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Cyclodextrins (CD) entrapped in nanofiber composite membranes are potential selective adsorbing materials to
remove steroid hormone (SHs) micropollutants from water. This study aims to elucidate the role of CD macro-
cyclic host type on the SHs inclusion complexation and uptake in filtration. Three CD types («, p, and y) are cross-
linked with epichlorohydrin to form polymers (¢CDP, BCDP and yCDP) and entrapped into a nanofiber composite
membrane by electrospinning. TGA analysis confirmed the CD entrapment into the nanofiber without loss of CD
molecules during filtration.

The CD type plays a dominant role in controlling the removal of different SHs. A similar removal (range 33 to
50 %) was observed with aCDP, irrespective of the SH type. In contrast, removal and uptake dependent on SH
type were observed for § and yCDP, with the highest removal of 74 % for progesterone, followed by estradiol (46
%) and estrone (27 %) and the lowest removal of 3 % for testosterone.

Molecular dynamic (MD) simulation revealed a stronger and more stable complex formed with fCDP, as
demonstrated by: i) the closer spatial distribution of SH molecules from the BCDP cavity and, ii) the quantum
chemistry calculations of the lower de-solvation energy (+6.0 kcal/mol), which facilitates the release of water
molecules from interacting interface of CD molecule and hormone. Regarding yCDP, the highest de-solvation
energy (+8.3 kcal/mol) poses an energetic barrier, which hinders the formation of the inclusion complex. In
the case of «CDP, a higher interaction energy (-8.9 kcal/mol) compared to BCDP (-4.9 kcal/mol) was obtained,
despite the broader spatial distribution observed from the MD simulation attributed to a dominant hydrogen
bonding interaction with the OH primary groups on the external surface cavity.

The findings highlight the relevance of the CD type in designing selective adsorbing membranes for steroid
hormone micropollutant uptake. Experimental results and MD simulation suggest that CD is the most suitable
CD type for steroid hormone uptake, due to a more stable and stronger inclusion complexation than o and yCD.

1. Introduction

Natural or synthetic steroid hormones and pharmaceuticals used as
contraceptives or to accelerate animal growth in livestock are persistent
micropollutants spread in the aquatic environment (Cheng et al., 2020,
Kamilya et al., 2023). The persistence of estrogenic micropollutants in
water resources is a worldwide concern, due to its detrimental endocrine
disruption effects on aquatic life and human health at trace level con-
centrations below 1 ng/L (Adeel et al., 2017; Wu et al., 2021). Several
studies have reported the alteration of male and female reproductive
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systems, cardiovascular disease, thyroid malfunction, obesity and breast
and prostate cancer (Bhandari et al., 2015; Diamanti-Kandarakis et al.,
2009; Trasande et al., 2015; Zeeman, 1996). Steroid hormones are
naturally excreted by humans and animals and enter into the water cycle
predominantly through wastewater effluents and leachate from live-
stock (Bilal et al., 2021).

Adsorbing materials (such as activated carbon, zeolites and metal-
based nano adsorbents), membrane pressure-driven processes (nano-
filtration and reverse osmosis), advanced oxidation (such as ozone, UV-
light, Fenton, electrochemical and photolysis) and microbial
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degradation in activated sludge are commonly applied in water treat-
ment for removal of micropollutants (Bhatt et al., 2022, Nure and
Nkambule, 2023, Saravanan et al., 2022, Xu et al., 2023). Steroid hor-
mone micropollutants (SHs) are mostly retained by size exclusion with
nanofiltration/reverse osmosis (NF/RO), resulting in variable removal
(range 40-95 %) caused by uncontrolled adsorption and further diffu-
sion through the membrane (Imbrogno and Schafer, 2021; Schafer et al.,
2011; Xu et al., 2023). More advanced processes capable of removing
micropollutants from water through selective and controlled adsorption,
without compromising the water permeability, are required (Nure and
Nkambule, 2023). Combining conventional membrane filtration with
adsorbing materials is a promising advanced membrane technology
suitable for pollutant removal from water (Dalanta et al., 2023). Some
examples of such advanced processes have been reported in the litera-
ture to achieve an effective removal of micropollutants from water,
using as adsorbents activated carbon, carbon nanotubes and anion ex-
change particles (Nguyen et al., 2021; Tagliavini and Schafer, 2018;
Uebele et al., 2022; Zhang et al., 2020). Macrocyclic hosts, such as
crown ether, cyclodextrin, calix[n]arene and pillar[n]ene, have been
tested as adsorbent materials in water purification and resource recov-
ery mostly in batch studies, due to highly selective and reversible
binding with ions, dyes and organic micropollutants (Guo et al., 2021;
Lin et al., 2024b; Ma et al., 2020; Sikder et al., 2019; Zhou et al., 2022).
The reversible binding of organic solutes with macrocycles offers the
advantage of regeneration after saturation. The most used methods for
regeneration are based on organic solvents (e.g. ethanol or methanol)
with an adsorption efficiency in a range from 75 % to 90 % (Ghosh et al.,
2013; Jiang et al., 2017; Lee and Kwak, 2019; Lin et al., 2019; Ozelca-
glayan and Parker, 2023; Wang et al., 2019;). Alternatively, a reversible
binding of CD on a membrane using a UV-sensitive cross-linker, was
explored to avoid the use of solvents (Dong et al., 2020.

The macrocyclic host is a supramolecular structure containing a
cavity, which exhibits the molecular recognition ability of guest targets
by ionic interactions, hydrogen bonds and hydrophobic interactions (Ma
et al., 2020). Cyclodextrins (CD) are cyclic oligosaccharides with a
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conical shape and different cavity diameters (see Fig. 1A). Among
various types of macrocyclic hosts, CDs have received dominant atten-
tion as a novel adsorbent material suitable for water purification from
pollutants, due to their ability to form inclusion complexes with the
majority of emerging micropollutants, including steroid hormones
(Alsbaiee et al., 2016; Kamaraj et al., 2024; Morin-Crini et al., 2018;
Ozelcaglayan and Parker, 2023; Tian et al., 2021). Three types of CDs
are most common, namely aCD, fCD and yCD, which are composed of
six, seven and eight glucopyranoside units, respectively (Del Valle,
2004). Despite the existence of larger CDs containing from 9 up to 12
units, namely §-CD, which has been proven by crystallographic evidence
after extraction from the bacterial strain, these larger macrocycles are
not commercially available (Del Valle, 2004; Szejtli, 1998). These three
CD types show a different diameter of the hydrophobic cavity of 0.6 nm
(a«CD), 0.8 nm (BCD) and 0.9 nm (yCD), determined by X-ray diffraction
(Ding et al., 1991; Szejtli, 1998). The cavity diameter is flexible and a
structural variation of CDs hosts and cavity dimension have been
observed in molecular dynamic simulation and H—NMR spectroscopy in
presence of water molecules (Ganjali Koli and Fogolari, 2023; Raffaini
and Ganazzoli, 2007; Sandilya et al., 2020; Vicatos et al., 2022). The
cavity diameter variation is caused by the CD hydration, which means
the penetration of water molecules into the cavity and the formation of
hydrogen bonding with the OH groups. According to a study by Raffaini
and Ganazzoli (2007), the number of water molecules that can be
accommodated in the cavity is 4, 6 and 9 for «, p and yCD, respectively,
determined from the pair distribution function around the centre of the
macrocyclic host. This results in a hydrated cavity diameter of 0.9, 1.0
and 1.2 nm for «, p and yCD, respectively, determined as a trajectory
between a single pair of glycosidic oxygens in the cavity during the MD
simulation in water. Considering that the Stokes sphere diameter of
natural SHs is of the order of 0.8 nm (Bridle et al., 2016), it is expected
that a different number of SH molecules can be accommodated within
the cavity of the three CD types. When neutral organic molecules, such
as SHs, are present in the solution, the water molecules in the cavity are
replaced by the hydrophobic guest molecule (Ganjali Koli and Fogolari,
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Fig. 1. Schematics of chemical structures of A) «, p and yCDs, and C) steroid hormones, B) inner and outer diameter of the CD cavities.
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2023; Rekharsky and Inoue, 1998; Sandilya et al., 2020).

Binding of the guest molecule within the macrocyclic host involves
three energetic steps: i) de-solvation of the guest molecules, ii) removing
the water molecules in the cavity of the macrocyclic host, and iii)
interaction of the guest molecule to replace the water molecules within
the cavity by hydrogen bonding, van der Waals or Coulomb interactions
(that is electrostatic interactions) (Abarca et al., 2016). To remove water
molecules from the CD cavity a certain energy is required which is called
de-solvation energy. Solvation or de-solvation energy is defined as the
energy difference between the solvated (water-CD complex) and
un-solvated CD molecule (Gholami et al., 2024). The interaction energy
is the total energy contributing to the binding of the guest molecule to
the macrocyclic host (including the contribution of the hydrogen
bonding, van der Waals and Columbic interactions) (Gholami et al.,
2024). The host-guest complexation is driven by a chemical potential
gradient, where the chemical potential of the guest molecule solvated in
water is the same as the guest molecule bound to the macrocyclic host
solvated in water (Buchwald, 2002). This means that for organic guest
molecules with weak hydration shells, the inclusion complexation is
favoured, as the energy required to de-solvate the guest molecule is
compensated by the energy gained from the complexation into the
macrocyclic host (de Oliveira and Ben-Amotz 2019; Spencer et al.,
1998). Organic molecules properties (such as dipole, hydrophobic and
hydrophilic functional groups) can affect hydration. A weaker hydration
can be expected for SHs due to a level of hydrophobicity (log
kow between 3 and 4) and uncharged structure at natural water pH (10.2
< pKa <10.7) (Lewis and Archer, 1979; Waring, 1983). Indeed, the
dominant interactions of the inclusion complexes between SHs with the
CD cavity are hydrophobic and hydrogen bonding (Ganjali Koli and
Fogolari, 2023; Lin et al., 2022). A molecular electrostatic potential
topography study revealed that the hydrogen bonding interactions with
the oxygen of the secondary OH groups (see Fig. 1B) within the ring of
BCD and yCD results in a “barrel-like” structure, where the guest mole-
cule penetrates into the cavity, while for aCD, the hydrogen bonding
interactions occur mostly with the primary OH groups external to the
macrocyclic host structure (Pinjari et al., 2006). Another study by
Gholami et al. (2024) investigated the H-bonding interaction mecha-
nisms of hydrocortisone with CDs by molecular dynamic simulations
and found that hydrogen bonding occurs mostly between the hydroxyl
groups of CDs and the ketone groups, with a full intramolecular bonding
in the pCD cavity, leading to a more rigid structure and lower solubility
than aCD and yCD.

Previous studies investigated the uptake of SHs by different CD types
and revealed controversial results. For instance, one study (Tang et al.,
2018) investigated the adsorption of 17p-estradiol (E2) and 17a-ethi-
nylestradiol (EE2) by BCD and yCD. The highest adsorption capacity was
observed for yCD, which has been explained by the larger complexation
ratio of 1:2 between yCD and E2 molecules, while the CD complexation
ratio was 1:1. A different finding has been published by Shakalisava and
Regan (2006), who reported that the adsorption of SHs by y and CD is
controlled by the functional group types, which affect the association
constants (related to the strength of interaction between the macrocyclic
host and the guest molecule), while the complexation ratio is the same at
1:1. Indeed, the association constants (hence the inclusion complexa-
tion) in the cavity of yCD are larger for organic molecules with aromatic
hydroxyl groups (estriol, EE2, E2 and estrone), which can penetrate
deeply into the larger cavity of yCD, compared to fCD (Shakalisava and
Regan, 2006). In contrast, other studies (Moulahcene et al., 2015; Oishi
and Moriuchi, 2010; Oishi et al., 2008) reported a similar uptake of E2
and progesterone with pCD and yCDP because of the formation of an
inclusion complex. The interaction with aCD has been attributed to
adsorption to the polymer matrix, without inclusion-complex formation
in the CD cavity, as shown in the lower variation of the E2 absorption
spectrum determined by UV-vis.

The uptake of other micropollutants, such as pesticides (e.g. atrazine
and chlordecone), poly-cyclic aromatic hydrocarbon (e.g.
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phenanthrene), pharmaceuticals (e.g. pimavanserin) and phenolphtha-
lein has been investigated with a, p and yCD (Hemine et al., 2020; Kayaci
et al., 2013; Lu et al., 2020; Rana et al., 2016; Romita et al., 2019). An
overview of studies on the uptake of various micropollutants by the
three CD types is reported in Table S1. The results show various
adsorption capacities of the three CDs, which has been, in most cases,
explained by a different penetration into the CD cavity, without a
consistent trend for the three CDs. Overall, deeper penetration into the
CD cavity and higher uptake have been reported with y and pCD, when
pollutants with larger molecular weight (> 300 Da), such as chlorde-
cone, phenolphthalein and pimavanserin (molecular weight above 300
Da) are tested (Hemine et al., 2020; Lu et al., 2020; Rana et al., 2016). In
contrast, smaller pollutants with a molecular weight below 200 Da (such
as atrazine and phenanthrene) can form an inclusion complexes inde-
pendently of the CD type (Kayaci et al., 2013; Romita et al., 2019). These
studies highlight that the inclusion complexation is strictly dependent
on the CD cavity and pollutant characteristics, limiting the investigation
at batch conditions. Further investigation is required to elucidate the
role of CD type on the inclusion complexation of micropollutants during
filtration, where the hydraulic residence time limits contact with the
pollutant compared to batch adsorption.

To investigate the role of different CD types on the inclusion complex
formation and uptake of micropollutants, such as SHs, under water
filtration conditions, it is necessary to entrap the cross-linked CD mol-
ecules within a nanofiber mat in a composite membrane. The nanofiber
mat provides larger surface area and high porosity (Liu et al., 2020). In a
previous study (Imbrogno et al., 2024a), epichlorohydrin cross-linked
BCD was successfully entrapped in a polyethersulfone nanofiber ma-
trix deposited on an ultrafiltration (UF) membrane. A UF membrane is
selected to provide i) mechanical support for the nanofiber matrix when
applied to water filtration, ii) pathogen retention which is essential in
water treatment (Baker, 2004) and iii) higher water flux than other
pressure-driven membrane processes applied for MP removal, such as
NF/RO (Mulder, 2012). In a previous study (Imbrogno et al., 2024a), the
inclusion complexation of natural SHs with cross-linked BCD was
investigated experimentally during filtration, to identify the limiting
factors controlling SH uptake. Molecular dynamic simulation revealed a
different affinity of SHs for the CD macrocyclic hosts, with progester-
one showing the strongest inclusion complex formation. This study aims
to move a step forward in exploring the role of the CD type in controlling
SH uptake during filtration, as well as the inclusion complex formation
and affinity of different SHs towards the macrocycles. To address this
objective, the following three research questions are answered: i) How
does the steroid hormone chemical structure affect the uptake by a,
and yCD type and the interaction with the cavity? ii) What is the role of
CD type (a, f and yCD) on the inclusion complex formation with steroid
hormones? iii) What is the energetic limiting step (de-solvation and
interaction energy) for the inclusion complex formation with different
CD types? Various experimental parameters, such as SH concentration
and type (estradiol, estrone, testosterone and progesterone), feed flow
rate (hence flux and hydraulic residence time) and nanofiber matrix
thickness are investigated to evaluate SH uptake and removal when a,
and yCD are individually entrapped in polyethersulfone nanofiber ma-
trix by cross-linking with epichlorohydrin in a nanofiber composite
membrane (CNM). The experimental results are compared with molec-
ular dynamic simulation and quantum calculation to gain insights into
the inclusion of complex formation of the four SH types with the three
CD types and the energetic barriers.

2. Materials and methods
2.1. CD cross-linking conditions
The cross-linker, epichlorohydrin (EP, purity < 100 %, Sigma-

Aldrich, Germany) and three types of cyclodextrins, namely, a-cyc
lodextrin (aCD, 98 %, Merck, Germany), S-cyclodextrin (BCD, 98 %,
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Thermo Fisher Scientific, Germany) and y-cyclodextrin (yCD, 90 %,
Sigma-Aldrich, Germany) were used for CD cross-linking reaction. So-
dium hydroxide (NaOH, 97 %, Merck, Germany) was used as an alkaline
catalyst for deprotonation during the cross-linking reaction. The poly-
merization of CD with EP was adapted from previous studies (Heydari
et al., 2018; Renard et al., 1997). A solution containing 1 g of CD (aCD,
BCD or yCD individually dissolved) and 1.6 mL of NaOH (33 %) was
stirred for 24 h at 23 °C, controlled by a temperature controller (Sunlab,
SU 1300, Germany). Subsequently, 0.68 mL of EP was individually
added to the solution of CD and NaOH and heated to 30 °C for 3 h and 50
min. Acetone was added to the solution and removed subsequently by
decantation. The pH of the CD solution obtained was adjusted to 12 with
HCI (6 N). The CD solution was then heated up to 50 °C for 24 h for
cross-linking. After cooling, the solution was neutralized with 6 M HCI
and dialyzed for 2 days using a dialysis membrane (Spectra/Por® 6
MWCO 1000, 45 mm, Spectrum Lab, Thermo Fisher Scientific, Ger-
many). The CD solution was dried in the oven at 80 °C for 12 h. The dried
CD polymer was then crushed using a ceramic mortar and used to pre-
pare the electrospinning solution.

2.2. Membranes and nanofiber electrospinning

Polyethersulfone UF membrane (Biomax 100 kDa, PBHK, Millipore,
Bedford, USA) was used as the support for the electrospun nanofiber
matrix. Polyethersulfone powder (PES, Veradel 3000P, Solvay, Belgium)
and N, N-dimethylformamide (DMF, 99 %, Sigma-Aldrich, Germany)
were used to prepare the electrospinning solution for the nanofiber
preparation following the conditions reported in previous studies
(Askari et al., 2023; Homaeigohar et al., 2010). The electrospinning
solution was prepared by dissolving 25 wt/v% of PES in DMF at 40 °C for
18 h, with the 30 % loading of cross-linked CDP (individual «CDP, fCDP
or yCDP, corresponding to 15 g/mz). A total of 3 mL of the solution was
electrospun on the active layer of the UF membrane with a 5 mL syringe
by a vertical setup of the electrospinning equipment. A syringe pump
(Model LA100, Landgraf Labor system HLL GmbH, Germany) was used
to control the flow rate at 0.8 mL/h. The needle tip-to-collector distance
was set at 15 cm for «CDP and BCDP from the collector in the horizontal
stage with an x-y controller (SMC 200, MOVTEC Wacht GmbH, Ger-
many). Since a reduction of membrane permeability was observed when
the same distance was used to prepare the nanofiber containing yCDP,
the tip-to-collector distance was increased to 20 cm. The electrospinning
voltage was fixed at 17 kV (Model HPC-14-20,000, FuG Elektronik
GmbH, Germany).

2.3. Characterization of the composite nanofiber membrane

An analysis of nanofiber morphology was performed with a scanning
electron microscope (SEM, Zeiss-REM Supra 60VP equipped with SE-11
detector) to evaluate the nanofiber diameter and the matrix cross-
section with a voltage of 5 kV. A 10 nm gold layer was coated on a
dried membrane coupon using a sputter coating machine (Bal-Tec 005
Coating System, Bal-Tec, Germany). The cross-section sample coupon
was prepared by breaking the membrane coupon in liquid nitrogen
(nanofiber matrix and UF support, separately). The average diameter of
the nanofibers was estimated from the SEM images using ImageJ (v
1.54d) software and the scale bar of the SEM images was set as a
reference for the measurements (see Fig. S4). Fourier transform infrared
spectrometer (FTIR, spectrometer from 4000 to 400 cm‘l, 64 scans, and
resolution 4 cm ™!, Spectrum Two, PerkinElmer, Germany) was used to
confirm the cross-linking reaction between CDs and epoxy.

A thermogravimetric analyser (TGA, TG 209 F1 Libra, Netsch, Ger-
many) was used to verify the immobilization of CDP in the nanofiber
matrix after electrospinning and water flux filtration (Nielsen et al.,
2011). The nanofiber samples were heated from 30 to 900 °C at a con-
stant heating rate of 10 °C/min under a nitrogen atmosphere and the
weight loss variation was recorded. Calibration was performed using
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nanofiber samples containing 30 % CDP loading and different initial
masses, to confirm that the CDP was successfully entrapped in the
nanofiber matrix without leaching after water filtration. The initial
masses were weighted with a semi-micro balance (Explorer
EX225D/AD, Ohaus, Germany) in a range between 0.5 and 10 mg. A
calibration curve was obtained by plotting the mass weight loss (%) at
different initial masses and the weight loss was quantified. All nanofiber
samples were heated to 110 °C under a nitrogen atmosphere for 10 min
to remove residual water in the nanofiber before TGA measurement.

2.4. Steroid hormone micropollutants and solution chemistry

Radiolabeled [2,4,6,7->H] Estrone (E1, 3.48 TBq/mM), [2, 4, 6,
7-3H] p-estradiol (E2, 2.59 TBq/mM), [1,2,6,7->H] progesterone (P,
3.63 TBq/mM), and [1,2,6,7->H] testosterone (T, 2.94 TBq/mM) were
used as steroid hormone (SH) micropollutants and purchased from
Perkin Elmer, USA. The radiolabeled hormones were used at a concen-
tration varying from 10 to 100 ng/L. For E2 concentrations above 100
ng/L, non-radiolabeled estradiol (>98 % purity, purchased from VWR
Chemicals, Germany) stock solution of 10 pg/L was mixed with a solu-
tion containing 100 ng/L of radio-labeled E2. An electrolyte background
solution containing 1 mM NaHCOg3 (Bernd Kraft, Germany, 99.7 % pu-
rity) and 10 mM NaCl (VWR Chemicals, Germany) was used to prepare
the feed solutions containing SH.

2.5. Steroid hormone analysis

A liquid scintillation counter (LSC, 4910 TR, Perkin Elmer, USA) was
used to measure the tritium radioactivity of the aqueous solutions con-
taining radio-labeled steroid hormones. The concentration was deter-
mined by using a calibration curve obtained with standard hormone
solutions of known concentration (Bridle et al., 2016). The calibration
curve in the range of concentrations between 0.1 and 100 ng/L and the
limit of detection at 0.1 ng/L are shown in Fig. S2. LSC analysis was
performed by mixing 1 mL of aqueous hormone solution with 1 mL of a
scintillation cocktail (Ultima Gold LLT, Perkin Elmer, USA).

2.6. Molecular dynamic simulation

Molecular dynamic (MD) simulations were performed to evaluate
the spatial distribution of SH molecules around the CD (aCDP, BCDP or
yCDP) cavity and the inclusion complexation formation. The GROMACS
2020 simulation package and the General AMBER Force Field (GAFF)
were used for the simulations (Hess et al., 2008; Van Der Spoel et al.,
2005). A random distribution of fCDs and SH molecules was constructed
in the simulation boxes using the Packmol program (Martinez and
Martinez, 2003; Martinez et al., 2009). The simulations were performed
using a single cross-linked molecule of CD («CDP, BCDP or yCDP) and
ten molecules of SH (ratio 1:10) solvated in water. The epoxy group of
EP was terminated with methyl and hydroxyl groups. To perform the MD
simulation, SH molecules at a concentration of 6.7 mM (corresponding
to about 2 g/L) were used. This concentration is not representative of the
experimental conditions performed at about two orders of magnitude
lower (from 0.01 to 1000 pg/L) than the simulation conditions. How-
ever, simulation of SH—CD complexation with a significant number of
water molecules and SH at trace level concentrations is not practical, as
it requires huge computation resources. Other simulation conditions,
such as simulation time, temperature and pressure control for system
equilibrium are similar to previous work (Imbrogno et al., 2024a). The
radial distribution function, RDF or g(r), was determined to evaluate the
spatial distribution of four types of SH molecules (progesterone,
testosterone, estrone and estradiol) from the center of «, p and yCD
cavity. When different CDs were used, the RDF obtained individually for
each of the ten SH molecules was summed up to have one RDF repre-
sentative of SH molecule distribution in the proximity of the CD («CDP,
BCDP or yCDP) cavity.
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Quantum calculations (QC) were used to extrapolate the de-solvation
energy of the cross-linked aCDP, BCDP or yCDP in water and the inter-
action energy for the inclusion complex formation with estradiol to
elucidate the energetic limiting step for the different CD types. The
interaction and de-solvation energies were determined by QM calcula-
tions using the density functional theory (DFT) with M06-2X functional
(Zhao and Truhlar, 2008) implemented in the Gaussian 09 program
(Frisch, 2009). The interaction energy is negative when energy is
required to separate the interacting guest molecule and macrocyclic
host, while a positive value is an indication that energy is released when
the complex is separated. A stronger interaction of the guest-complex,
results in a more negative value of the interaction energy. The geome-
tries generated by MD simulations were taken and re-optimized by
MO06-2X with a 6-31 G basis set. The gas phase interaction energies were
calculated for the geometries taken from the MD simulation by M06-2X
DFT functional with a cc-pVTZ basis set. The basis set superposition
error (BSSE) of gas-phase interaction energies was corrected by the
counterpoise method (Boys and Bernardi, 1970). Additionally, the effect
of solvation was calculated using the implicit solvation model SMD
(Marenich et al., 2009).

2.7. Static adsorption protocol

Static adsorption was performed to evaluate the SH adsorption ca-
pacity of the nanofiber matrix and determine the adsorption isotherm.
Static adsorption experiments were performed with E2 for two main
reasons: i) it is the most representative SH micropollutant reported in
the watch list of the 2022 European Commission (European Parliament,
2022), and ii) it has a steroidal structure similar to the other three SHs
(estrone, testosterone and progesterone). The experiments were per-
formed with different E2 concentrations (0.01, 0.1, 1, 10, 100, and 1000
pg/L) and CNM coupons of 25 mm diameter. The coupons were soaked
in 100 mL of E2 solution using an incubator shaker (Innova 43 R, New
Brunswick Scientific, USA) at 260 rpm and a temperature of 20 °C. The
variation of E2 concentration in the solution was evaluated at different
times (0, 0.1, 0.2, 0.5, 1, 2, 3, 4, 5, 6, 7 and 24 h; unfortunately, 26 h was
omitted) using a sample of 2.5 mL volume for the LSC analysis. The
equations for calculating steroid hormone removal (R, %) and uptake
(qads, ng/cm?) are reported in Table S4.

2.7. Steroid hormone filtration protocol

Filtration experiments were performed in a dead-end stirred cell
system composed of 3 Perspex cells in parallel (volume 10 mL, Millipore,
Modell 8010, Germany). Details of the system are shown in Fig. S1. A
peristaltic pump (MFLX 07,528-10, Masterflex, Germany) was used to
control the feed flow rate. The permeate mass during filtration was
measured with balances (AX822/E, Ohaus, USA), while the pressure and
temperature applied in the feed were monitored by pressure (PT5415,
IFM, Germany) and temperature (TA2145, IFM, Germany) sensors,
respectively. Filtration experiments were performed with membrane
coupons of 2.5 cm dimeter and an effective surface area of 3.8 cm?.
Filtration protocol is described in Table S3. To quantify SH uptake
during filtration, the breakthrough curve of four SHs was determined
with the three CD types under varying operating conditions. Specif-
ically, the uptake and removal were investigated at different feed flow
rates (hence flux and hydraulic residence time), nanofiber matrix
thickness and hormone concentration. The equations for calculating
steroid hormone removal (R, %), uptake (qqgs, ng/cmz), water flux (Jo,
L/m%.h) and hydraulic residence time (¢, s) are reported in TableS3. The
experimental error of such parameters was determined by identifying
the major contributing error sources and applying the error propagation
method (Imbrogno et al., 2024b). Details of the error analysis and
calculated errors are reported in Tables S5-S8.
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3. Results & discussion

SH uptake and removal were assessed in static conditions and further
investigated during filtration to elucidate the role of CD type (a,  and y)
and hormone type (E2, E1, P, T) on the uptake and removal under
varying conditions of fluxes (hence hydraulic residence time), nanofiber
matrix thickness (hence fibre surface area) and hormone concentration.
MD simulation and QC calculation provided new insights on the inclu-
sion complex formation between SH and the three CD types and the
energetic barrier.

3.1. CD type cross-linking and nanofiber matrix morphology

a and yCD type cross-linking with EP was analysed by FT-IR and TGA
to verify the occurrence of the cross-linking reaction and the entrapment
in the nanofiber matrix before and after filtration. For pCD, the FT-IR
spectra and TGA analysis were published in the previous study
(Imbrogno et al., 2024a).

The occurrence of cross-linking reactions between the hydroxyl
groups of o and y CD and the epoxy rings of EP was confirmed by FT-IR
(Fig. 2A, B). In Fig. 2A, the O—H stretching peaks observed at
3550-3200 cm ! confirmed the occurrence of secondary alcohol pro-
duced by the epoxide ring-opening reaction, similar to the spectra
observed for BCD. Similar FT-IR spectra were expected due to the similar
chemical structure of the three CD types with OH functional groups
involved in the cross-linking reaction. Another peak for C—H stretching
and bending at 2915 and 1456 cm™' confirmed the formation of
methylene groups (Celebioglu et al., 2019; Gidwani and Vyas, 2014). In
Fig. 2B, the peaks observed at 1079 and 1023 cm ™! for a and yCD were
attributed to C—O stretching, which was used to analyse the trans-
formation from primary to secondary alcohol after cross-linking, the
peak’s absorbance ratio (Celebioglu et al., 2019). The absorbance ratios
(A1079/A1023) for aCD and yCD were both found to be 0.46. After
cross-linking, the absorbance ratios (Aj79/A1023) for aCDP and yCDP
increased to 0.50 and 0.59, confirming the formation of secondary
alcohols.

The nanofiber morphology (Fig. 3A-C) and membrane cross-section
(Fig. 3D-F) of the CNM membranes containing a, § and yCD (Fig. 3A-F)
were visualized by SEM to measure the nanofiber diameter and the
nanofiber matrix thickness.

Fig. 3A-C shows the smooth morphology of nanofiber for «CD, fCD
and yCD and average diameters of 283 + 109, 310 + 95, and 289 + 116
nm, were measured, respectively (nanofiber diameter distribution is
shown in Fig. S4). The nanofiber matrix thickness (Fig. 3D-F) was
similar for the CNM containing different CD types with an average
values of 182 + 8, 272 + 17 and 152 + 38 pm for aCD, fCD and yCD,
respectively. Increasing the electrospinning cycles, the nanofiber matrix
thickness increased to 412 + 21, 305 + 17, and 530 + 90 pm (see
Fig. S5). The water permeability of the CNM membranes containing
aCD, BCD and yCDs was not affected by the nanofiber matrix deposition
as shown in Fig. $6, with an average value of 508 + 60 L/m?h.bar. This
is a plausible result due to the insignificant additional resistance of the
highly porous nanofiber matrix thickness deposited on the UF
membrane.

TGA analysis of CNM membranes containing a and yCDP was per-
formed to verify the presence of the cross-linked CDs in the nanofiber
matrix after electrospinning and water filtration. The results for a and
yCD are reported in Fig. 4. TGA analysis for CD was published in the
previous study (Imbrogno et al., 2024a). An insignificant variation of
weight loss of 63 + 2 and 62 + 2 % was observed for a and yCD before
and after pure water flux, respectively, confirming the presence of
cross-linked o and yCDs in the nanofiber matrix thickness. The trend of
weight loss with the initial decrease of mass in the temperature range
between 400 and 600 °C is consistent with another study, where it is
referred to the decomposition of PES nanofiber (Askari et al., 2023).
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3.2. Static steroid hormone adsorption uptake and isotherms by different
CD types

In the first instance, estradiol uptake by different CDs (a, B, and
yCDs) was investigated to assess the role of CD type on E2 uptake and
saturation in static conditions. E2 uptake and removal by the different
CD types are shown in Fig. 5A, B. E2 removal increased over time until
equilibrium was reached after about 6 h, with values in the range of 70
to 80 % for the three CD types, which is about 2.6 times higher than the
UF pristine membrane. At equilibrium E2 uptake reached similar values
of 2.5 ng/cm? for the pCD and 2 ng/cm? for a and yCD. These results
show an insignificant difference in E2 removal and uptake for the
different CD types when tested in static conditions. This finding is in
contrast to a previous study (Tang et al., 2018), who reported a higher
adsorption capacity of E2 with yCD than BCD when tested in batch
condition. This was attributed to a deeper penetration of E2 molecules
within the yCD forming an inclusion complexation ratio of 1:2, while for
BCD, the ratio was 1:1. Two reasons can explain the different result, i)
the batch experiment was performed at a high E2 concentration in the

range of 0.4 g/L, which is about 7 order of magnitude higher than the
concentration (161077 g/L) applied in this work, and ii) cross-linked CDs
were mixed directly with E2 solution, while here the cross-linked CD
molecules were entrapped into a nanofiber matrix, which provided a
mass transfer limitation to the adsorption of E2 molecules by the CDs.
This hypothesis is supported by another study (Kayaci et al., 2013),
where a similar uptake of phenanthrene by the three CD types immo-
bilized into a polyethylene nanofiber matrix was observed in batch
conditions.

E2 adsorption isotherm with different CD types was investigated to
evaluate whether adsorption saturation was reached at equilibrium. The
results are shown in Fig. 5C, D. E2 uptake increased linearly with
equilibrium concentration from 0.01 to 1000 pg/L (Fig. 5D) irrespective
of the CD types, indicating that saturation of CD molecules was not
reached in the experimental concentration range. The adsorption
isotherm followed the Freundlich model for the three CD types, with
similar estimated k values (hence adsorbing loading) in the order of 1.9
to 2.9 ug/g (calculated parameters are shown in Table S10). This result
highlights that similar and equally high uptake is achievable for E2 by
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the three CD types in batch conditions, where uptake is mostly limited
by the E2 diffusion mass transfer in the bulk solution. In the next step,
the role of CD type on SH uptake was investigated under filtration
conditions (hence limited contact time) and with different SHs.

3.3. Role of CD type on steroid hormone uptake and removal during
filtration

The variation of E2 permeate to feed concentration ratio over time
(breakthrough curve, Fig. 6A-C) was used to determine the contribution
of CD type on uptake and removal during filtration.

No equilibrium was reached in the breakthrough of the CNM mem-
brane. A permeate-to-feed concentration ratio (Fig. 6A) was reported
irrespective of the CD type, suggesting that the membrane was not
saturated. This is consistent with the similar E2 uptake of 7.3 ng/cm? for
¥CD and 9.0 ng/cm? for a and BCD (Fig. 6B) as well as similar E2 removal
of 32 % for yCD, 42 and 46 % for a and CD (Fig. 6C). These results
indicate that E2 adsorption and removal were similar for the three CD
types, which is consistent with the similar trend of removal and uptake
observed for E2 in static conditions. Previous studies reported similar
findings for the uptake of E2 (Moulahcene et al., 2015; Oishi and Mor-
iuchi, 2010; Oishi et al., 2008) and other pollutants with similar mo-
lecular weight (atrazine and phenanthrene) (Kayaci et al., 2013; Romita
et al., 2019)by BCD and yCD, which was attributed to the formation of
inclusion complex irrespective of the CD type. To elucidate whether the
hormone type plays a role in controlling the uptake by the three CD
types, the removal of four SHs and uptake was investigated in the next
step.

3.4. Role of steroid hormone type on the uptake by different CD type

The removal and uptake of various SHs, namely estradiol (E2),
estrone (E1), progesterone (P) and testosterone (T), by the CNM mem-
branes containing cross-linked a, p and yCDP were investigated to
determine whether SHs chemical characteristics affect the CD interac-
tion and consequently, adsorption. The results are shown in Fig. 7A and
B.

The results revealed a different trend of removal and uptake for the
four SHs and the three CD types, suggesting that the SH chemical
structure affects the interaction with o, p and yCD. Similar removal and

uptake were observed for P, T and estrogens E1 and E2 (33, 34, 42 and
50 %, respectively) when CNM membrane containing aCDP was used,
consistently with a similar uptake in the range of 7.4 to 8.7 ng/cm?. This
indicates that, SH interaction with aCDP is independent of SH chemical
structure. In contrast, removal and uptake dependent on hormone type
were observed when CNM membrane coupons containing p and yCDP
were used. Specifically, when P was filtered through the membrane, the
highest removal of 74 % and uptake of 11.1 ng/cm? were obtained with
BCD, followed by E2 (46 %) and E1 (27 %), while the lowest removal and
uptake of 3 % and 2.3 ng/cm?, respectively, were observed for T when
CNM membrane with yCDP was used. A previous study (Oishi and
Moriuchi, 2010) reported a stronger uptake of E2 by pCD and yCD, due
to the inclusion complex formation, while for «CD, the complexation did
not occur as no change in the fluorescence absorbance spectra was
observed. The highest reduction of the fluorescence intensity was
observed with pCD, which was attributed to the formation of a more
stable inclusion complexation than y and o. These findings from the
literature support the similar removal and uptake observed with aCDP,
which was independent of SH type. Other studies investigated the as-
sociation constants of SHs with  and yCD, which revealed that the
chemical structure of SHs affected the association constants, and hence
the strength of the inclusion complex formation (Lin et al., 2022;
Sadlej-Sosnowska, 1997; Shakalisava and Regan, 2006). According to
these studies, the phenyl rings of estrogens are the functional groups
able to penetrate deeply into the CD cavity, and they are involved in the
inclusion complexation with § and yCD. Regarding T and P, the inter-
action with p and yCD is mostly attributed to hydrogen bonding and the
penetration into the cavity is weaker due to the absence of phenyl rings.
This finding supports the low T removal and uptake observed with f§ and
yCD. The experimental results and the findings reported in the literature
highlight the significance of the SH’s chemical structure in controlling
the interaction with the different CD types and possibly the formation of
the inclusion complex.

3.5. Inclusion complex dynamics and energy for different CD types

To gain insights into the role of CD types in the inclusion complex
formation with different SHs and the energetic limiting step, MD sim-
ulations and QC calculations were performed. The spatial distribution of
SH molecules around the cavity of a, p and yCDP was investigated to



A. Imbrogno et al.

100 T T T T T AT
A ‘
-~ 80} Y.
S " g
® 60} O A% .
> -84
o) 5= *x
S wf %% _aaa 2
= AN cop
AT o
N O, AT > BCDP
w 20f B .
% yCDP
A UF Pristine
8 F——t————
= B
NE 25¢ 4
o
8) 2t ¥
= 3 E 4 A
015} B #XXA ;
X * A
g 1L zA aCDP
= : BCDP
o~ % yCDP ]
w A UF Pristine

o
o

g (ng/em?)

ot D e
N
£ 10*F % 1
5 s
E) 10%} “ 1
o 10%F = 1
© 8
e 5 |
e 10y uCDP 1§
: t O BCDP
o 101 % yCDP 1}
101 ? ul l sl 1 ul
001 01 1 10 100 1000
Ce (uglL)

Fig. 5. A) E2 removal, B) uptake and C, D) adsorption isotherm in static con-
ditions by the composite nanofiber membrane determined with different CDs
and E2 concentrations (260 rpm, pH 8.1 + 0.2, 20 °C, 1 mM NaHCO3, 10 mM
NaCl, 15 g/cm2 CDP). Data for fCD are adapted from Imbrogno et al. (2024a).

determine the inclusion complex ratio. The radial distribution function
of SHs is shown in Fig. 8.

A higher peak of the radial distribution function was observed for E2
and P in the presence of CDP with a radial distribution of about 0.5 nm,
which is within the BCD cavity diameter of 1.0 nm in water (Raffaini and
Ganazzoli, 2007). This is an indication that among ten SH molecules, at
least one entered the cavity confirming a complex ratio of 1:1 for fCD
(radial distribution of ten E2 molecules as an example is shown in
Fig. S12). The complex ratio is consistent with the literature (Lin et al.,
2022; Shakalisava and Regan, 2006; Tang et al., 2018) and with the
higher removal observed experimentally for pCD in Fig. 7. A weaker
peak intensity and a broader spatial distribution of SH molecules, were
observed from the centre of a and yCDP cavity, which is an indication
that the majority of the SH molecules were distributed in the proximity
of the cavity in the bulk solutions and the possibility that one SH
molecule entered o and yCDP cavity (corresponding to a radial distance
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below 1 nm) was minimal, compared to the BCDP. These findings are in
contrast to those of previous studies (Oishi et al., 2008; Shakalisava and
Regan, 2006; Tang et al., 2018), where the complex ratio of 1:1 or 1:2
was reported for yCD, determined by fluorescence intensity and mo-
lecular docking. One significant difference between the MD simulation
performed in this study and the literature is the chemical structure of the
CD cavity, which can explain the contrary result. In fact, MD simulations
were performed using a more complex system containing cross-linked
CD molecules, where the cross-linker attached to the CD cavity can
affect the distribution of SH molecules around the yCDP cavity and cause
a major hindrance to the inclusion complex formation as observed for
BCDP in a previous study (Lin et al., 2024a).

To better elucidate the contribution of CD types on the interaction
with SH molecules and the dynamics of the inclusion complexation, the
spatial distribution of SH molecules from the centre of the «, p and yCDP
cavities over time was investigated (see Fig. 9).

The comparison of the spatial distribution over time of SH molecules
from the CD cavity center in Fig. 9 revealed that CD type affected
strongly the residence time of SH molecules in the cavity. Notably, the
shortest distance of SHs molecules (specifically estrogens and P) from
the cavity was observed for BCDP (distance between 0.6 and 4 nm) in the
full simulation time of 90 nanoseconds, while in the case of y and aCDP,
the majority of the SH molecules were distributed at larger distances (6
to 9 nm) and the inclusion complex appeared mostly after about 40
nanoseconds for a short time (see Fig. S13). The radial distribution is
consistent with the interaction dynamics shown in Fig. S14, where it was
observed that E2 molecules were closer to the fCD cavity and the
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formation of hydrogen bonding occurred in proximity of the cavity,
while for o and yCD E2 molecules were weakly distributed in proximity
of the CD cavity. These findings revealed that inclusion complex for-
mation was stronger and more stable over time for fCDP, while in the
case of a and yCDP, most of the SH molecules remained in the bulk so-
lutions and interacted weakly with the inner CD cavity, resulting in less
stable inclusion complex formation.

Previous studies reported that de-solvation and interaction energies
are the two main energetic steps controlling the complexation of the
guest molecule with a macrocyclic host (Abarca et al., 2016; Buchwald,
2002; Gholami et al., 2024). The de-solvation and interaction energies
involved in the formation of the inclusion complex of E2 with a,  and
yYCDP were determined to elucidate the energetic limiting step for the
three CD types. Surprisingly, QC calculation revealed that yCDP pro-
vided the highest interaction energy of —11.7 kcal/mol, followed by
aCDP (—8.9 kcal/mol) and BCDP (—4.9 kcal/mol). A similar interaction
energy for inclusion complexation of fCD with E2 (—6.1 kcal/mol) was

obtained in another study (Lin et al., 2022) by quantum calculation,
which was attributed mainly to hydrophobic and hydrogen bonding
interactions. The interaction energy values showed a more stable and
stronger complex with yCDP compared to o and BCDP, which is not
consistent with the experimental results of E2 removal and the broader
spatial distribution observed in MD simulation.

To understand this discrepancy, it is important to highlight that the
interaction energy was determined in the gas phase (absence of water
molecules), which means that only the CD macrocyclic host and E2
molecules were considered in the calculation, while the spatial distri-
bution as well as the experimental filtration were performed in water.
Studies in the literature reported that hydration of CD occurs in water by
hydrogen bonding interactions of water molecules with the OH groups
in the cavity (Ganjali Koli and Fogolari, 2023; Raffaini and Ganazzoli,
2007; Sandilya et al., 2020; Vicatos et al., 2022). The de-solvation en-
ergy to remove solvent molecules from the vicinity of the interaction
interface revealed a trend opposite to the interaction energy. Indeed, the
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Fig. 9. Top: Cumulative distance of 10 SHs molecules from the center of the CD cavity over time. Bottom:3D schematics of SHs spatial distribution and inclusion
complexation for «, § and yCDs. MD data for BCD are adapted from Imbrogno et al. (2024a). MD data of the 10 SHs molecules are in Fig. S13.

highest de-solvation energy was obtained for yCDP (+8.3 kcal/mol),
while similar values of +5.6 and 6.0 kcal/mol were obtained for o and
BCDP, respectively. This is consistent with a study by Pinjari et al.
(2006), who performed an electrostatic potential topography investi-
gation of the CD structure and found a more polar cavity for yCDP. The
highest energy of de-solvation (release of water molecules from the
cavity) means that this is the energetic limiting step for yCDP, which
hinders the subsequent formation of the inclusion complex with E2. This
is consistent with the wider spatial distribution of E2 molecules from the
centre of the yCDP cavity (Fig. 9) when MD simulation was performed in
the presence of water and the lower E2 removal determined experi-
mentally during filtration (Fig. 7). In the case of a and pCDP, similar and
lower de-solvation energy is required, while the interaction energy is
expected to be the energetic limiting step. In this case, it was expected to
have a stronger interaction energy for fCDP, compared to aCDP. How-
ever, the QC calculation showed that the interaction energy is more
negative for o CDP (—8.9 Kcal/mol) compared to fCDP (—4.9 Kcal/mol),
indicating that the inclusion complex is stronger for «CDP. This finding
is in contrast to the radial spatial distribution of E2 molecules, which is
wider for aCDP (Fig. 9) while a similar experimental E2 removal was
observed for o and BCDP (46 and 42 %, respectively). The interaction
energy with E2 molecules involves mostly hydrophobic and
hydrogen-bonding interactions (Lin et al., 2022). A previous study
(Pinjari et al., 2006) reported that hydrogen bonding interaction with
aCD occurs mostly with the primary OH groups in the glucose unit
(bottom of the ring in Fig. 1), which promotes interaction with the
external surface of the CD, while for § and yCDP the hydrogen bonding
interactions involves predominantly the secondary OH groups (top of
the ring), facilitating the penetration into the cavity. This can justify the

10

wider spatial distribution of E2 molecules in MD simulation, despite the
stronger interaction energy obtained for «CDP.

3.6. Contribution of CD type on composite membrane saturation

E2 removal and uptake by the CNM membranes containing a, p and
yCDP were investigated at different hormone concentrations to evaluate
whether the CD type affects the membrane adsorption capacity. The
removal and uptake are reported in Fig. 10A and B.

E2 uptake increased linearly with the increase of feed concentration
irrespective of the CD type (Fig. 10B), indicating that membrane satu-
ration was not reached under the tested experimental conditions. This
result highlights that CD type is not a controlling parameter of mem-
brane saturation during filtration as indicated by the similar trend
observed on E2 removal. This is a plausible result given the similar trend
of the breakthrough curve in Fig. S9, where an equilibrium was reached
faster at the higher concentrations of 100 and 1000 pg/L, corresponding
to the lower E2 removal.

3.7. Steroid hormone removal under limiting factors

The flux (hence, the hydraulic residence time) and the nanofiber
matrix thickness (hence, surface area for adsorption) are the two main
limiting parameters controlling E2 removal and uptake (Imbrogno et al.,
2024a). These two limiting factors were investigated for a, § and yCDP to
determine whether the variation of E2 removal and uptake is dependent
on the CD type. The results are reported in Fig. 11 A, B for different
fluxes and C-D for different nanofiber matrix thicknesses (that is, the
number of electrospinning cycles).
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Increasing the flux from 158 to 1260 L/m?2.h (a factor of 8) caused a
decrease of E2 removal by 1.6 and 2 times, for § and aCDP, respectively,
and 2 times for yCDP, which is consistent with the reduction of E2 up-
take by almost 2 times. This result highlights that the HRT is a limiting
factor for the E2 uptake irrespective of the CD type. A similar trend with
varying HRT was observed in previous studies where adsorbing mate-
rials, such as polymer spherical activated carbon, carbon nanotubes and
BCD covalently attached on MF membranes, were applied in filtration
for the removal of SHs, pesticides and bisphenol A (Nguyen et al., 2021;
Tagliavini and Schafer, 2018; Trinh and Schafer, 2024; Wang et al.,
2020). In another study (Fan et al., 2019) it was reported an increase of
adsorption rate with increase of feed flow rate (hence flux) and a
decrease of adsorption capacity because of the shorter interaction time
between bisphenol A and the CD adsorbent molecules immobilized in a
chitosan/poly-vinyl alcohol nanofiber matrix, which is consistent with
the results reported in Fig. 11C.

When the nanofiber matrix thickness increased from 180 to 420 pm,
E2 removal increased by almost 3 times for § and yCDP and by almost 2
times for aCDP. The increase was more significant at a thickness below

300 pm, while remaining constant with further increase of the nanofiber
matrix thickness above 300 pm. This is consistent with the E2 uptake,
which remained unchanged in the range of 8.2 to 9.5 ng/cm? at nano-
fiber matrix thickness from 210 to 420 pm. Similar results were obtained
in previous studies, where the increase of polymer spherical activated
carbon layer (hence the external surface area) in composed UF mem-
brane resulted in insignificant enhancement of SHs and pesticides
(glyphosate) removal (Tagliavini et al., 2020; Trinh and Schafer, 2024).
Another study (Tagliavini et al., 2023) explained that the axial disper-
sion rate is the parameter controlled by the adsorbent layer thickness,
resulting in enhanced dispersive transport at higher thickness and
reduced adsorption rate. This finding supports the experimental trend
observed for E2 removal and uptake as a function of nanofiber matrix
thickness. The dominance of the axial dispersion rate at higher nanofiber
matrix thickness is evident in the change of the breakthrough curve
shape (see Fig. S10), which became flatter at thickness above 210 pm.
Previous studies (Weber and Liu, 1980; Worch, 2004) on the mass
transport in bed column, reported that a flatter breakthrough curve
occurs when the intraparticle mass transport (in this case the mass
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Fig. 11. E2 removal and uptake as a function of (A, B) flow rate and (C, D) matrix thickness with different CNMs (22.5 + 1.7 °C, pH 8.1 + 0.2, 1 mM NaHCO3, 10
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transport in the void space between nanofibers) is reduced, which is
consistent with the findings observed in this study at higher nanofiber
matrix thickness. These results revealed that the highest possible
removal of 71 % and uptake of 9.5 ng/cm? can be achieved with BCDP at
a flux of 600 L/m?h (HRT of 0.8 s), while a lower removal of about 49 %
can be achieved with a and yCD, at similar limiting parameters of
nanofiber matrix thickness and flux.

4. Conclusions

The contribution of CD type on SHs removal, uptake and inclusion
complexation affinity was investigated by entrapping different CDs,
namely o, § and yCD into a CNM membrane.

Interestingly, the CD type played a major role controlling SH in-
teractions and the complexation dynamics. In the case of «CDP, a similar
removal of P, T and estrogens E1 and E2 (33, 34, 42 and 50 %, respec-
tively) was observed, while for p and yCDP, the removal and uptake
were dependent on SH type. Indeed, the highest removal of 74 % and
uptake of 11.1 ng/cm? was obtained for P with pCD, followed by E2 (46
%) and E1 (27 %), while the lowest removal and uptake of 3 % and 13 %
was observed for T when y and PCDP were used, respectively. MD
simulation on the radial spatial distribution over time of SH molecules
from the CD cavity, revealed that in the case of y and aCD SH molecules
were distributed mainly at larger distances (6 to 9 nm) from the CD
cavity and the inclusion complexation appeared for a short time inde-
pendently of SH type. In contrast, CDP showed a stronger and more
stable inclusion complexation over time, especially for P and estrogens
(E1 and E2). This was attributed to higher de-solvation energy for yCDP
(+8.3 kcal/mol) compared to o and BCDP (5.6 and 6 kcal/mol), which
provided more hindrance to the release of the water molecules interface
of CD molecule and hormone and subsequent formation of the inclusion
complex with SHs. In the case of a and PCDP, despite the stronger
interaction energy of «CDP (—8.9 kcal/mol) a similar E2 removal was
observed under experimental filtration and a wider spatial distribution
was obtained from MD simulation. This discrepancy was attributed to a
different hydrogen bonding interactions which occurred mostly at the
external surface for «CDP with the secondary OH groups.

In conclusion, the CD type is an important parameter to control SH
uptake from water with CNM membrane containing CD molecules.
Among the three CDs, fCD provides the strongest affinity to form se-
lective and more stable inclusion complexation with steroid hormones,
especially with estrogens and progesterone.
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