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ABSTRACT: Cyclodextrin—polymer composite electrospun
nanofibers were developed for micropollutant (MP) removal
from water. The fibers were fabricated by electrospinning of
mixed poly(ether sulfone) (PES) and f-cyclodextrin (CD)
solutions under optimal conditions. The composite fibers were
compared with bare PES nanofibers prepared by the same
method. Scanning electron microscopy revealed that CD did
not alter the fiber morphology, while the fiber capacity for MP
uptake was enhanced by CD through the formation of
inclusion complexes. The availability of CD on the fibers was
confirmed by the emergence of visible luminescence due to the
inclusion of a quantum cluster, Au,;SBB,s (SBB = 4-(tert-
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butyl)benzylmercaptan in thiolate form), in the cavities of CD exposed on fiber surfaces. The steroid hormone estradiol (E2)
(100 ng/L) and pesticide chlorpyrifos (CP) (S mg/L) were used as model pollutants in batch experiments designed to measure
uptake potential. The nanofibers interact strongly with the model pollutants because of their high surface area and surface affinity.
Increases of 20% in E2 uptake and 80% in CP uptake compared with bare PES nanofibers were observed. This behavior indicates
promising applications of CD-containing materials for MP removal in water treatment and membrane technology.
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B INTRODUCTION

A wide range of micropollutants (MPs), composed mostly of
pharmaceuticals, personal care products, and pesticides, occur
in very low concentrations of a few nanograms to micrograms
per liter in the water cycle. These pollutants cover a large array
of chemicals, many of which are endocrine disruptors.
Common endocrine disruptors are hormones, antidepressants,
painkillers, personal care products, pesticides, plasticizers, and
flame retardants.' > While those pollutants are harmful to both
the environment and wildlife in affected water bodies,”* their
negative effects on human health through accumulation in the
food chain and contaminated drinking water cause 51gn1ﬁcant
economic burdens on existing water treatment methods.’
Conventional wastewater treatment plants cannot adequately
remove a number of MPs because of the low concentrations,
low molecular weights, and low biodegradability of MPs.” This
results in the release of MPs with treated effluents® and affects
water bodies such as lakes, rivers, and oceans.”>*™'" Current
treatment options for MP removal are coagulation—floccu-
lation, activated carbon adsorption, ozonation, advanced
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oxidation processes, membrane filtration, membrane bioreac-
tors, and attached -growth treatment processes.8’12’13 Each of
these technologies exhibits specific limitations such as by-
product formation, inadequate removal, elevated treatment
costs, or high energy requirements. Membrane filtration
processes such as nanofiltration or reverse osmosis are
interesting options for MP removal.'*"> However, these
processes are energy-intensive, and MP removal is typically
unselective. It is hence necessary to develop new materials and
composites designed for more specific MP removal. The aim of
this study is to develop materials that are able to remove MPs at
significantly higher water permeability than membrane
processes and hence require relatively low applied pressures.
This offers a process that is less energy-intensive and
inexpensive.
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Table 1. Characteristics of Estradiol (E2), Chlorpyrifos (CP), f-Cyclodextrin (CD), and Poly(ether sulfone) (PES)

Molecular Diameter
Material Molecular structure? weight (nm) Ref.
(g/mol)
EStCra‘;'i“"éEz) 272.4 0.796 5
18112412
Chlorpyrifos (CP)
CoH;;CI;NO;PS 350.59 0.45 8
p-cyclodextrin (CD) 1134.98 outer: 1.53 _
C42H7()O35 ! inner: 0.78
HO
Poly(ether sulfone)
(PES) e e ~ _ _
[CeH 4-4-C(CHy),CoH -4- S‘O‘O O CH3 ° 35,000
OC¢H,-4-S0,C¢H,-4-0], "

“The arrow indicates the D ring of the E2 molecule, which goes into the cavity of -CD.%

Even though nanofiber mats do not usually have pore sizes
that are adequate for water disinfection, nanofibers are potential
materials for membrane fabrication. Nanofibers have significant
adsorptive properties due to their large surface areas and the
possibility to incorporate specific functionalities."®'” Examples
of such active chemistries are the inclusion of carbon nanotubes
to create antimicrobial materials,'® enzymes for catalytic
reactions,”” and the production of superhydrophobic/super-
oleophilic fibers for oil/water separation.”””" Electrospinning is
the process applied to produce nanofibers from polymers with
diameters ranging from tens to hundreds of nanometers.”>**
Nanofibers can be produced from suitable polymer solutions
extruded from a thin capillary while a voltage in the range of a
tew kilovolts is applied. Those fibers accumulate in a
nonordered fashion on the collector and form a nanofiber
mat,”>"® unless a drum collector that can collect the fibers in
an aligned manner is used.

Affinity membranes are one of the main types of electrospun
nanofibrous membranes for the removal of specific molecules
from liquids. Nanofiber affinity membranes have been made
from common membrane polymers such as regenerated
cellulose, polysulfone, and poly(ether sulfone) (PES) for
pollutant adsorption.'”*”** PES is a suitable carrier polymer
for water treatment applications because of its high
permeability, good mechanical and thermal stability, and
biocompatibility.””*° To enhance the adsorptive capacity and
selectivity of the fibers, functional molecules may be added.
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Selectivity may target micropollutants over water matrix
compounds present at significantly higher concentrations. A
particularly popular class of molecules for this application is
cyclodextrins. f-Cyclodextrin ($-CD) is a cyclic oligosaccharide
formed by a-(1,4)-linked glucopyranose units,”’ with seven
glucopyranose units’””” being suitable for a wide variety of
applications.”* The glucopyranose units form a toroidal
structure with a hydrophobic inner cavity and a hydrophilic
outer surface. The hydrophobic cavity enables the CD to form
inclusion complexes with other guest molecules that are mainly
hydrophobic in nature by means of non-covalent interactions
between the guest molecule and the CD host. Mechanisms
include hydrogen bonds, van der Waals forces, and electrostatic
forces as well as hydrophobic and hydrophilic interactions
between CD, the surrounding material, and the guest molecule.

CDs can be used as a loose adsorbent™ or be imbedded into
a membrane substrate.”® The addition of CD was reported to
increase the pure water flux and rejection of natural organic
matter through membranes.”’~*' Uyar et al.*” introduced -CD
into poly(methyl methacrylate) as well as into polystyrene
fibers, and for the latter, increased adsorption of phenolph-
thalein as a function of f-CD content in the fibers was
evident.”” Micropollutants such as bisphenol A are adsorbed
directly to the fibers with reported adsorption capacities as high
as 88.7 pumol/g, and desorption is achieved by washing the
fibers with ethanol. The integration of adsorption into a larger
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treatment system was anticipated to lead to more sustainable
water technologies.”*

Both hormones and pesticides are common MPs. The
hormone estradiol is found in treated wastewater in the range
of 1-100 ng/L* and has proven adverse effects on human
health.*® The cavities of CD can trap the A ring of steroid
molecules and can efficiently make a host—guest complex.”’
Bednarek et al.*® investigated the complexes of f-CD with
prednisolone, ethinylestradiol, and estriol and found a model of
binding based on "H NMR experiments. Nagy et al.*’ showed
that CD-based sorbents can remove up to 95% of the
estrogenic compounds (17f-estradiol, ethinylestradiol, and
estriol). Chlorpyrifos (CP) is a common organophosphate
insecticide used for protection of a variety of food and feed
crops.”””! CP is commercialized under a variety of trade names,
such as Dursban, Lorsban, Dowco 179, Pyrinex, and
Coroban.”>** Although CP has diverse applications, it has
been found that this insecticide has significant negative effects
on the human nervous, respiratory, and cardiovascular
systems.””* Being an organophosphate, CP can be absorbed
through the skin, conjunctiva, gastrointestinal tract, and lungs.so
CP has been detected at concentrations of up to 190 ng/L in
water bodies, significantly above the allowed CP concentration
in the Buropean Union,™ set at 0.1 and 0.5 ug/L as the
maximum admissible concentrations for individual and total
amounts of pesticides, respectively.’® Several studies have
reported the incorporation of CD by blending in electro-
spinning polymer solutions or functionalization of the surface
of electrospun nanofibers for adsorption of organic molecules
from water and wastewater applications, as summarized in
Table S1.

In this research, PES nanofibers with incorporated CD were
investigated to determine (1) whether the accessibility of CD
on the fiber surface for pollutant removal can be maintained,
(2) whether CD enhances pollutant removal in comparison
with bare PES fibers, and (3) whether the CD is stable in the
nanofiber when exposed to water (in which CD is soluble).

B EXPERIMENTAL SECTION

Pollutant Characteristics and Analysis. Radiolabeled hormones
[2,4,6,7-*H] B-estradiol (E2) (2.59 TBq/mmol) with an activity of 37
MBq/mL as an ethanol solution was purchased from PerkinElmer
(Waltham, MA, USA). Milli-Q type-1 water (>18.2 MQ/cm at 25 °C;
Merck Millipore, Darmstadt, Germany) was used to prepare a 10 ug/L
E2 stock solution. Very low concentrations of *H-labeled hormones
(as low as 0.1 ng/L) were detected with a liquid scintillation counter
(2550 TR/AB; Packard, Downers Grove, IL, USA).>’ For scintillation
counting, 1 mL of the sample was mixed with 1 mL of scintillation
liquid (Ultima Gold LLT; PerkinElmer) in a 20 mL glass scintillation
vial (Wheaton, Fisher Scientific, Schwerte, Germany) Then the sample
was counted in triplicate (10 min for each measurement). Calibration
standards were prepared with 0, 0.1, 1, 10, and 100 ng/L E2 solutions.

The pesticide chlorpyrifos was purchased as an analytical standard
(99.9% purity; Fluka Analytical, Sigma-Aldrich). A stock solution of
CP was prepared in ethanol at a concentration of 1000 mg/L (the
solubility of CP in ethanol is 497.07 g/L at 25 °C).%® This solution was
diluted prior to each experiment with distilled water to the desired
concentration, usually S mg/L, a comparatively high pollutant
concentration used for feasibility studies. The CP concentration was
measured using gas chromatography (GC) on a Clarus 680 gas
chromatograph (PerkinElmer) with an electron capture detector. CP
was extracted from the aqueous solution with hexane, and 1 yL was
injected into the gas chromatograph. The injector temperature was set
to 200 °C. The oven temperature was initially set at 75 °C for 1 min,
then increased at a rate of 20 °C/min to 150 °C, held at 150 °C for 3

2944

min, increased at 20 °C/min to 250 °C, held at 250 °C for 2 min,
increased at 20 °C/min to 300 °C, and held at 300 °C for 5 min. The
total duration was 22.25 min. The hexane used for sample extractions
was Chromasolv for HPLC (>97.0% (GC); Sigma-Aldrich).
Characteristics of E2 and CP are summarized in Table 1.

Fiber Preparation. The polymer used for fiber production was
Veradel 3200 poly(ether sulfone) (Solvay Specialty Polymers). 5-CD
was purchased from MP Biomedicals LLC (Solon, OH, USA). N,N-
Dimethylformamide (DMF) (>99.5%, Emparta ACS; Merck) was
used as the solvent. The characteristics of PES and f-CD are
summarized in Table 1. Two types of fibers were prepared: f-CD—
PES composites (PES+CD) as well as pure PES without added CD
(PES). A PES spinning solution containing 25 wt % PES with DMF as
the solvent was prepared. For the CD-doped fibers (PES+CD), 10 wt
% pB-CD with respect to the polymer weight was added to the spinning
solution.

The nanofibers were prepared by electrospinning (ESPIN-NANO;
PECO-Chennai, India). The fibers were spun from a spinneret needle
with an outer diameter of 0.4 mm at 25 kV onto an aluminum sheet
substrate placed on a drum collector (PECO-Chennai) rotating at
2500 rpm. The syringe pump extruding the spinning solution was set
to a flow rate of 0.3 mL/min, and the distance from the needle tip to
the drum collector was 20 cm. After electrospinning, the aluminum
sheet holding the fibers was removed from the drum collector, and the
fiber mat could be peeled off the substrate for analysis.

To prepare samples for transmission electron microscopy (TEM), a
few fibers (spinning time =~ 1 s) were spun directly onto stationary
TEM grids, with all of the other spinning parameters being the same as
for preparing the fiber mats. For hyperspectral imaging (HSI), a small
number of fibers were spun directly onto HSI glass slides for single-
fiber analysis.

Fiber Static Adsorption in Waters Containing Estradiol.
Static adsorption experiments were performed using radiolabeled
(2,4,6,7-*H] B-estradiol (2.59 TBq/mmol). Different masses of fibers
were put in conical shaker flasks (250 mL; Duran Group, Wertheim,
Germany) containing 100 mL of 100 ng/L E2 solution, and the flasks
were placed in an incubator shaker (Innova 43 R; New Brunswick
Scientific, Edison, NJ, USA) at 260 rpm and a constant temperature of
20 °C. A metal paper clip was attached to each nanofiber sample to
prevent nanofiber floating. It should be noted that adsorption on glass
surfaces (<0.7%) and paper clips was negligible during long-term tests
with hormone solution. Then 2.5 mL samples were taken with 5 mL
pipettes at certain time intervals, assuring that no nanofiber was
removed during the sampling procedure. The sampling periods were 0,
0.1,0.25,0.5,1, 3,5, 7,9, 24, 26, 48, 72, and 96 h. The percentage of
hormone removal was calculated using eq 1:

Co— &

% hormone removal = -100

(1)

where ¢, (in ng/L) is the initial concentration and ¢, (in ng/L) is
sample concentration at time f.

Fiber Adsorption and Desorption Studies in Waters
Containing CP. CP adsorption experiments were performed using
a batch process wherein 3 mg of fiber was added to 100 mL of aqueous
CP solution with a concentration of 5 mg/L. After an equilibration
time of 12 h, the concentration of the solution was determined by GC.
The aqueous CP solution was freshly prepared for every batch to
minimize hydrolysis of CP.

To determine desorption or adsorbent recovery, the fibers were
washed multiple times with water and measured after every washing
step. Small amounts (~1 mg) of fibers were soaked in 100 mL of 1000
mg/L CP stock solution overnight to reach equilibrium. After removal
from the solution, 3 mL of deionized water was added, and the
samples were placed on a shaker for 15 min. This washing step was
repeated one to four times. After washing, the samples were air-dried
and stored in a desiccator until analysis by infrared absorption
spectroscopy. Samples were analyzed using a UV—vis spectrometer at
205 nm to determine desorption of CP to ethanol. Optical absorption
spectroscopy was performed with a PerkinElmer Spectrum One
instrument in the wavelength range of 190—1100 nm.
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Figure 1. SEM images of (A) PES nanofibers (average fiber diameter of 552 + 176 nm) and (B) PES+CD nanofibers (average fiber diameter of 518

+ 133 nm).

B FIBER CHARACTERIZATION

Scanning Electron Microscopy. Scanning electron microscopy
(SEM) images were taken on a Quanta 200 instrument (FEI,
Hillsboro, OR, USA) with a 30 kV electron beam to analyze the
morphology of the nanofibers.

Brunauer—Emmett—Teller Analysis. Brunauer—Emmett—Teller
(BET) theory-based surface analysis was performed on fiber samples
containing CD as well as fibers without CD (pure PES fibers) to
determine the specific surface areas of the fibers. For surface analysis,
208 mg of PES+CD fibers and 203 mg of PES fibers were removed
from their aluminum substrates and outgassed at 100 °C under
vacuum for 12 h before the BET measurements were started. The
nitrogen adsorption was measured on an ASAP 2020 porosimeter
(Micromeritics, Norcross, GA, USA).

Contact Angle Measurements. The water contact angles of the
electrospun nanofibers were measured using the sessile drop technique
(DSA 2S; Kruss, Hamburg, Germany) at room temperature. Milli-Q
water was used as the probe liquid, and the contact angle was
measured at 1 s intervals. Each time a 6 pL drop was used, and
measurements were performed for 10 s. The average of five
measurements at each interval was reported as the contact angle for
each sample.

Hyperspectral Imaging of Fibers Coated with Au,sSBB,g
Gold Nanoclusters. A hyperspectral imaging system (CytoViva
Inc., Auburn, AL, USA) was used for fluorescence imaging of the
fibers. The nanofibers were spun directly onto HSI glass slides and
dipped into the Au,;SBB,3 (SBB = 4-(tert-butyl)benzylmercaptan in
thiolate form) cluster solution for 15 min at room temperature.
Subsequently, the fibers were dipped in clean hexane to remove the
nonadsorbed clusters, and a single fiber was analyzed under white and
fluorescent light to compare the fluorescence intensities of the two
fiber types.®’

Clusters composed of a few atoms of noble metals protected with
ligands belong to a new class of materials with properties (in this case
intense luminescence) very different from those of the bulk
materials.”” Organic-soluble Au,g clusters protected with molecules
such as phenylethanethiol (PET) and glutathione (GSH), with
molecular formulas Au,sPET g and Au,sSGq are examples of this
class of materials. CD cavities can be used as suitable hosts to create
host—guest chemistry for these materials.”"*® The clusters used here
were composed of a core containing 25 gold atoms protected by 18
SBB molecules. The interactions of these clusters with #-CD and their
red luminescence when excited with fluorescent light (480—510 nm)
have been reported by Mathew et al.** The clusters form inclusion
complexes with the CD molecules through the host—guest interaction
between the soluble SBB and the CD cavity. Hence, the abundance of
CD cavities on the fiber surfaces can be visualized.

Transmission Electron Microscopy and Energy-Dispersive
Spectroscopy. TEM imaging and energy-dispersive spectroscopy
(EDS) analysis were performed using a JEOL 3010 high-resolution
transmission electron microscope (JEOL, Tokyo, Japan). Nanofibers
were spun directly onto copper grids for TEM analysis. Single fibers
were imaged, and EDS mapping of the elements carbon, sulfur,
phosphorus, and chlorine was performed for both fiber types after
exposure to CP.

Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy. Attenuated total reflectance Fourier transform IR
(ATR-FTIR) spectra were measured using a Bruker Tensor 27 FTIR
spectrometer (Bruker Optics, Ettlingen, Germany) equipped with a
room-temperature deuterated glycinesulfate (RT-DTGS) detector and
a Bruker Platinum ATR accessory (diamond crystal with one
reflection). All of the spectra were recorded at room temperature
(22 °C). Bruker OPUS 7.2 software was used for measurements as
well as spectral evaluation. Spectra were recorded from 4000 to 370
cm™" with a spectral resolution of 4 cm™" against an air background. In
each measurement, 32 scans were coadded, and a baseline correction
was performed after the measurement. Spectra were measured for both
the fiber types before and after CP adsorption.

Simultaneous Thermal Analysis Mass Spectrometry with
Thermogravimetry/Differential Scanning Calorimetry. Simulta-
neous thermal analysis (STA) was performed with a STA 449 C
Jupiter (Netzsch-Geritebau GmbH, Selb, Germany) equipped with a
thermogravimetry/differential scanning calorimetry (TG-DSC) sample
holder. The STA instrument was connected by a heated quartz glass
capillary to a 403 C Aéolos quadrupole mass spectrometer (InProcess
Instruments (IPI)/Netzsch-Geritebau GmbH). Samples were heated
from 35 to 590 °C at 10 K/min in a streaming nitrogen (50 mL/min)/
nitrogen (20 mL/min) atmosphere. Conventional Al crucibles with
lids were filled with sample material (0.3—4 mg). An empty Al crucible
with lid served as the reference.

B RESULTS AND DISCUSSION

Fiber Morphology. SEM imaging was carried out to
analyze the fiber morphology and structure. The images in
Figure 1 show the similarity of the PES and PES+CD fibers.
Both samples show uniform and straight fibers with very few
beads. The fiber diameters have a relatively narrow distribution.
The average fiber diameters for the PES and PES+CD fibers
were measured to be 552 + 176 and 518 + 133 nm,
respectively. The slightly lower average fiber diameter for PES
+CD fibers is attributed to weak intermolecular interactions
between CD and PES and the lower viscosity of the
electrospinning solution compared with that for bare PES.*
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It has been found that addition of CD to different polymeric
matrixes leads to narrower fibers.*>*>~¢’

Fiber Surface Area, Length, and Volume. The length (1)
and surface area (A) of the fibers can be estimated from the
average fiber diameter (d) from SEM results and the density of
bulk PES (p = 1.37 g/cm?).°® With the assumption of a
cylindrical fiber shape, inserting the equation for the cylinder
volume (V) and relating the mass (m) to the volume using the
density results in eq 2:

2
yom_ ol

p 4 )

This can be rearranged to give the fiber length per unit mass (I/
m) as
l 4

m prd®

©)
Since I >> d, the surface areas of the fiber ends can be neglected.
The surface area (neglecting the fiber ends) per unit mass is
then given by eq 4:
A _dd_ 4
pd 4)

The fiber diameters measured by SEM and the calculated fiber
lengths and surface areas per unit mass are given in Table 2.

m m

Table 2. Fiber Lengths and Surface Areas (Per Unit Mass)
Estimated by Assuming a Cylindrical Fiber Shape

average fiber fiber cylinder
diameter from SEM length surface area  BET surface
nanofiber (nm) (m/mg) (m*/g) area (m?/g)
PES 552 3050 S.3 52
PES+CD 518 3464 5.6 31

Comparing the geometrically determined surface areas based
on SEM measurements with those determined by BET analysis
shows that the BET results are a factor of 10 higher, while the
results compare well with reported literature values of 9—51
m?/ g for average fiber diameters of 167—2737 nm.” The lower
estimated surface area based on geometry compared with the
BET results has two possible explanations: (1) the PES fibers
have a lower density than the assumed bulk polymer density
because of pore formation and other effects occurring during
the electrospinning process, resulting in a greater length of
fibers for a given weight and fiber diameter and hence
increasing the apparent specific surface area; (2) the calculation
assumes that the fibers have a smooth surface, but in fact
solvent evaporation from the fiber surface during electro-
spinning results in a rough surface and consequently an
increased surface area. No significant difference in surface area
between the nanofibers with and without CD could be
determined.

Water Contact Angle of Nanofibers. The contact angle
determines the hydrophobicity of a surface. The contact angles
were found to be 134.2° and 130.7° for PES and PES+CD
nanofibers, respectively. Because the outer surface of CD is
hydrophilic, the decreased contact angle of the PES+CD
sample compared with the PES sample can be attributed to the
hydrophilic nature of CD molecules on the surface of the
nanofibers.

2946

CD Host—Guest Complexes on Fiber Surfaces. Hyper-
spectral imaging was used to verify the presence of CD
molecules on the fiber surface and their availability for inclusion
complex formation. HSI was performed on single nanofibers
after immersion of the fibers into a gold cluster solution. The
Au,SBB g cluster displays red luminescence,®* which can be

detected on a fiber via HSI. Figure 2 clearly shows the increased

PES Nanofiber

PES+CD Nanofiber

Figure 2. Hyperspectral images of individual PES nanofibers soaked in
an Au,SBB, solution: (A, C) PES nanofiber and (B, D) PES+CD
nanofiber illuminated with (A, B) white light or (C, D) light with a
wavelength of 480—510 nm. The fluorescence images in (C) and (D)
were taken with an exposure time of 1.09 s. The image in the inset of
(C) was taken with an exposure time of 2.89 s to capture the low
fluorescence (more clearly visible in the bottom portion of the image).

bright-red luminescence of the PES+CD nanofiber after cluster
coating (Figure 2D) compared with the PES fiber (Figure 2C).
The white-light images (Figure 2A,B) confirm that the fibers
had similar thickness and visibility. The inset in Figure 2C
shows the PES fiber after an exposure time of 2.89 s, almost 3
times longer than the exposure time of 1.09 s used for the PES
+CD fiber in Figure 2B,D. In the inset, the faint luminescence
of the free cluster can be observed. Shibu and Pradeep®
reported that gold clusters display increased luminescence
when trapped in molecular cavities, such as the $-CD cavity.
The much-higher luminescence exhibited by the CD-containing
fibers compared to the non-CD-containing fibers can be
attributed to the greater numbers of clusters attached to the
fibers and the enhanced luminescence of the clusters in host—
guest complexes with CD. The uniform distribution of
cyclodextrin is obvious in Figure 2D. This result is in
agreement with contact angle results and confirms the
availability of CD for complex formation on the fiber surface.

Hormone Adsorption. CD molecules can form host—
guest complexes with variety of organic molecules and MPs.
Static adsorption of the hormone E2 was determined with two
nanofiber samples. Figure 3 shows the E2 removal and
adsorption capacity as a function of nanofiber mass after 96 h
(100 mL of 100 ng/L E2 solution at 20 °C, 260 rpm, no
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Figure 4. Static adsorption of estradiol (E2) on PES and PES+CD nanofibers as a function of time and nanofiber mass: (A) adsorbed E2
concentration per gram of fiber mat and (B) percentage of E2 removal. Conditions: 100 mL of 100 ng/L E2 solution (initial E2 mass = 10 ng) with
different masses of PES nanofiber (with and without CD), 20 °C, 260 rpm, no background electrolyte. Fitting with first- and second-order kinetic

models is shown in Figure S1.

background electrolyte). PES+CD fibers can adsorb a higher
amount of E2 compared with bare PES nanofibers, despite the
lower surface area of the nanofibers based on BET results (31
vs 52 m’/g). The adsorption capacity increased from (3.2 to
3.7) X 107° ng/cm? for PES nanofibers to (11.5 to 29) X 107°
ng/cm2 for the PES+CD nanofibers. The 30 mg PES+CD
sample showed the highest E2 removal (up to 27.6%), which is
22.3% more than the bare PES nanofibers. Even though
nanofibers with CD showed higher E2 adsorption, increasing
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the nanofiber mass did not always lead to an increase in the
mass of adsorbed E2. This may be due to (1) experimental
error, as for the 3 mg fiber mat the amount of CD was simply
not sufficient to allow determination of the difference in
adsorption; (2) dissolution of CD in the fiber matrix; or (3) a
nonhomogeneous dispersion of the CD molecules in the PES
+CD samples. Equally, adsorption on nanofibers without CD
(PES nanofibers) did not increase consistently, which could be
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due to variations in the quality of fiber mats and experimental
error.

Figure 4A shows the time-dependent solid-phase concen-
tration of E2 (expressed as the mass of E2 per gram of fiber),
and the E2 uptake by the fiber in the form of removal
percentage is shown in Figure 4B. Fitting with first- and
second-order kinetic models is shown in Figure S1 and Table
S2. The solid-phase concentrations are highest for the smallest
amount of fiber used (3 mg) both with and without CD,
suggesting that the studied adsorption did not depend on the
availability of the adsorbent and that the number of fiber
adsorption sites generally exceeded the number of adsorbed E2
molecules. With low masses of adsorbents (3 and 10 mg), the
difference in E2 adsorption between nanofibers with and
without CD is insignificant because diffusion and availability of
sites control the rate of adsorption, i.e., the rate is governed by
the collision frequency between E2 and PES/PES+CD. With
higher adsorbent masses (30 and SO mg), E2 removal in the
presence of CD is generally higher than without CD. The
difference between low and high adsorbent masses arose
because the effect of diffusion was less important for the latter
and CD facilitated the adsorption of E2. Nevertheless, more
study is required to optimize the adsorption capacity of these
materials under diverse filtration conditions.

Stability of CD in the Nanofibers. In order to study the
stability of CD molecules in the electrospun nanofibers, thermal
analysis mass spectrometry was performed. Figure 5 shows the

PES Powder
PES Nanofiber

3

& PES+CD Nanofiber

lg PES+E2 Nanofiber
IPES+CD+E2 Nanofiber

,I,TYI'I,I,I,CDPowder
250 300 350 400 450 500 550

Temperature (°C)

Figure S. TG curves of pure PES powder, PES and PES+CD
nanofibers before and after static adsorption in 100 mL of 100 ng/L
E2 solution at 260 rpm and 20 °C, and pure CD powder. The mass
loss was normalized to 100%.

TG curves with arbitrary units (au.) for PES and PES+CD
nanofibers before and after E2 adsorption as well as for bare
PES polymer and CD powder. The mass loss between 225 and
400 °C is associated with peaks in the MS curve at m/z = 18
(H,0) and m/z = 44 (CO,) in Figure 6, which revealed the
presence of CD molecules in the samples. The small shift in the
curves is caused by different net weights. The signal of PES
+CD nanofibers showed the decomposition of f-CD, and the
abundance of $-CD in the material was estimated as 7.2 wt %.
The difference between the percentage of CD in the PES+CD
nanofibers determined by TG (7.2 wt %) and the initial
concentration of CD in the electrospinning solution (10 wt %)
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indicates potential errors and variability of CD dispersion in the
nanofibers. After E2 adsorption (96 h), the PES+CD nanofibers
showed a mass loss of 6.7 wt % relating to the remaining
amount of CD in the fiber. The decrease in the amount of CD
after adsorption may be due to the fact that CD was not cross-
linked with the polymer and the water solubility of CD may
cause partial release. In consequence, further work is required
to cross-link #-CD with the fiber polymer. Furthermore, as the
results of static adsorption revealed, different mass losses might
be due to inhomogeneous dispersion of CD molecules in the
electrospun nanofiber. All four samples showed similar
decomposition of PES at about 475 °C, which is combined
with the release of H,O (m/z = 18), CO, (m/z = 44), and SO,
(m/z = 64, data not shown) in Figure 6. The presence of CD in
the electrospun matrix after 24 h of shaking in Milli-Q water
was verified (Figures S2 and S3).

Adsorption of Chlorpyrifos. CP removal from an aqueous
solution was measured, and a consistently higher amount of CP
was removed by the fibers containing CD (see Figure 7). The
variation in the total adsorption of CP on the fibers can be
explained by both variations in the fiber mats and CP analytical
error. Small variations in the diameter of the fibers will result in
variation in the available surface for adsorption. However, the
higher adsorption for the CD-containing fibers in all of the
experiments indicates that CD does increase the adsorption
capability of the fibers for CP. On average, the adsorption for
PES+CD fibers is 81% or 0.03 mg/mg higher compared with
the non-CD fibers, confirming the results obtained with E2 at a
significantly higher concentration.

Detection of CD and CP on Fibers through Elemental
Analysis. TEM-EDS was used to visualize the increased
adsorption of CP on the fiber surface with both fiber types
(PES and PES+CD nanofibers). Both fiber types were drop-
coated with CP solution on TEM stationary grids and carefully
washed with distilled water. Results for the elements carbon,
phosphorus, sulfur, and chlorine are shown in Figure 8. While
both fibers show significant amounts of carbon and sulfur
(stemming from the background as well as the PES fiber
material itself), the CD-containing fiber displays higher
amounts of chlorine and phosphorus on the fiber surface,
indicating the increased presence of CP on that fiber.

The adsorption of CP by the nanofibers could be confirmed
via several methods. TEM-EDS mapping clearly showed
increased concentrations of chlorine and phosphorus on the
CD-containing fibers compared with the fibers without CD
(Figure 8).

Quantification of CP on Fiber Surfaces by ATR-FTIR
Spectroscopy. The presence of CP on the fiber surfaces was
further evidenced using ATR-FTIR spectroscopy. The IR
spectrum of CP is shown in Figure S4. A peak at 964 cm™" was
clearly visible in both spectra after CP adsorption (see Figure
9). This peak is characteristic of P=S stretching and cannot be
observed in the spectra of fibers before CP adsorption. Hence,
this stretching band indicates the presence of CP on the fiber
surface.”

The increased adsorption of CP by the PES+CD fibers, as
indicated by the area under the P=S stretching band of CP
(Figure 9), shows that CD is available on the fiber surface for
adsorption and that the CD molecules enhance capture of CP
from the solution. Comparisons of IR bands for CP and PES
found in the literature and in the measured samples along with
the spectrum of CP are included in the Supporting Information
(Tables S3 and S4 and Figure S4). To semiquantitatively
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Figure 6. MS curves of (A) H,O (m/z = 18) and (B) CO, (m/z = 44) of PES and PES+CD nanofibers and PES+CD nanofiber after static

adsorption of E2 (PES+CD+E2 nanofiber).

0.10
-I [ PES Nanofiber
/7] PES+CD Nanofiber|

\

0.08 4

0.067§

Increase
0.03

0.06

0.04

CP adsorption (mg/mg)

0.02 4

0.00

1
PES+CD Nanofiber

PES Nanofiber

Figure 7. Adsorption of CP by PES and PES+CD nanofibers,
including average values.
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Figure 8. TEM and EDS mapped images of PES and PES+CD fibers
after application of CP solution and washing with hexane. The TEM
images are shown at the center. Individual elemental maps are shown
around the TEM images for carbon, phosphorus, sulfur, and chlorine.
The scale bars for the TEM and elemental images are identical.

determine the amount of CP adsorbed and consequently
distinguish between specific adsorption to the CD and
unspecific sorption to PES, the peak area was integrated from
930 to 980 cm ™" (as shown by the yellow region in Figure 9). It
can be seen that the amount of CP adsorbed by the PES+CD
fibers (4.53 a.u.) is more than 3 times greater than the amount
adsorbed by bare PES fibers (1.40 a.u.). The areas are given in
arbitrary units and were measured under identical conditions.
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The significant increase in the adsorption of CP on PES+CD
nanofibers is in agreement with the results of GC analysis
shown in Figure 7. It should be noted here that the
identification of CP was possible because of the relatively
high concentration (S mg/L).

Determination of Sorption Reversibility. To determine
the reversibility of sorption, several samples were soaked in 3
mL of water and shaken for 15 min. The washing with water
showed no significant reduction in CP concentration on the
fibers for either the PES or the PES+CD fibers (see Table 3).
Each sample was measured four times, and the average was
calculated. For both fiber types, samples after one, two, three,
and four washing steps were prepared. The CP concentration
differences (based on band area) between the washing cycles
are not significant. These results indicate that CP adsorption by
the fibers is stable in water, meaning that CP sorption will not
be reversed by water.

Subsequently, desorption of CP was investigated by washing
the fibers with ethanol, given that CP has a very high solubility
in ethanol (497 g/L at 25 °C).”® Desorption was measured via
UV-—vis spectroscopy at 205 nm. The results in Figure 10
confirm that ethanol can recover CP, allowing the fibers to be
reused multiple times. This enables use of the fibers in
membrane applications, where large adsorption volumes and
high recovery of adsorbents are required.

While the desorption of CP from the fibers with ethanol was
enhanced, the fiber morphology changed significantly after
several adsorption—desorption cycles, which may be attributed
to the repeated contact of PES with ethanol (Figure 11).
Because ethanol is not a good solvent for PES, dissolution of
the nanofibers is unlikely. The porous structure of the
nanofibers may allow the ethanol molecules to penetrate the
nanofiber pores. Consequently, several ethanol washing cycles
may alter the fiber morphology, leading to swelling and collapse
of the structure and ultimately the effectiveness of the
adsorption process.

In summary, the proof of concept of incorporating CD into
polymeric nanofibers for the removal of micropollutants has
been demonstrated using examples such as estradiol and
chlorpyrifos. Future work will focus on elucidating the
interaction mechanisms, uptake kinetics, and ultimately the
performance of such materials in real water. Further, micro-
pollutants and their interactions with different types of CD will
be investigated to understand the specificity in the CD-—
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Figure 9. IR absorption spectra of PES and PES+CD nanofibers before and after adsorption. The yellow area shows the integration boundaries, and

the label (964 cm™) indicates the measured P=S stretching of CP.

Table 3. Summary of Masses of the Fiber Samples and Areas
of the Peak at 964 cm™" after Different Washing Cycles with
Water Attempting To Remove CP

mass of no. of band
nanofiber washing area absorbance per mg
sample (mg) cycles (auw) of fiber (a.u.)
PES 1.35 1 1.601 1.18
nanofiber 093 2 2,110 227
1.02 3 2.040 2.00
1.28 4 1.690 1.32
PES+CD 0.65 1 3.891 6.03
nanofiber 0.55 2 2.320 420
1.27 3 2219 1.74
0.37 4 2.445 6.70
0.40
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Figure 10. Adsorption—desorption performance during five cycles
with CP and ethanol. Desorption was not measured for cycle 2.

micropollutant interaction. The ideal solvent for regeneration
of the CD will be determined, and the operational conditions
will be evaluated. Perhaps most significantly, the luminescence
of the CD fibers treated with gold clusters opens up new paths
for the use of these fibers in sensing applications. The
methodology applied in this work to enhance the detection
of available CD showed high sensitivity of gold clusters in
detecting the CD cavities. By further research on this
functionality of the clusters and CD, especially on the fiber
surface, the production of highly selective and sensitive sensors
in the nanoscale could be possible.

B CONCLUSIONS

A method to prepare nanofibers with enhanced micropollutant
adsorption capability has been developed. The enhanced
abilities of poly(ether sulfone) (PES) electrospun nanofibers
with cyclodextrin (CD) to form host—guest complexes with
estradiol (E2) and the pesticide chlorpyrifos (CP) were
evidenced. Removal of E2 and CP from aqueous solution by
nanofibers without CD was compared with that by 10 wt % CD
fibers. Several analytical methods were used to characterize the
nanofibers and evidence MP—fiber interactions.

Adsorption of E2 increased by about 20% at a concentration
of 100 ng/L for PES+CD samples, indicating the formation of a
host—guest complex between the CD molecule and E2. CP
adsorption at 5 mg/L increased by about 80%. Desorption of
CP from the fibers was possible with ethanol, allowing fiber
reuse. On the basis of the results obtained with CP and E2, it
appears that a number of micropollutants will be capable of
forming host—guest complexes with CDs. The $-CD used in
this study may be replaced with a- or y-CD to accommodate
smaller or larger molecules, while a cross-linker would be
capable of preventing the CD molecules from leaching into
water.

Figure 11. SEM images of fibers after (A) initial adsorption, (B) one adsorption—desorption cycle, and (C) five adsorption—desorption cycles.
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