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Abstract: Organic micropollutants (MPs) are anthropogenic substances that contaminate water 

resources at trace concentrations. Many MPs, including per- and polyfluorinated alkyl substances 

(PFASs), have come under increased scrutiny because of their environmental persistence and 

association with various health problems. A β-cyclodextrin polymer linked with 

tetrafluoroterephthalonitrile (TFN-CDP) has shown promise for removing MPs from contaminated 

water and has a particularly high affinity towards cationic MPs. This selectivity arises from anionic 

groups incorporated into the crosslinker during the polymerization. Thus, the polymer does not 

bind many anionic MPs strongly, including anionic PFASs. To address this shortcoming, we 

reduced the nitrile groups in TFN-CDP to primary amines, which reverses its affinity towards 

charged MPs. TFN-CDP exhibits adsorption distribution coefficients (log KD values) of 2-3 for 

cationic MPs and -0.5-1.5 for anionic MPs, whereas the reduced TFN-CDP exhibits log KD values 

of -0.5-1.5 for cationic MPs and 2-4 for anionic MPs, with especially high affinity towards anionic 

PFASs. Kinetic studies of the removal of 10 anionic PFASs at environmentally relevant 

concentrations showed 80-98% removal of all contaminants after 30 min and was superior to 

commercial granular activated carbon. These findings demonstrate the scope and tunability of CD-

based adsorbents derived from a single polymerization and the promise of novel adsorbents 

constructed from molecular receptors. 
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Introduction 

Organic micropollutants (MPs) are chemicals present in water resources at ng L–1 to µg L–1 

concentrations as a consequence of human activities.1,2 Concerns about their negative effects on 

human health3–7 and the environment8–10 motivate the development of technologies that remove 

MPs more effectively.11–16 These efforts are complicated by the broad range of physiochemical 

properties of MPs, including charge, size, hydrophobicity, and their diverse chemical functionality. 

We previously reported β-cyclodextrin (β-CD)-based polymers (CDPs) derived from nucleophilic 

aromatic substitution reactions with aryl-fluoride-containing crosslinkers, which have shown 

promise to remove MPs from water.11,12,14,16 For example, a CDP crosslinked by 

tetrafluoroterephthalonitrile (TFN), was formed as a permanently porous network (1, Fig 1) that 

rapidly removes many MPs from water,11 resists fouling by natural organic matter,13,14 and can be 

regenerated.17 A study of the binding of 83 MPs under environmentally relevant concentrations 

revealed that 1 rapidly removes many cationic and neutral MPs, but removal of anionic MPs was 

variable and relatively low.13 This selectivity for cations was attributed to anionic phenolate groups 

introduced to the TFN crosslinkers during the polymerization.16 However, the inability of 1 to bind 

anionic micropollutants, including anionic perfluorinated alkyl substances (PFASs),13,16 is a major 

limitation to its broad utility and technological promise. 

Anionic PFASs present a particular environmental problem because of their resistance to 

biodegradation or chemical transformation18 and correlation to negative health effects.6 PFASs 

have been used in the formulations of thousands of consumer goods19 and are present in aqueous 
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film-forming foam formulations used to suppress aviation fires in training scenarios.20,21 As a 

result, they have contaminated surface and ground waters near thousands of airports and military 

installations.22,23 In 2018, the Environmental Working Group reported that over 110 million people 

in the United States were exposed to drinking water with PFAS concentrations above 2.5 ng L–1.24 

PFASs have been linked to cancers,3 liver damage,4 thyroid disease5 and other health problems.6 

Contaminated water systems are typically remediated with granular activated carbon (GAC), but 

its modest affinity for PFASs, particularly short chain derivatives, makes it an expensive and stop-

gap solution.25,26 In our recent reports,14,15 it was discovered that noncovalent interactions and the 

electrostatics of functional groups influence PFAS affinity to adsorbents. For example, the 

incorporation of more heavily fluorinated crosslinkers, as well as a lower incorporation of anionic 

functional groups in decafluorobiphenyl-linked CDPs were attributed to its promising 

perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) removal from water. In 

contrast, CDPs cross-linked by epichlorohydrin exhibited inferior PFAS removal.27  

Based on a hypothesis that cationic CDPs would exhibit selectivity for anionic substances and 

PFASs relative to previous adsorbents, we reduced the nitriles of CDP 1 to primary amines. CDP 

2 was synthesized from 1 (Fig 1), and this simple post-polymerization reduction transformed a 

polymer with low affinity for anionic MPs to a material with a high affinity for many anionic MPs, 

including ten anionic PFASs tested at environmentally relevant concentrations. 

 

Figure 1. Post-polymerization reduction of 1 yields amine functionalized 2, which remove anionic MPs 
and PFASs from water. 
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Results and Discussion 

In a previous report,16 we described the nucleophilic aromatic substitution reaction of TFN with 

β-CD, providing 1 as a crosslinked polymer. The nitriles of a commercial sample of 1 were reduced 

to primary amines using excess BH3•S(CH3)2 in THF at reflux for 40 hours, using conditions 

adapted from Mason et al. (Fig 1) for TFN-containing polymers of intrinsic microporosity.28 After 

reduction, insoluble polymer 2 was subjected to an acidic workup followed by treatment with base. 

The reduction was characterized by FT-IR, cross-polarized magic angle spinning (CP-MAS) solid-

state 13C NMR, a chloranil test for amines, combustion analysis, and zeta potential measurements. 

FT-IR was consistent with partial reduction of the nitriles, as the spectrum of 2 shows a strongly 

attenuated nitrile stretch at 2238 cm–1 relative to that of 1 when each spectrum was normalized at 

the C-O stretch at 1020 cm–1. The spectrum of 2 also shows an N-H bending signal at 1580 cm–1 

(Fig 2a). In the CP-MAS 13C-NMR, the nitrile carbons of 1 resonate at 94.44 ppm. This signal is 

attenuated in the spectrum of 2, and a new peak is observed at 36.73 ppm (Fig S1), consistent with 

that of a benzylic amine carbon.  The presence of amines in 2 was also verified by a positive 

chloranil test (Fig 2b), which is commonly used to qualitatively monitor the deprotection, capping, 

or coupling of amine groups in solid-phase peptide synthesis.29,30 In a chloranil test, acetaldehyde 

reacts with a primary or secondary amine forming an enamine, which then reacts with chloranil to 

yield a dark blue aminovinyl-quinone chromophore.31 In the presence of acetaldehyde and 

chloranil, the suspension of polymer 1 is light yellow-green, indicating the absence of amines, 

while the polymer 2 suspension is a dark blue-green, indicating the presence of amines (Fig 2b). 
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Because the elemental composition of 1 and 2 in its free base form are too similar to differentiate  

by combustion analysis, the conversion of nitriles to amines was estimated by comparing the 

chloride content of each polymer following treatment with aqueous HCl. Treatment of 2 with HCl 

protonates its amines to the corresponding hydrochloride salts (2•HCl), whereas polymer 1 does 

not contain functional groups that are easily protonated to cationic chloride salts. The conversion 

of nitriles to amines was estimated from the N:Cl molar ratio in 2•HCl of 0.72, corresponding to 

approximately 72% conversion of the nitrile reduction. As a control, 1 was treated with HCl as 

above and virtually no chloride was detected by the elemental analysis (see SI for details). Surface 

charges of the two polymers in neutral water were probed by zeta potential measurements. 

Aqueous suspensions of 1 at neutral pH have a zeta potential of -28.9 +/- 0.7 mV, indicating an 

anionic surface charge. Aqueous suspensions of 2 at neutral pH show a zeta potential of +1.7 +/- 

0.8 mV, indicating a cationic surface charge. 2 also exhibits modest porosity with average 

Brunauer–Emmet–Teller surface areas of 135 m2 g–1 when isolated as a dry solid. 

As a consequence of its transformed crosslinkers, 2 has a relatively high affinity for anionic MPs, 

including anionic PFASs, which is the opposite selectivity observed for 1. We measured the 

adsorption coefficients (log KD values) of 91 structurally diverse MPs for 1 and 2 ([MP]0 = 2 µg 

 
Figure 2. a) FT-IR spectra of polymers 1 (red) and 2 (purple). In the spectra of 2, there is a significant 
reduction in the nitrile stretch at 2238 cm–1 and appearance of an N-H bend at 1580 cm–1 b) Chloranil test 
of 1 and 2. Left two vials contain polymers 1 and 2 suspended in DMF and acetaldehyde (5%) and the right 
two vials contain polymers 1 and 2 suspended in DMF, acetaldehyde (5%), and chloranil (5%).  The chloranil 
test turns blue-green in the presence of 2, indicating the presence of amines. 
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L–1; [CDP] = 25 mg L–1). We found that 1 

exhibited relatively high log KD values for 

cationic MPs, along with neutral compounds that 

bind to CDs well, which is consistent with 

previous reports16,32 and observations (Fig 

3).13,17 All 18 cationic substances exhibited log 

KD values greater than 2 on polymer 1 In 

contrast, 21 of 25 anionic substances and all 10 

anionic PFASs exhibited relatively low log KD 

values between -0.5 and 1.0 on polymer 1. These 

low affinities make polymer 1 an ineffective 

adsorbent for most anionic MPs at environmentally relevant concentrations and economically 

reasonable doses of 1. In contrast, polymer 2 strongly binds anionic substances, with 21 of 25 

exhibiting log KD values >2.6 and all ten anionic PFASs exhibiting log KD values between 2.8-

4.0. However, polymer 2 binds cationic MPs more weakly with log KD values for 16 of 18 cationic 

MPs between -0.5-1.5. These findings demonstrate that the structure of the crosslinker plays a 

major role in the selectivity of CD-based adsorbents and that strategies to incorporate charged 

groups, either during the polymerization (phenolates),16,27 or by post-polymerization modification 

(amines), are powerful techniques to completely change the removal profiles of materials derived 

from a single crosslinker.  

Based on the high affinity of polymer 2 for anionic PFASs, removal and uptake kinetics were also 

measured at environmentally relevant concentrations ([PFAS]0 = 1 µg L–1; [CDP] = 10 mg L–1). 

Polymer 2 removes PFOA and PFOS rapidly, as the combined residual PFOA + PFOS 

 

Figure 3.  Affinity of 91 organic micropollutants 
to 2 and 1. 2 has a higher affinity for PFAS and 
anionic organic micropollutants, and 1 has 
higher affinity for cationic and zwitterionic 
organic micropollutants. 1 and 2 exhibit similar 
affinity for most neutral organic micropollutants 
(25 mg L–1 polymer, 2 µg L–1 MPs). 
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concentration was 58 ng L–1 after 30 minutes (below the 2016 EPA health advisory level of 70 ng 

L–1 for PFOA and PFOS co-contamination) and reached an equilibrium aqueous phase 

concentration of approximately 25 ng L–1 after 9 h (Fig 4a). Broad–spectrum PFAS removal was 

also evaluated across a range of PFAS chain lengths and anionic head groups (carboxylic and 

sulfonic acids) after 30 min of contact time ([PFAS]0 = 1 µg L–1; [CDP] = 10 mg L-1). Under these 

conditions, 8 of 10 PFASs were removed to at least 95%, with the short, four carbon 

perfluorobutanoic acid (PFBA) and branched 2,3,3,3,-tetrafluoro 2-

(heptafluoropropoxy)proponate (GenX) removed to at least 80%. These two PFASs bind to β-CD 

with lower affinity,33 such that their removal may rely more heavily (or even exclusively) on 

interactions with amine/ammonium groups in polymer 2 (Fig 4b). Benchmarking 2 against GAC 

(20-40 Mesh, 425-850 µm) for the removal of 10 anionic PFAS shows that 2 exhibits superior 

performance when compared to GAC in experiments conducted under environmentally relevant 

conditions after 30 min and 8 h of contact time (Fig S4). This demonstrates that 2 can outperform 

the leading adsorbent that is presently available for PFAS remediation. We also benchmarked 2 

against powdered activated carbon (PAC, 200-950 Mesh, 10-75 µm) as a means to compare 

performance against a material with a similar particle size and morphology. PAC is known to 

 

Figure 4. a) Removal of PFOA (green) PFOS (blue) and the combination of PFOA and PFOS (red) as a 
function of time showing that the combined concentration of PFOA + PFOS can be brought from 2000 ng 
L–1 to below the 2016 EPA advisory limit of 70 ng L–1 in 30 min and [PFAS]0 = 1 µg L–1; [CDP] = 10 mg L–

1. b) PFAS removal by 2 with 30 minutes of contact time; [PFAS]0 = 1 µg L–1; [CDP] = 10 mg L–1. 
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exhibit more rapid adsorption kinetics when compared to GAC, but is rarely used for PFAS 

remediation because its size precludes implementation in continuous-flow processes and enhances 

its susceptibility to fouling by natural organic matter.34 In analogous experiments performed with 

GAC, we found that 2 performs similarly to PAC for the removal of many anionic PFASs, but 

outperforms PAC for the removal of PFBA (Fig S4). This is particularly exciting because only 

limited removal of short-chain PFASs such as PFBA has been reported with PAC or other 

alternative adsorbents.35 Together, our findings suggest that 2 could be a viable and non-selective 

adsorbent for the removal of anionic PFASs regardless of their chain-length. 

Conclusions 

In conclusion, these findings demonstrate the promise of using polymer 2 as an adsorbent to 

remove anionic PFASs in contaminated ground and surface waters. The MP selectivity of a porous 

CDP was reversed from strongly binding cationic substances to strongly binding anionic 

substances through a post-polymerization reduction of its nitrile groups. The conversion of nitriles 

to primary amines was confirmed by spectroscopy, combustion analysis, and changes in the zeta 

potential. This effect likely arises from both the presence of amine groups that are partially 

protonated at pH 7 in water, as well as the increased pKa of phenolates found on the crosslinkers 

upon reduction of the strongly electron withdrawing nitrile groups. The reduced polymer binds 

many anionic MPs strongly and is particularly effective at the non-selective binding of anionic 

PFASs. A relatively low adsorbent loading (10 mg L–1) removed all anionic PFASs at 

environmentally relevant concentrations, outperforming the leading activated carbon adsorbents. 

This affinity for PFASs may arise from localizing amine groups near the CD binding sites within 

the network. Characterizing this effect and the nature of PFAS-polymer interactions is an 

important next step. More broadly, these findings demonstrate the broad tunability of CD-based 
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adsorbents available from a single polymerization as well as the continued promise of novel 

adsorbents constructed from molecular receptors. 
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