GenX in OWASA water. Both IFs exhibited their best performance in OWASA 

water, and did not perform as well in Greensboro and Sweeney waters. This is likely due to 

OWASA settled water having lower TOC (1.4 mg/L) compared to Sweeney (1.8 mg/L) and 

Richardson (2.1 mg/L). 

 

Figure 15 shows PFAS removal by IF 2-3, a GAC product (Calgon F400), and PSR2+ grouped 

by different water types. IF 2-3 and PSR2+ generally outperformed GAC. Removals were highest 

in all waters for OWASA settled water, followed by CFPUA Well P. East Burlington WWTP effluent 

was the most challenging matrix tested, and only PSR2+ removed >50% of PFHxA and GenX in 

this matrix.  
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Figure 14. Comparison of 2nd generation IF with a commercial IX resin. [PFAS]0 = 1μg/L each, 

sorbent dose = 20 mg/L. Experiment time: 21 hours. Meanings of acronyms for PFAS are listed in 

Table 1. 
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Figure 15. Efficacy of IF, GAC, and commercial IX across different natural waters. [PFAS]0 = 1μg/L 

each, sorbent dose = 20 mg/L. Experiment time: 21 hours. Meanings of acronyms for PFAS are 

listed in Table 1. 

3.7.3 Packed-bed tests – 1st generation ionic fluorogels 

The most common mode of implementation of granular sorbents in water treatment is in 

packed-bed configuration, where contaminated water is purified by passing it through a sorbent-

containing column. Therefore, the translational relevance of granular sorbents is heavily 

determined by their performance in packed-bed configuration. Rapid Small-Scale Column Tests 

(RSSCTs) are a validated method to probe resin performance in a flow-through, packed-bed 

column geometry (Crittenden et al., 1991), where the figure of merit is the number of bed 

volumes of water that pass through the resin before 10% of the influent solute is detected in the 

effluent water (Park et al., 2020). We used RSSCTs to evaluate the performance of an IF 

formulation with high performance in batch configuration (i.e., IF-8) and Purolite 694AE IX resin 

(Figure 16). The influent water was composed of conventional settled water spiked with 

environmentally relevant levels of PFOA, PFHxA, and GenX ([PFAS]0 = 500 ng/L each).  
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Neither column exceeded 10% breakthrough of the long-chain PFOA over 150,000 bed 

volumes. The enhanced performance of the IF was demonstrated by their selectivity for short-

chain PFAS, PFHxA and GenX. These two PFAS demonstrated breakthrough for the IX resin at 

approximately 50,000 bed volumes of water. In contrast, the RSSCT that contained IF-8 displayed 

no breakthrough of either PFHxA or GenX up to 180,000 bed volumes, which corresponds to 375 

days of simulated continuous operation in a pilot-scale treatment plant.  

 

 
Figure 16. Rapid small scale column tests (RSSCTs) results of IF-8 (red traces) and IX (blue 
traces). IX = Purolite PFA694AE. Settled conventional water, OWASA, Chapel Hill, NC. [PFAS]0 = 
500 ng/L each. Breakthrough = [PFAS]effluent / [PFAS]0. 

 

3.7.4 Packed-bed tests – 2nd generation ionic fluorogels 

Results of an RSSCT conducted with IF 2-3, Calgon F400, and PSR2+ are shown in Figure 17. For 

PFAS of the same length, sulfonates took longer to breakthrough than carboxylic acids (e.g., PFOS 

longer than PFOA, PFHxS longer than PFHxA). Similarly, longer chain compounds (i.e., PFOA, 

PFOS) took longer to break through than shorter chain compounds (i.e., PFHxA, PFHxS). PSR2+ 

was the best performing material, followed by IF 2-3 and GAC. Notably, for FVE-IFs, the 

breakthrough time for sulfonates increased with decreasing chain length in the order PFOS, 

PFHxS, and PFBS. 
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Figure 17. Rapid small scale column tests (RSSCTs) results of IF 2-3 (pink traces), Calgon F400 

(black traces), and PSR2+ (yellow traces). Settled conventional water, OWASA, Chapel Hill, NC. 

Background PFAS concentrations (no spiked PFAS). 

 

4. Conclusions 

Hydrolytically stable IFs warrant further development as high-performing materials for 

the remediation of both legacy and emerging anionic PFAS from water. The design and synthesis 

of a library of materials indicated that changes in network architecture translate to large 

differences in PFAS remediation in simulated natural water, while careful end group modification 

improves hydrolytic stability. These IFs remove a structurally diverse mixture of anionic PFAS at 

environmentally relevant concentrations from natural waters under batch equilibrium 

adsorption conditions, which enabled the identification of relationships between PFAS chemical 

structure and adsorption efficiency. One IF (IF-8) demonstrated superior performance in a flow-

through column geometry for the removal of short-chain PFAS from natural water compared with 

a commercial ion exchange resin, thus indicating the potential of this material to provide a 

solution for PFAS remediation that is superior and/or complementary to state-of-the-art 

technologies. Use of FVEs instead of PFPEs in the fluorous backbone structure of the resins to 

take advantage of more stable and cost accessible building blocks yielded resins with shorter 

breakthrough times in packed-bed tests which were intermediate between those of a leading 

commercial resin (PSR2+) and a leading granular activated carbon (F400). Our results indicate 
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that optimizing the synthesis and processing procedure for the 2nd generation IFs (i.e., FVE-IFs) 

may further improve PFAS removal performance. 
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5. Recommendations 

The influence of sorbent architecture on PFAS sorption warrants further investigation. 

Specifically, alterations in crosslink density and thermomechanical properties of the matrix such 

as glass transition temperature (i.e., backbone rigidity) and swelling likely impact PFAS sorption 

ability. Furthermore, the chemical identity of the fluorinated polymer backbone led to varied 

PFAS sorption. A systematic study of the interactions between PFPE and PFAS, FVE and PFAS, 

PFPE and organic matter or competing ions, and FVE and organic matter or competing ions, is 

warranted. Understanding the beneficial properties of each polymer class will enable rational 

design of fluorinated sorbents for PFAS removal which leverage cost-effective starting materials 

and are highly scalable and efficient.  

 

Results presented here showed that sorbent capacity was highly dependent on the water 

matrix in which it was tested. The concentrations of sorbates which compete with PFAS, such as 

TOC and nitrate, were negatively correlated with PFAS removal. Characterizing which fraction of 

natural organic matter fouls different sorbents could lead to organics removal processes that are 

optimized for extending sorbent life. Likewise, for wastewater treatment plants with high 

effluent nitrate, better understanding the competition from nitrate would inform whether 

denitrification may serve dual benefits of nutrient reduction and extending sorbent life. 

Advancing the knowledge of how competing sorbate concentrations affect PFAS removal 

capacity could assist in the design of novel sorbents and assist water utilities and design engineers 

in optimizing pretreatment processes.  
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Appendix 1. Alphabetical List of Abbreviations and Symbols, with Definitions 

 
 

Symbols 

C0 Initial concentration of PFAS 

Ct Residual concentration of PFAS 

G’ Elastic modulus 

G’’ Loss modulus 

KF Freundlich constant 

KL Equilibrium constant 

m/z Mass-to-charge ratio 

n Intensity of sorption 

Qm Maximum sorption capacity at equilibrium 

Tg Glass transition temperature 

Abbreviations 

AIBN Azobisisobutyronitrile 

BV Bed volume 

CD Constant diffusivity 

CF2 Difluoromethylene 

CF2CF2O Tetrafluoroethylene glycol 

CF2O Difluoromethylene glycol 

DSC Differential scanning calorimetry 

E10H Fluorolink®E10H 

EBCT Empty bed contact time 

EPA Environmental Protection Agency 

EtOH Ethanol 

FTEG Fluorinated tetraethylene glycol 

FTIR Fourier-transform infrared 

GAC Granular activated carbon 

GenX Perfluoro-2-methyl-3-oxahexanoic acid 

H2O Water 

HLR Hydraulic loading rate 

HPLC High performance liquid chromatography 

HydroEve 2,2,3,3-Tetrafluoro-3-{[1,1,1,2,3,3-
hexafluoro-3-(1,2,2,2-
tetrafluoroethoxy)propan-2-
yl]oxy}propanoic acid 

IX Ion-exchange resin 

IF Ionic fluorogel 

IR Infrared 
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LCMS Liquid chromatography mass 
spectrometry 

M3PFBS Sodium perfluoro-1-[2,3,4-
13C3]butanesulfonate 

M3PFHxS Sodium perfluoro-1-[1,2,3-
13C3]hexanesulfonate 

M4PFBA Perfluoro-n-[13C4]butanoic acid 

M4PFHpA Perfluoro-n-[1,2,3,4-13C4]heptanoic acid 

M5PFHxA Perfluoro-n-[1,2,3,4,6-13C5]hexanoic acid 

M5PFPeA Perfluoro-n-[13C5]pentanoic acid 

M6PFDA Perfluoro-n-[1,2,3,4,5,6-13C6]decanoic acid 

M8PFOA Perfluoro-n-[13C8]octanoic acid 

M8PFOS Sodium perfluoro-1-[13C8]octanesulfonate 

M9PFNA Perfluoro-n-[13C9]nonanoic acid 

MeOH Methanol 

NaCl Sodium chloride 

Nafion 
Byproduct 
2 

1,1,2,2-Tetrafluoro-2-{[1,1,1,2,3,3-
hexafluoro-3-(1,2,2,2-
tetrafluoroethoxy)propan-2-
yl]oxy}ethane-1-sulfonic acid 

NaHCO3 Sodium bicarbonate 

NaOH Sodium hydroxide 

NC North Carolina 

NVHOS 1,1,2,2-Tetrafluoro-2-(1,2,2,2-
tetrafluoroethoxy)ethane-1-sulfonic acid 

OWASA Orange Water and Sewer Authority 

PEPA 2,3,3,3-Tetrafluoro-2-
(pentafluoroethoxy)propanoic acid 

PFAS Per- and polyfluoroalkyl substances 

PFBA Perfluorobutanoic acid 

PFBS Potassium perfluorobutanesulfonate 

PFCA Perfluoroalkylcarboxylic acid 

PFDA Perfluorodecanoic acid 

PFEA Perfluoroalkyl ether acid 

PFHpA Perfluoroheptanoic acid 

PFHxA Perfluorohexanoic acid 

PFHxS Sodium perfluorohexanesulfonate 

PFMOAA Difluoro(perfluoromethoxy)acetic acid 

PFNA Perfluorononanoic acid 

PFO2HxA Perfluoro-3,5-dioxahexanoic acid 

PFO3OA Perfluoro-3,5,7-trioxaoctanoic acid 
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PFO4DA Perfluoro-3,5,7,9-butaoxadecanoic acid 

PFO5DA Perfluoro-3,5,7,9,11-pentaoxadodecanoic 
acid 

PFOA Perfluorooctanoic acid 

PFOS Perfluorooctanesulfonic acid 

PFPE Perfluoropolyether 

PFPeA Perfluoropentanoic acid 

PFS Pentafluorostyrene 

PFSA Perfluoroalkylsulfonate 

PMPA Perfluoro-2-(perfluoromethoxy)propanoic 
acid 

PP Polypropylene 

PTFE Polytetrafluoroethylene 

RSSCT Rapid small-scale column test 

SEM Scanning electron microscopy 

TGA Thermal gravimetric analysis 

TOC Total organic carbon 
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Appendix 2. Dissemination of Results 

Presentations and publications, including theses or dissertations  

 

Manning, I. M.; Chew, N.G.P.; Macdonald, H.P.; Coronell, O.; and Leibfarth, F.A. High-

Performance Ionic Fluorogels for PFAS remediation from water (poster). Presented at the 

Fluoropolymer 2023 conference, Denver, CO, June 18-21, 2023. 

 

Leibfarth, F.A. Ionic Fluorogels: A Platform Technology for PFAS Remediation from Water. 

Presented at the Fluoropolymer 2023 conference,  Denver, CO, June 18-21, 2023.  

 

Manning, I. M.; Chew, N.G.P.; Macdonald, H.P.; Coronell, O.; and Leibfarth, F.A. Efficient, High-

Performance Ionic Fluorogels for PFAS Remediation from North Carolina Waters (oral). Presented 

at the American Water Works Association (AWWA) Annual Conference & Expo 2023 (ACE23), 

Toronto, ON, Canada, June 10-13, 2023.  

 

Manning, I.M. Efficient, High-performance Ionic Fluorogels for Remediation of North 
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Patents, data sets, or web sites  

 
N/A. 

 
 

Efforts at technology transfer or communication of results to end users, policy 

makers, or others (beyond, or based on, the items from the two bullets above)  

 
The PIs have disseminated to NC policymakers and water treatment utilities across the state the 
results obtained with the ionic fluorogel technology. Follow up funding from the State via the 
North Carolina Collaboratory has been secured. 
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