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Abstract 

As a principal constituent of living organisms, water is crucial to sustain life on Earth. 

However, its pollution by major human activities leading to clean water scarcity is a significant 

issue. Industrial activities release toxic pollutants, such as textile dyes and polycyclic aromatic 

hydrocarbons (PAHs), which pollute water resources and endanger the marine ecosystem and 

human life. To address this issue, we developed a highly effective sorbent platform based on a 

nanofibrous membrane, comprising hypercrosslinked cyclodextrin networks (HCNs). 

Cyclodextrins (CDs) are cyclic oligosaccharides with a truncated cone shape featuring a partially 

hydrophobic cavity interior, which can form complexes with organic micropollutants. The 

nanofibrous HCN membrane was produced via the electrospinning of highly concentrated CD 

solutions containing a naturally occurring graphitic acid linker. The thermal crosslinking of the 

nanofibrous membrane resulted in a robust covalent polymer network of CD macrocycles, which 

can retain its shape in aqueous and organic solvents. The membrane was produced by exclusively 

using green resources including a novel natural crosslinker (i.e., graphitic acid), which has not 

been previously employed for any CD-based materials. Molecular modeling revealed that the 

crosslinking had a negligible effect on the host–guest complexation of the nanofibrous CD 

networks. The HCN membrane was used for scavenging textile dyes and PAHs from polluted 

water, and it demonstrated high sorption performance (Qmax = 692 mg g-1 dye), and excellent 

reusability upon the application of acidic methanol treatment. The nanofibrous HCN membrane 

can be used for rapid and efficient scavenging of organic micropollutants in aqueous environments. 
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1. Introduction 

Water is a crucial natural resource for sustaining life. However, it is constantly polluted by 

various industrial activities, ranging from agriculture to petrochemistry [1]. Therefore, clean water 

scarcity has become a major issue with the drastic rise in the world population and technological 

advances. Various environmental regulations and policies have been implemented to minimize 

environmental pollution and remove pollutants from critical sources, such as drinking water [2, 3]. 

Consequently, novel materials capable of scavenging organic micropollutants from water need to 

be developed [4]. In particular, separation materials from sustainable resources such as 

cyclodextrins (CDs) are urgently needed [5,6]. 

CD is a natural macrocycle possessing a unique toroidal cavity with a hydrophobic interior 

and hydrophilic exterior due to pendant hydroxyl groups [7]. This unique structure acts as a 

supramolecular complexation agent for a broad spectrum of molecules, ranging from small, poorly 

soluble drug molecules to large polymer chains forming pseudorotaxanes [8]. Thus, CD-based 

materials have been heavily utilized in environmental applications [9]. Recently, 

tetrafluoroterephthalonitrile‐β‐CD polymers were used to remove water pollutants, including 

anionic [10] and perfluorinated [10, 11] micropollutants [12]. Crosslinked -CD networks have 

been used in the adsorption of water-soluble aromatic molecules, metals and cationic dyes [13, 

14]. Zhao et al. reported the synthesis of trifunctional chitosan-EDTA-β-cyclodextrin polymer for 

simultaneously removing metal and organic micropollutants [15]. Fenyvesi et al. reported the 

removal of several active pharmaceutical ingredients from treated wastewater by exploiting CD-
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based beads [16]. Similarly, water-insoluble β-CD-epichlorohydrin polymers successfully 

scavenged pollutants from aqueous solutions [17]. Recently, Sessler et al. presented a 

comprehensive review of organic micropollutant removal from water using macrocycle-containing 

polymer networks [18]. Among various forms of CDs, nanofibrous CD materials have attracted 

considerable research interest as such materials combine the benefits of high surface-to-volume 

ratio and high functional CD content.  

CD-based electrospun materials can be produced without a polymer carrier owing to the 

excessive hydrogen bonds present in CD molecules that cause the hydrogen-bonded aggregation 

of the macrocycles [19]. The fibers are crosslinked via thermal treatment using embedded 

crosslinkers, such as the tetracarboxylic acid linker [20] or epichlorohydrin [21]. The CD 

nanofibers used herein rapidly removed heavy metals from the polluted water. Water-insoluble 

CD nanofibers have great potential for the removal of toxic water pollutants, such as textile dyes 

and polycyclic aromatic hydrocarbons (PAHs), which can severely affect human health. For 

example, PAHs are ubiquitous pollutants formed through the incomplete combustion of petroleum 

products [22]. They are known for their carcinogenic effects after the metabolic activation of 

epoxide derivatives, which can chemically bind to cellular DNA. The threshold level of PAHs in 

the European Union’s drinking water standard is 10 ng L−1 for benzo()pyrene and 100 ng L−1 for 

other PAHs [23]. Similarly, the pollution of water resources by textile dyes causes serious 

environmental concerns. They not only cause aesthetic damage to the water but also prevent the 

penetration of light through water, resulting in a drastic decline in the photosynthesis rate in water 

[24,25]. In addition to their severe impact on the marine ecosystem, textile dyes and PAHs are 

both toxic and potentially carcinogenic [25]. 
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Fig. 1. Fabrication of hypercrosslinked cyclodextrin networks (HCNs) using a graphitic acid 

linker and the scavenging of organic micropollutants from water. 

Herein, we developed water-insoluble nanofibrous hypercrosslinked cyclodextrin network 

(HCN) membranes via the electrospinning of CDs in the presence of a graphitic acid linker and 

thermal crosslinking of the fibers (Fig. 1). All components of the membranes were derived from 

green resources aimed at producing environmentally benign sorbents of natural macrocycles. The 

complexation mechanism, including the effect of crosslinking, was investigated via molecular 

modeling. Consequently, the developed HCN membranes were used for scavenging several 

organic water micropollutants. 

2. Experimental Procedure 

2.1. Materials. Hydroxypropyl-beta-cyclodextrin (HP--CD), mellitic acid (i.e., graphitic acid, 

99%), and sodium hypophosphite monohydrate (≥99%) were purchased from Sigma Aldrich. 
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Polycyclic aromatic hydrocarbons, phenanthrene (Phe, 98%, Alfa Aesar), pyrene (Pyr, 98%, 

Sigma), fluoranthene (FluA, 98%, Sigma), and benzo()pyrene) (BaP, 96%, Sigma), were 

purchased. Safranin O (SO, Alfa Aesar), methyl orange (MO, Acros Organics), methyl red (MR, 

Fischer), rose bengal (RB, Sigma), and methylene blue chloride (MB, Sigma), rhodamine B 

(RhoB, Sigma), Congo red (CR, Sigma), and direct red 80 (DR-80, Sigma) were used as dyes. 

Methanol (99.7%) and hydrochloric acid (37%) were purchased from VWR. Milli-Q water 

(Millipore Milli-Q system; 18.2 MΩ cm resistance) was used during the experiments. 

2.2. Nanofibrous Membrane Fabrication. HP--CD was dissolved in water (150 wt%), to which 

mellitic acid (20 wt% with respect to the HP--CD content) and sodium hypophosphite 

monohydrate (SHP, 2 wt% with respect to the HP--CD content) were added. The solution was 

homogenized by mixing for 1 h at 50 °C, followed by cooling to room temperature. The solution 

was subsequently transferred into 1 mL plastic syringes (HlSW, Henke Saas Wolf GmbH), and 

the syringe was connected with a blunt metallic needle (20G × 0.5", blunt needle, SAI Infusion 

Technologies). The solutions were transferred using a KD Scientific—Legato® syringe pump at a 

flow rate of 0.5 mL h−1. The metal collector was covered with aluminum foil and positioned at a 

10–15 cm distance from the needle tip. A high-voltage power supply (EJ Series, Glassman High 

Voltage Inc, XP Power) was used to provide a fixed electrical potential of 15 kV. 

2.3. Characterization. Thermogravimetric analysis (TGA) of the materials was performed using 

a TGA Q5000 (TA Instruments) at a rate of 5 °C min−1 up to 700 °C. Fourier transform infrared 

(FTIR) spectra of the HP--CD powder and the membrane were recorded on a Nicolet iS FTIR 

spectrometer. The spectra were collected over 128 scans at a spectral resolution of 4 cm−1 in the 

wavelength range of 500–4000 cm−1. 
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The morphology of the electrospun fibers was investigated through scanning electron 

microscopy (SEM; Magellan, FEI) at an acceleration voltage of 5 kV. Prior to SEM analysis, the 

fiber specimens were coated with 5-nm Pt using a K575X sputter coater (Quorum). The mean 

diameters of fibers before and after water treatment were determined from the respective SEM 

images of over ~100 fibers using ImageJ software (National Institute of Health, US). 

X-ray diffraction (XRD) analysis was performed using Bruker Advance D8 in the 2θ range 

of 3°–60o. X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos 

Axis Ultra DLD spectrometer equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 

eV) operating at 150 W with a multichannel plate and delay line detector under a vacuum of 10−9 

mbar. High-resolution spectra were gathered within the limits of spatial resolution at a fixed 

analyzer pass energy of 20 eV. To eliminate shifts in the high-resolution XPS spectra associated 

with surface charging effects, the binding energy shifts were referenced to the carbon (C1s) sp3 

signal at 284.8 eV. The data were analyzed using CasaXPS software (version 2.3, Casa Software 

Ltd). 

Water contact angle (WCA) measurements were performed on Kruss in triplicate using 2-

L water droplets, and mean data were presented with standard deviations using three independent 

measurements. 1H NMR and nuclear Overhauser effect spectroscopy (NOESY) were performed 

for the inclusion complexes of HP--CD, and pollutants were recorded on a Bruker Advance DMX 

500 instrument (Bruker Analytik, GmbH, Germany) in d6-DMSO or D2O at 25 °C. Ultrahigh-

pressure liquid chromatography (UHPLC) measurements were performed on an UltiMate 3000 

UHPLC-DAD system (Thermo Scientific, USA). 
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Zeta potential measurements were performed using the Zetasizer Nano ZS with the surface 

zeta potential accessory (Malvern, UK) at 25 °C. The membranes were secured on the holder with 

two-sided tape, and immersed in DI water using a glass cuvette. The analysis was performed over 

five different positions, and for each position, five measurements were performed in the auto mode. 

Dynamic mechanical analysis of the electrospun mats was explored over strain-stress curves using 

a dynamic mechanical analyzer (TA, Q800). During the experiments, strain increased constantly 

at room temperature. Data were analyzed by TA Universal Analyzer software (version 4.5A). 

2.4. Dye Sorption. These experiments were individually performed by treating the membranes 

(2.5 mg) with a known concentration of dyes (100 ppm) as a function of time. At certain time 

intervals, 50 L aliquot samples were collected, and the concentrations of the dyes during fiber 

treatment were determined using an ultraviolet–visible (UV–Vis) spectrophotometer (NanoDrop 

2000, Thermo Scientific). The experiments were repeated twice, and mean data were presented 

with standard deviations. Isotherm studies were performed by varying the dye concentration from 

100 to 1000 ppm at the identical amount of the membrane. The isotherm studies were performed 

twice in a temperature-controlled shaker at 25 °C.  The reusability tests were performed on the 

used membranes (treated with 100 ppm dyes) using acidic methanol solution in an ultrasound bath 

(3 × 20 min). 

2.5. PAH Sorption. The experiments were conducted both as single-solute solutions and as PAH 

mixtures. For the latter, PAHs (i.e., Phe, Pyr, FluA, and BaP) were dissolved in acetone and then 

diluted with water to obtain a 5% (w/v) solution. Then, 20 mg sorbent was added, and the sorption 

kinetics were recorded by collecting 1 mL samples from the solution at preset times (i.e., 0, 1, 3, 

5, 15, 30, 60, 90, 120, 180, 540, and 1440 min). For the single-solute PAH sorption tests, each 

PAH was dissolved in methanol, and then, the volume was increased to 500 mL by adding water 
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to obtain a 5% (w/v) solution. Next, 5 mg sorbent was added to the solution, and samples were 

collected from the solution at different time intervals. The decrease in the PAH concentration was 

followed by UHPLC measurements using Hypersil GOLD™ C18 column PFP (10 cm), a particle 

size of 1.9 m, a temperature of 25 °C, and an isocratic system containing water (A) and methanol 

(B). The flow rate was set to 0.3 mL min−1, 30%A, and 70%B. 

2.6. Molecular Computation. The initial coordinates for β-CD were obtained according to a 

previous study [26], and in total, six hydrogen atoms were substituted by hydroxypropyl (HP) 

groups [27] to determine the initial coordinates for HP-β-CD. The geometry optimization 

generated a hydrogen bonding-stabilized structure with an open cavity, suitable for the subsequent 

incorporation of guest molecules. We investigated its inclusion complexes with Phe, BaP, MB, and 

MO. 

Molecule docking on the CD cavities is a global-optimization problem [28]. Thus, we 

applied a multistep procedure. First, we located favorable low-energy minima using the method 

described in [29]. Briefly, HP-β-CD was oriented with its glycosidic oxygen atoms in the XY 

plane, and the guest molecule was placed along the Z-axis. Geometry optimizations were 

performed by starting from several initial structures where the guest molecule’s center of mass 

was placed on each point of a 0.5-Å grid on the Z-axis. Both head and tail orientations were 

investigated. 

The computations were performed using the GFN2-XTB quantum chemical method, which 

allows variation in the molecular topology (e.g., ion dissociation) and accurately describes 

noncovalent interactions [30,31]. We selected the lowest-energy isomer for each guest molecule 

and performed geometry optimization and 100-ps molecular dynamics simulation at 298 K using 
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the GFN-FF force field [32]. This force field was selected because no topology change was at this 

stage. A time step of 0.25 fs was used, and no constraints were applied during the simulations. The 

target was to locate low-energy structures. Thus, the trajectories were sampled every 1 ps, and the 

structure was optimized using GFN-FF. The lowest-energy structure was re-optimized using the 

quantum chemical GFN2-XTB method. 

Harmonic vibrational frequencies were computed via numerical differentiation of analytic 

gradients. Small imaginary frequencies were detected in few cases corresponding to internal 

rotations and were neglected as their effects were too small. All computations were performed both 

in the gas phase and in water using continuum solvation via the analytical linearized Poisson–

Boltzmann method. All computations were performed using the xTB program [33]. The results 

were analyzed using the noncovalent interaction (NCI) index [34]. The molecules were visualized 

using the PyMol program [35]. Further details of the computations are available in the Supporting 

Information. 

3. Results and Discussion 

3.1. Fabrication of hypercrosslinked cyclodextrin networks 

The nanofibrous material was fabricated via the electrospinning of CD solutions in the 

presence of a graphitic acid linker, followed by the thermal treatment of the fibers at 170 °C for 1 

h. Figure 2a shows the SEM micrographs of the electrospun fibers produced from an aqueous HP-

-CD solution at 150 wt.%. Bead-free nanofibers with a mean diameter of 460 ± 49 nm were 

obtained. The surface texture of the nanofibers was smooth without any apparent porous texture, 

suggesting steady water evaporation from the spun jet. Following water treatment, no significant 

increase in the fiber diameter was observed (i.e., the diameter slightly increased from 460 ± 49 to 
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470 ± 27 nm) (Fig. 2b), whereas the fibers aggregated owing to their hydrophilic nature. The 

optical photos of the mats revealed a self-standing structure, which can be folded without any 

structural damage (Fig. 2c). 

The crosslinking was confirmed by performing stability tests in water (Fig. 2d). The fibers 

produced by exclusively using HP--CD instantly dissolved upon contact with water, whereas the 

crosslinked fibers were insoluble (see the Supplementary Video). The HCN fibers, unlike HP--

CD, were stable in a wide range of organic solvents (Fig. S4). FTIR analysis revealed the 

appearance of an additional band corresponding to the C=O stretching vibration of the crosslinker 

at 1720 cm−1, whereas the HP--CD fibers did not show any peak in the respective region (Fig. 

2e). The intensity of the carbonyl group’s ester bond at approximately 1200 cm−1 increased with 

crosslinking. The influence of crosslinking on the structural changes of HP--CD was explored 

through wide-angle XRD analysis. Unlike pristine -CD, hydroxypropyl (HP) functional -CD 

has an amorphous character with two broad peaks near 18.75° (d-spacing = 4.7 Å) and 10.3° (d-

spacing = 8.4 Å) (Fig. 2f). In contrast, the crosslinked membrane did not show any crystalline 

peak, whereas a broad peak at ~20.4° (d-spacing: 4.4 Å) could be attributed to either the orientation 

of CD aggregates during the shearing force of electrospinning or the crosslinking of CD molecules 

(Fig. 2f). The surface zeta potential measurements revealed a negatively charged surface with a 

zeta potential value of −41.8 mV (Fig. S5), which could be attributed to the pendant hexavalent 

carboxylic acid linker. Dynamic mechanical analysis demonstrated a highly robust structure with 

a Young modulus of 2.19 MPa, which is significantly higher than that of the pristine HP--CD 

fibers (0.49 MPa) (Fig. S7). The fibers could be stretched up to 5.41% without crack development. 
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The effect of crosslinking on the fibers’ thermal stability was explored via TGA. HP--CD 

is a highly thermostable molecule that does not decompose below 300 °C (Fig. 2g). In contrast, 

the crosslinked material exhibited mass reduction at approx. 250 °C because of the decomposition 

of pendant graphitic acid linkers. It also showed a second mass loss occurring at approx. 350 °C 

because of the decomposition of the CD backbone, which is in accordance with the literature [36]. 

 

Fig. 2. Characterization of the hypercrosslinked cyclodextrin networks (HCNs). Scanning 

electron micrographs of the fibers before (a) and after (b) water treatment for two days. Insets 

show the size distribution plots of the respective nanofibers. Nanofibrous membranes under 

folding (c). Water treatment of HP--CD fibers and HCNs, demonstrating the water-insoluble 

nature of HCNs in contrast to the uncrosslinked fibers (d). Fourier transform infrared spectra (e), 



 13 

wide-angle X-ray diffraction patterns (f), and thermogravimetric analysis thermograms (g) of the 

HP--CD powder and HCNs. 

Fiber crosslinking was also confirmed via XPS (Fig. 3). The C1s deconvoluted spectrum of 

the HP--CD sample revealed three peaks related to (i) C–C and C–H at 284.87 eV, (ii) C–O at 

286.2 eV, and (iii) C–O–C at 287.7 eV with atomic compositions of 14.73%, 63.07%, and 22.19%, 

respectively (Table S3, Supporting Information). In contrast, the C1s deconvoluted spectra of the 

nanofibrous HCN membrane revealed an additional peak for the carbonyl (C=O) group resulting 

from the ester links between HP--CDs and graphitic acid, which constituted 7.18% of all carbons 

(Table S3). Furthermore, the overall C/O ratio increased from 0.70 to 0.82 after crosslinking, 

demonstrating the successful incorporation of the graphitic acid linker into the fiber network. 
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Fig. 3. X-ray photoelectron survey spectra and C1s deconvolution spectra of the HP--CD (a, b) 

and HCN membranes (c, d). 

3.2. Organic Micropollutant Removal 

The sorption performance of the membranes was tested against various textile dyes and 

PAHs in water (Scheme 1). Three cationic dyes (i.e., MB, SO, and RhoB) and five anionic dyes 

(i.e., MO, MR, CR, RB, and DR80) were used. Fig. 4 shows the adsorption kinetics of dyes from 

polluted water. Dye adsorption on the HCN membrane was rapid, and a drastic decrease in the 

pollutant concentration was observed over time for MB, SO, and RhoB (Fig. S10). For instance, 

the concentration of MB, SO, and RhoB decreased by more than half in only 30 min, demonstrating 

the rapid cleanup of the dyes by the CD-based material (Fig. 4a, inset). The color intensity of the 

dye solutions decreased, and they turned transparent with increasing treatment time (Fig. S9). 

The equilibrium sorption capacity for MB, SO, and RhoB was comparable and found to be 

186.86 ± 7.89, 186.75 ± 7.94, and 184.41 ± 9.20 mg g−1, respectively (Fig. 4a). These dyes are 

cationic molecules, and their adsorption can be attributed to both electrostatic interactions with 

carboxylic acid groups of the graphitic acid linker and the formation of inclusion complexation 

with accessible CD cavities. This synergistic effect was further investigated through molecular 

computations in Section 3.3. 

The amounts of cationic dyes (i.e., MB, SO, and RhoB) were reduced by 92% after one-day 

treatment (Fig. 4b), demonstrating their effective removal from water. However, considerably 

lower adsorption was observed for the negatively charged dyes, such as DR-80, CR, MO, MR, and 

RB (Fig. 4c and Fig. S10). This could be attributed to the rejection of anionic dyes by the pendant 

carboxylic acid and carbonyl groups in HCNs. The sorption kinetics of the dyes fitted to the 

pseudo-second-order model with a respective R2 value of 0.998. The fitting of the kinetic data 
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using Lagergren’s pseudo-first-order, Elovich, and intraparticle and film diffusion (Boyd) models 

for each dye are shown in Figs. S11–S13. 

 

 

Fig. 4. Dye sorption performance of the HCN membrane. Sorption capacity (a) and removal 

efficiency at cinitial = 100 ppm (b) for cationic dyes over time. Sorption capacity (c) for anionic dyes 

and second-order kinetic models applied for MB (d), SO (e), and RhoB (f) dyes. 

 

The molecular mechanism of inclusion complexation for the HP--CD host and the 

respective dye guests was explored via 1H NMR using the shifts of the H-3, H-5 protons in the 

macrocyclic cavity (Fig. 5, Table S4). MB did not show any significant shift of the cavity protons, 

whereas RhoB and SO showed downfield shifts for the respective protons, suggesting their 

complexation into the CD cavity. RhoB and SO also showed shifts of the exterior CD protons. 
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Because the graphitic acid linker has six carboxylic acid groups, dye adsorption, in addition to the 

inclusion complexation, can be attributed to the electrostatic interactions between the positive 

groups of the dyes and the negative carboxylic acid groups of the crosslinker. 

 

Fig. 5. 1H NMR spectra of HP--CD, dyes and their mixtures in D2O at 25 °C. The asterisk 

highlights the solvent peak. The inset refers to the peak assignments of the respective CD protons. 

Two-dimensional (2D) NMR spectroscopy is a useful method to elucidate spatial proximity 

between host and guest atoms by probing intermolecular dipolar cross-locations. Two close 

protons located in a space can provide NOE cross-correlation between the respective protons in a 

NOESY spectrum, and the presence of NOE cross-peaks between the protons from two molecules 

indicates proximity (<0.4 nm). Therefore, NOESY can provide conformational information about 
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the inclusion complexation. Figure 6 shows the 2D NOESY spectra of the HP--CD/dye solutions. 

The spectrum of the HP--CD/RhoB solution showed overlapping peaks of the inner cavity 

protons of CD and the CH3 protons of RhoB (Fig. 6a), confirming the inclusion complexation from 

the tail side. In contrast, the spectra of the HP--CD/SO and HP--CD/MB solutions did not reveal 

any correlation between the H-3 and H-5 protons of the CD host and the protons of SO and MB 

(Fig. 6b-c), suggesting that these dyes were not captured within the macrocyclic cavity. Some 

overlapping proton peaks were observed between the cavity protons of CD and N–CH3 protons of 

MO, demonstrating the formation of the inclusion complexion from the methyl side (Fig. 6d). 

However, the time-dependent sorption test for MO did not reveal a considerable decline in MO 

content because of the electrostatic repulsion of the carboxylic acid groups of the crosslinker (Fig. 

S10). 
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Fig. 6. Two-dimensional nuclear Overhauser effect spectra of HP--CD/dye solutions (1:1 molar 

ratios) in D2O at 25 °C: (a) SO, (b) RhoB, (c) MB, and (d) MO. 

In addition, the developed HCN membrane demonstrated rapid scavenging of several PAHs 

from water (Fig. 7a). The samples reached quasi-equilibrium in a few hours. The HCN membrane 

sequestered a substantial amount of PAH mass from single-solute aqueous solutions. The highest 

sorption capacity was observed for FluA, followed by BaP, Pyr, and Phe; their equilibrium sorption 

capacities were found to be 24.73 ± 1.52, 23.78 ± 1.89, 17.40 ± 1.21, and 13.94 ± 0.82 mg g−1, 

respectively. Owing to the competition for CD cavities, the sorption capacity for the PAH mixture 

decreased to the range 3.48–8.07 mg g−1 for each PAH (Fig. S14). The adsorption kinetics fitted 

well the pseudo-second-order model with respective R2 values above 0.9995 (Fig. 7b-d). A similar 

trend was observed for CD-based cryogels; however, the reported highest sorption capacity for 

FluA was approx. 20 times lower (1.25 mg g−1) [37]. The sorption performance of the developed 

HCN membrane is also superior to that of DNA nanogels [38]. 
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Fig. 7. Polycyclic aromatic hydrocarbon (PAH) sorption performance of the HCN 

membrane: (a) Sorption capacity for PAHs as a function of time, and (b), (c), (d), and (e) Second-
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order kinetic models for Phe, Pyr, BaP, and FluA, respectively. The initial concentration of the 

PAHs was 5% (w/v). 

To elucidate the interactions between the HP--CD host and PAH guests, 1H NMR studies 

were performed (Fig. 8). The H-3 and H-5 cavity protons of HP--CD showed downfield shifts in 

the presence of PAHs owing to the formation of inclusion complexation. Unlike the screened dye 

molecules, PAHs do not possess any charged groups, and therefore, they do not electrostatically 

interact with the crosslinker’s carboxylic acid groups. However, the aromatic moiety of the 

crosslinker might form π–π interactions with the fused rings of PAHs. 
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Fig. 8. 1H NMR spectra of HP--CD, PAH, and HP--CD/PAH inclusion complexes in D2O and 

d6-DMSO at 25 °C. The asterisks highlight the solvent peaks, whereas the colored zone shows the 

proton peaks of PAHs. 

The adsorption of both FluA (Fig. 9a-c) and MB (Fig. 9d-f) on the HCN membrane was 

studied using the Freundlich and Langmuir isotherm models. Initially, the sorption capacity of 

FluA was low; however, it drastically increased with the increase in HCN mass. At high HCN 

mass, the sorption reached the near-plateau region. The best fit was observed for the Langmuir 

model isotherm with an R2 of 0.9965, indicating that the adsorption occurs as a monolayer on 

homogenous surfaces. The values of qmax and b were derived from the slope and intercept of the 

linear part of the isotherm plots as 36.19 mg g−1 and 1.57 L mg−1, respectively (Table S5). The 

complexation mainly takes place from the secondary face of the CD cavity. A similar case was 

observed for the sorption of MB (Fig. 9d-f), wherein the best fit was observed for the Langmuir 

isotherm model with an R2 of 0.9799. The qmax and b values were calculated as 691.56 mg g−1 and 

0.0044 L mg−1, respectively. These sorption values are higher than those of electrospun materials 

used for the sorption of MB (Table S6), and many sorbents, including electrospun materials 

reported for the sorption of SO and RhoB (Table S7).   
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Fig. 9. Adsorption profiles (a,d) and Freundlich (b,e) and Langmuir (c,f) adsorption isotherms of 

FluA (a-c) and MB (d-f). The plot of Ce versus qe was obtained at fixed HCN mass while varying 

the concentration of organic micropollutants.  

The reusability of the HCN membrane was tested for the scavenging of MB, SO, and RhoB 

dyes for up to five cycles (Fig. 10). Ultrasound treatment in acidic methanol solution allowed the 

release of the adsorbed dye molecules from the membrane, which remained stable because of its 

hypercrosslinked structure. The highest removal efficiency was observed for SO, followed by MB 

and RhoB, in that order. The dye removal efficiency during the fifth cycle remained above 90%, 

demonstrating the reusability of HCN membranes without compromising performance. The 



 23 

integrity of the nanofibrous structure was maintained over adsorption–desorption cycles, as 

demonstrated in the SEM analysis (Fig. S3). 

 

Fig. 10. Reusability of the HCN membrane over five adsorption–desorption cycles of MB, SO, 

and RhoB dyes. The recycling of the membrane was achieved with ultrasound-assisted acidified 

methanol treatment. 

The HCN membrane was tested for antibacterial activity against E. coli using the disk assay 

method, and no inhibition of bacterial growth was observed (Fig S8). This agrees well with 

previous reports on the bacterial activity of CD-based electrospun materials [39]. 

3.2. Elucidation of Pollutant–HCN Interactions 

To elucidate molecular interactions between HCNs and organic micropollutants, molecular 

dynamics simulations and geometry optimizations were performed. The optimized geometry of 

the HP-β-CD host is available in Fig. S15, which demonstrates that the HP groups do not alter the 

general structure of the macrocyclic ring, and a cavity diameter of 10–13 Å can host all the dye 

and PAH guest molecules. Based on the aromatic structures of the pollutants screened (diameter larger 

than 6 Å) and smaller diameter of the narrow rim (approx. 6 Å), the complexation mainly takes place at the 

wider rim of the CD cavity because of its larger available space to host aromatic pollutants. The HP groups 
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comprise both hydrophilic and hydrophobic binding sites, which can enhance the binding of 

various guest molecules. 

The binding and binding free energies follow similar trends (Fig. 11a). The latter values were 

less negative owing to the unfavored entropy change occurring during the host–guest 

complexation. The geometries of the host–guest complexes in water are depicted in Fig. 11b, 

whereas those in the gas phase are presented in the Supporting Information. PAHs were found to 

bind weakly to the host through van der Waals forces. The noncovalent interaction plot (see Fig. 

S17 in Supporting Information) shows favorable interaction between the CD cavity and Phe guest. 

The inclusion of BaP elliptically distorted the macrocycle owing to the large number of aromatic 

rings interacting with the hydrophobic interior of the CD (Fig. 11c). The binding energies showed 

exothermic and favorable binding of PAH molecules, whereas the free energy changes were 

slightly endoergic. However, the main contribution to the entropy change was the decrease in the 

translational entropy during complexation; this decrease was slightly overestimated in the applied 

model. The relatively weak binding was advantageous for the recyclability of membranes after 

pollutant adsorption. 

Moreover, the dyes bound strongly to the host, resulting in high adsorption capacity. This 

can be attributed, in part, to their long shapes and partial hydrophobicity, which allows perfect 

fitting into the CD cavity. Owing to the presence of chloride or sodium ions, these compounds 

have charged residues, which bind favorably to the hydrophilic glycosidic OH groups. In addition, 

the presence of water reverses the stabilities of host–guest complexes with MO and MB. The 

geometry analysis showed hydrogen bonding between one of the CD glycosidic OH groups and 

the sulfoxide group of the MO guest molecule, whereas no strong bonding was observed in the 
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case of MB. However, the solvation energy was larger in the case of MO, which explains the 

observed solvent effect. 

 

 

Fig. 11. Binding and binding free energies of various Phe, BaP, MB, and MO guest molecules to 

HP-β-CD in the gas phase and water (a); geometries of the most stable inclusion complexes in 

water (b); initially optimized and fully relaxed geometry of the HCN model (c). 

 

Furthermore, the importance of the graphitic acid linker in the host–guest interaction was 

investigated. We found the interaction energy with BaP to be −99 kJ mol−1 and −60 kJ mol−1 in 

the presence and absence of the graphitic acid linker, respectively. Thus, the linker does not 

significantly change the host–guest binding energies. To verify the steric availability of CD 

cavities within HCNs, we built a large model containing four HP-β-CDs linked with three graphitic 

acids (Fig. 11d). The initial geometry optimization using the GFN2-XTB method in water showed 

that this open-chain structure was metastable, and the more compact optimized structure obtained 

via MD was 402 kJ mol−1 more stable (Fig. 11d). The computations revealed that the CD cavities 

are sterically available within the compact structure of HCNs. These findings are in accordance 

with the experimental observations on the high sorption capacities for the organic micropollutants 



 26 

studied herein. In addition to the electrostatic interactions, the formation of inclusion complexes 

enabled highly efficient removal of PAHs and dyes from water. 

 

4. Conclusion 

Nanofibrous hypercrosslinked cyclodextrin network was developed for micropollutant 

removal from water. The nanofibers (460 nm in diameter) were produced via electrospinning. The 

thermal crosslinking of the nanofibers with an embedded graphitic acid linker produced an 

insoluble hypercrosslinked structure. The resulting membranes exhibited hydrophilicity and 

stability in a wide range of solvents owing to the highly crosslinked CD networks. XPS analysis 

confirmed the formation of the crosslinked structure based on the presence of carbonyl moieties. 

The membrane was insoluble in water, while the non-crosslinked precursor instantly dissolved. 

The membranes were fabricated through the exclusive use of green resources. In particular, the 

use of graphitic acid linker to produce CD-adsorbents was reported for the first time. The 

membranes demonstrated rapid scavenging of textile dyes and polyaromatic hydrocarbon 

pollutants with a maximum adsorption capacity of 692 mg g-1 along with good ultrasound-assisted 

recyclability. Computational modeling and NMR analysis confirmed the affinity and orientation 

of complexation. Overall, the developed hypercrosslinked nanofibrous membrane can be used as 

a natural environmentally benign adsorbent for rapid organic micropollutant removal from water. 
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