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            Abstract
The global occurrence in water resources of organic micropollutants, such as pesticides and pharmaceuticals, has raised concerns about potential negative effects on aquatic ecosystems and human health1,2,3,4,5. Activated carbons are the most widespread adsorbent materials used to remove organic pollutants from water but they have several deficiencies, including slow pollutant uptake (of the order of hours)6,7 and poor removal of many relatively hydrophilic micropollutants8. Furthermore, regenerating spent activated carbon is energy intensive (requiring heating to 500–900 degrees Celsius) and does not fully restore performance9,10. Insoluble polymers of β-cyclodextrin, an inexpensive, sustainably produced macrocycle of glucose, are likewise of interest for removing micropollutants from water by means of adsorption11. β-cyclodextrin is known to encapsulate pollutants to form well-defined host–guest complexes, but until now cross-linked β-cyclodextrin polymers have had low surface areas and poor removal performance compared to conventional activated carbons11,12,13. Here we crosslink β-cyclodextrin with rigid aromatic groups, providing a high-surface-area, mesoporous polymer of β-cyclodextrin. It rapidly sequesters a variety of organic micropollutants with adsorption rate constants 15 to 200 times greater than those of activated carbons and non-porous β-cyclodextrin adsorbent materials7,8,11,12,13. In addition, the polymer can be regenerated several times using a mild washing procedure with no loss in performance. Finally, the polymer outperformed a leading activated carbon for the rapid removal of a complex mixture of organic micropollutants at environmentally relevant concentrations. These findings demonstrate the promise of porous cyclodextrin-based polymers for rapid, flow-through water treatment.
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                    Figure 1: β-CD polymer networks derived from nucleophilic aromatic substitution reactions.[image: ]


Figure 2: Rate of bisphenol A uptake by various adsorbents.[image: ]


Figure 3: Compound P-CDP rapidly adsorbs a broad range of organic micropollutants.[image: ]


Figure 4: P-CDP outperforms NAC for the rapid removal of a complex mixture of pollutants at environmentally relevant concentrations.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Porosity measurements of commercial ACs.
These are the materials used in Fig. 2. Shown are the N2 sorption isotherm (77 K, left column) and the cumulative pore size distribution (right column) of Brita AC (a), GAC (b) and NAC (c). The cumulative pore size distributions of each adsorbent are similar to that of P-CDP (Fig. 1c).


Extended Data Figure 2 Infrared spectra of the cyclodextrin polymers and monomers.
Spectra are labelled by chemical structure or compound name (top trace is 1, second trace down is β-CD). The FT-IR spectra shown in this figure of P-CDP and NP-CDP reflect the incorporation of β-CD and 1.


Extended Data Figure 3 13C CP-MAS solid-state NMR spectra of P-CDP, NP-CDP, β-CD and 1.
The spectra of P-CDP and NP-CDP exhibit resonances associated with β-CD at δ = 72 and 100 p.p.m. (labelled a and b, respectively). Resonances at δ = 95 and 140 p.p.m. (labelled e and c) correspond to the newly formed alkoxy groups and aromatic carbons, respectively. The spectrum of 1 is broadened because of 19F–13C coupling.


Extended Data Figure 4 Characterization of the bisphenol A uptake rate by each adsorbent.
UV–vis spectra recorded at different contact times (coloured traces; left column) and pseudo-second-order plots (right column) for P-CDP (a), NP-CDP (b), EPI-CDP (c), Brita AC (d), GAC (e) and NAC (f). t (in min) is the contact time of bisphenol A solution with the adsorbent, and Qt (in mg g−1) is the amount of bisphenol A adsorbed per gram of adsorbent.


Extended Data Figure 5 Langmuir isotherm of bisphenol A adsorption by P-CDP.
The equilibrium uptake of bisphenol A, qe (in mg g−1), by P-CDP as a function of bisphenol A residual concentration (C, in mol l−1) fits the Langmuir model, which is consistent with the formation of 1:1 inclusion complexes with an association constant (K) of 56,500 L mol−1, and an 88 mg g−1 maximum equilibrium adsorption capacity (qmax,e).


Extended Data Figure 6 Uptake of other pollutants by P-CDP.
UV–vis spectra recorded as a function of contact times with P-CDP (1 mg ml−1). a, BPS (0.1 mM); b, metolachlor (0.1 mM); c, ethinyl oestradiol (0.04 mM); d, propranolol hydrochloride (0.09 mM); e, 2-NO (0.1 mM); f, 1-NA (0.1 mM); and g, 2,4-DCP (0.1 mM).


Extended Data Table 1 Water regain analysis of P-CDP and NP-CDPFull size table


Extended Data Table 2 Rates of bisphenol A uptake by each adsorbentFull size table


Extended Data Table 3 Equilibrium uptake of each pollutant by P-CDPFull size table


Extended Data Table 4 Adsorption equilibrium constants for each micropollutant onto P-CDPFull size table
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Near-instant removal of organic micropollutants from water
Water purification and remediation is often carried out using various forms of activated carbon; it is inexpensive, but only partially removes many organic pollutants. However, regenerating activated carbon for reuse is energy intensive, requiring high temperatures, and performance decreases upon recycling. Now William Dichtel, Damian Helbling and colleagues have developed an alternative to activated carbon for water remediation: a high-surface-area, mesoporous polymer of β-cyclodextrin. Not only does the material outperform activated carbons at adsorbing a range of pharmaceuticals, pesticides and other pollutants, but it is easily regenerated by washing at room temperature.
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