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Electrospun  PET  nanofibers  were
surface modified  with  cyclodextrin
polymer  (CDP).
Three  different  types  of native  CD  (�-
CD, �-CD  and  �-CD)  were  used  to
form CDP.
Nanofibrous  structure  of  PET  mats
was preserved  after  CDP  surface
modification.
PET/CDP  nanofibers  have  shown
enhanced  mechanical  and  thermal
properties.
PET/CDP  nanofibers  efficiently
remove  PAH  (e.g.  phenanthrene)
from  aqueous  solution.
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a  b  s  t  r  a  c  t

Surface  modified  electrospun  polyester  (PET)  nanofibers  with  cyclodextrin  polymer  (CDP)  were  produced
(PET/CDP).  CDP  formation  onto  electrospun  PET  nanofibers  was  achieved  by  polymerization  between
citric  acid  (CTR,  crosslinking  agent)  and cyclodextrin  (CD).  Three  different  types  of  native  CD  (�-CD,
�-CD  and  �-CD)  were  used  to form  CDP.  Water-insoluble  crosslinked  CDP  coating  was permanently
adhered onto  the  PET  nanofibers.  SEM  imaging  indicated  that  the nanofibrous  structure  of PET  mats  was
preserved  after  CDP  surface  modification  process.  PET/CDP  nanofibers  have  shown  rougher/irregular
surface  and  larger  fiber diameter  when  compared  to untreated  PET  nanofibers.  The  surface  analyses  of
PET/CDP  nanofibers  by  XPS elucidated  that  CDP  was  present  on  the fiber  surface.  DMA  analyses  revealed
the  enhanced  mechanical  properties  for PET/CDP  where  PET/CDP  nanofibers  have  shown  higher  storage
modulus  and  higher  glass  transition  temperature  compared  to untreated  PET  nanofibers.  The  surface
area  of  the  PET/CDP  nanofibers  investigated  by BET  measurements  showed  slight  decrease  due  to  the

presence  of CDP  coating  compared  to pristine  PET  nanofibers.  Yet, it was  observed  that  PET/CDP  nanofibers
were  more  efficient  for the removal  of  phenanthrene  as a model  polycyclic  aromatic  hydrocarbon  (PAH)
from  aqueous  solution  when  compared  to pristine  PET  nanofibers.  Our  findings  suggested  that  PET/CDP
nanofibers  can be a very  good  candidate  as  a filter  material  for water  purification  and  waste  treatment
owing  to  their  very  large  surface  area  as  well  as  inclusion  complexation  capability  of  surface  associated
CDP.
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1. Introduction
Electrospun nanofibers and their nanofibrous mats have
demonstrated huge potential for filtration applications due to their
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igh surface-to-volume ratio and nanoporous structure [1–3]. It
as been reported that electrospun nanofibrous mats are quite
ffective for particulate separation [2,3], liquid filtration [1–3],
aste vapor treatment [4,5] as well as desalination [6]. Electro-

pinning has advantage over conventional membrane production
echniques, since variety of functional nanofibrous materials can
e easily obtained in the form of nonwoven membranes which can
e readily used as a filtering material [1–3]. In addition, the design
exibility of electrospun nanofibers for specific surface function-
lity can yield better adsorptive capacity and selective separation
erformance [7,8].

Cyclodextrins (CD) have an outstanding capability to form inclu-
ion complexes with variety of molecules through non-covalent
ost–guest interactions due to their toroid-shaped molecular struc-
ure [9]. CD are quite applicable in pharmacy, cosmetics, food,
extiles, since CD might enhance the solubility, stability, and
ioavailability of the guest molecules [9–11]. In addition, CD have
lso potential to be used as a filtering material due to their ability to
electively form inclusion complexes with organic waste molecules
12,13]. CD are nontoxic and natural cyclic oligosaccharides derived
rom starch. The most common CD types are named as �-CD, �-CD
nd �-CD having six, seven and eight glucopyranose units, respec-
ively. These CD have the same cavity depth which is ∼7.8 Å, while
he diameter of the cavity for �-CD, �-CD, �-CD are ∼6, 8, and 10 Å,
espectively [9]. Hence, �-CD, �-CD and �-CD show different capa-
ilities for the inclusion complex formation with the same guest
olecule, because the formation of inclusion complex primarily

epends on the size match and binding forces between CD cavity
nd guest molecule [14].

CD are water soluble, therefore, they cannot be used directly
s a filtering material for the removal of organic pollutants from
ater and wastewater. So, crosslinked and water-insoluble CD

ased polymers were synthesized for capturing organic pollutants
rom the surroundings [13]. Alternatively, CD molecules could be
ermanently immobilized by chemically grafting onto polymeric
bers [15–18], or the surface of the fibers could be modified by
rosslinked CD polymer [19–21] for filtration purposes or delivery
f additives. Moreover, in order to combine the complex forma-
ion capability of CD along with very high surface area of the
lectrospun nanofibrous mat, surface functionalization of electro-
pun nanofibers with CD would be quite interesting for designing
fficient filtering materials. In fact, in our recent studies we have
ncorporated CD into nanofibers by electrospinning of physical mix-
ure of polymer/CD solution [4,22,23]. Although most of the CD

olecules were buried inside the fiber matrix, we observed that
ome CD molecules were present on the fiber surface, and these
urface associated CD molecules were effective for the removal
f organic molecules from liquid media [22,23] and vapor phase
4]. However, CD molecules were physically attached to the fiber
urface; so, the leaching of CD molecules from the fiber surface
uring filtration especially in the liquid media was  inevitable. Con-
equently, permanent CD modification onto electrospun nanofibers
ould be ideal for designing novel filtering materials for water
urification and wastewater treatment. Even though surface mod-

fications of fibers and nonwoven fabrics by CD grafting [15–17]
r coating with crosslinked CD polymer [19–21,24] were reported,
o the best of our knowledge, the surface modification of electro-
pun polymeric nanofibers with crosslinked CD polymer was  not
eported previously.

In this study, we have achieved the surface modification of
he electrospun polyester (PET) nanofibers with cyclodextrin poly-

er  (CDP). Water-insoluble and crosslinked CDP coating onto PET

anofibers was formed by the polymerization reaction between
D and crosslinking agent (citric acid). For a comparative study,
hree types of CD (�-CD, �-CD and �-CD) were used in order to
orm CDP coating onto PET nanofibers. The morphological, surface,
aterials 261 (2013) 286– 294 287

thermal and mechanical properties of surface modified electrospun
PET nanofibers with CDP (PET/CDP) were examined. The filtration
performance of the PET/CDP nanofibrous mats was investigated
by removal of a model polycyclic aromatic hydrocarbon (phenan-
threne) from aqueous solution.

2. Materials and methods

2.1. Materials

Polyethylene terephthalate (PET) chips were gifts from Korteks
(Bursa, Turkey). Dichloromethane (DCM, Sigma Aldrich, extra
pure), trifluoroacetic acid (TFA, Alfa Aesar, 99%), acetonitrile chro-
masol V (Sigma Aldrich, 99.9%), citric acid monohydrate-gritty
puriss (CTR, Sigma Aldrich, 99.5–100.5%), sodium hypophosphite
hydrate (SHPI, Sigma Aldrich), phenanthrene (Sigma Aldrich, 98%),
and cyclodextrins (�-CD, �-CD and �-CD, Wacker Chemie AG) were
purchased and used as-received without any purification. Distilled
water was from Millipore Milli-Q ultrapure water system.

2.2. Preparation of polymer solution and electrospinning of
nanofibers

First, different polymer concentrations were used for the elec-
trospinning of PET solution in order to obtain uniform and bead-free
PET nanofibers, and 22.5% (w/v) polymer concentration was  found
to be the optimal. Therefore, 22.5% (w/v) PET was dissolved in
TFA/DCM (50/50, v/v), and the resulting solution was loaded into
5 mL  syringe fitted with a metallic needle having an inner diameter
of 0.8 mm.  Then, the syringe was  placed horizontally on the syringe
pump (KD Scientific, KDS 101). The polymer solution was  pumped
with 1 mL/h flow rate during the electrospinning, and the distance
was set to 12 cm between needle tip and grounded stationary cylin-
drical metal collector (height: 15 cm,  diameter: 9 cm)  covered with
a piece of aluminum foil. A voltage of 15 kV was  applied for the
electrospinning by using high voltage power supply (Matsusada,
AU Series). The electrospinning process was  carried out at 24.5 ◦C
and 17% relative humidity in an enclosed Plexiglas box.

2.3. Formation of cyclodextrin polymer (CDP) onto PET nanofibers

10% (w/v) of �-CD, �-CD and �-CD was mixed individually in
150 mL  aqueous solution at 50 ◦C, and then, 10% (w/v) CTR as a
crosslinking agent and 1.2% (w/v) SHPI as a catalyst were added to
each CD solution separately, and stirred for 30 min  at 50 ◦C. After
all reactants were dissolved in aqueous solution, three rectangular
shaped (about 12 cm × 11 cm,  0.4 g) electrospun PET nanofibrous
mats were immersed into the each resulting solution and kept for
3 h at 50 ◦C. Then these nanofibrous mats were dried at 105 ◦C for
10 min, and then cured at 180 ◦C for 7 min for the CDP formation
onto PET nanofibers. Finally the resulting nanofibrous mats were
washed two  times with warm water (40 ◦C) for the removal of unre-
acted CD and CTR if any present, and then dried at 105 ◦C for 7 min.
In order to make clear identification, CDP modified PET nanofibers
are named as PET/�-CDP, PET/�-CDP and PET/�-CDP according the
type of CD used (�-CD, �-CD and �-CD).

2.4. Characterizations and measurements

The morphology and the diameter of the PET and PET/CDP
nanofibers were examined by using scanning electron microscope

(SEM, FEI-Quanta 200 FEG). The nanofibers were coated with 5 nm
Au/Pd prior to SEM analysis. To report the average fiber diameter
(AFD) of the nanofibers, around 100 fibers of each sample were
measured.
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The chemical surface analyses of the PET and PET/CDP
anofibers were carried out by means of high-performance X-ray
hotoelectron spectroscopy (XPS,Thermo Scientific). XPS data were
aken by a flood gun charge neutralizer system equipped with a

onochromated Al K-�  X-ray source (hv = 1486.6 eV). In order to
etermine the surface elemental compositions wide energy survey
cans of the nanofibers were acquired over the 0–1360 eV binding
nergy range, at pass energy of 150 eV with energy step size of 1 eV
rom 400 �m diameter circular spot in nanofibers. The high resolu-
ion spectra were recorded for O 1s region at pass energy of 30 eV
nd with energy steps of 0.1 eV in order to analyze the bonding
tates.

The thermal analyses of the samples were investigated by using
hermogravimetric analyzer (TGA, TA Q500). TGA measurements
ere carried out under the nitrogen atmosphere, and the sam-
les were heated from room temperature to 600 ◦C (nanofibers)
r 500 ◦C (CTR and CD) at a constant heating rate of 20 ◦C/min.

The dynamic thermo mechanical performance of the nanofi-
rous mats was determined using a dynamic mechanical analyzer
DMA, TA Q800) in tension film clamp at a constant fre-
uency of 1 Hz. The samples having size of 10 mm (gap) × ∼3 mm
width) × ∼0.12 mm (thickness) were measured. The amplitude of
0 �m was applied. The storage modulus and loss tangent (tan ı)
f the nanofibrous mats were recorded in the range of 50–150 ◦C at

 heating rate of 3 ◦C/min.
The surface area, average pore diameter (mesopore) and cumu-

ative pore volume of the electrospun PET and PET/CDP nanofibers
ere examined using Brunauer–Emmett–Teller (BET) surface

rea analyzer (Quantachrome, IQ-C model) with low-temperature
77.35 K) nitrogen adsorption isotherms measured over a wide
ange of relative pressures from 0.00 to 1.00. Prior to measurement,
he each sample was placed in a 9 mm cell and degassed at 323.15 K
or 12 h in the degas pot of the adsorption analyzer. The surface area
f the samples was determined with multipoint BET method. On the
ther hand, density functional theory (DFT) was used to determine
umulative pore volume.

The molecular filtration performance of the resulting nanofi-
rous mats for water purification was tested using phenanthrene
s a model polycyclic aromatic hydrocarbon (PAH). First, phenan-
hrene was dissolved in acetonitrile, and then 10 �L of this solution
as dropped in 50 mL  pure water in order to obtain 1.8 ppm
henanthrene aqueous solution. Square shaped of PET, PET/�-CDP,
ET/�-CDP and PET/�-CDP nanofibrous mats (6 cm × 6 cm)  were
mmersed individually in the 1.8 ppm phenanthrene aqueous solu-
ion (50 mL). We  kept the size of the mats identical; however, the
eight of each PET/CDP mat  was about 0.38 g, while that of PET
anofibrous mat  was about 0.63 g due to difference in the thickness
f the mats, since the nanofibers were collected in different times
or each sample. It is quite difficult to keep the thickness of the
lectrospun mats even identical time. For filtration measurements,
.5 mL  of each solution was withdrawn to measure phenanthrene
oncentration in the solution and replenished with same amount
f water at pre-determined time intervals. The phenanthrene fil-
ration performance from aqueous solution by PET and PET/CDP
anofibrous mats was investigated by high performance liquid
hromatography (HPLC, Agilient 1200 series) equipped with VWD
V detector. The column was Agilient C18, 150 mm × 4.6 mm (5 �m
ores) and the detection was accomplished at 254 nm.  Mobile
hase, flow rate, injection volume and total run time were ace-
onitrile (100%), 0.6 mL/min, 10 �L and 5 min, respectively. As a
esult, the amount of phenanthrene remaining in the solution was
etermined from the area of phenanthrene peak observed in HPLC

hromatograms. Then the calibration curve was prepared by using
henanthrene solutions (1.8 ppm, 0.9 ppm, 0.45 ppm, 0.23 ppm,
.12 ppm) and R2 was calculated as 0.985. The peak area under
urves was converted to concentration (ppm) according to the
Materials 261 (2013) 286– 294

calibration curve. This experiment was  repeated three times for
each sample. The results were reported as the average ± standard
deviation of phenanthrene concentration remaining in the solution.

3. Results and discussion

3.1. The CDP formation onto electrospun PET nanofibers

In this study, polyester (PET) nanofibers were obtained by
electrospinning of 22.5% (w/v) PET solution in TFA/DCM (50/50,
v/v), as it is schematically given in Fig. 1a. The chemical reac-
tion cannot occur between cyclodextrin (CD)/citric acid (CTR) and
PET nanofibers directly, since PET, a polymer based on tereph-
talic acid and ethylene glycol, does not contain free reactive
groups. Therefore, we  modified the surface of the electrospun PET
nanofibers through the polymerization reaction between CTR and
CD [21,24,25]. Water-insoluble cyclodextrin polymer (CDP) net-
work was formed by the crosslinking reaction between CD and
CTR [26]. Three different types of native CD (�-CD, �-CD and �-CD)
were used to form �-CDP, �-CDP and �-CDP. Initially, electrospun
PET nanofibrous mats were impregnated in a solution of CD, CTR,
and sodium hypophosphite (SHPI, catalyst), and then dried, fol-
lowed by curing at 180 ◦C for 7 min. CTR turn into a cyclic anhydride
intermediate by thermal dehydration at elevated temperature, and
then hydroxyl groups of CD reacted with the carboxyl groups of
citric acid [25]. The mechanism of the CDP formation is schemati-
cally described in Fig. 1b. CDP was  formed as a three-dimensional
network structure onto PET nanofibers. Due to crosslinked struc-
ture, the CDP is stable and water-insoluble [27,28]. Thereby, surface
modification of CDP onto PET nanofibers is permanent and can
resist to leaching or washing process [21,24,25,29]. The resulting
CDP having the essential structural characteristics of CD was not
covalently fixed to the PET nanofibers, but it was  physically adhered
or was  entangled onto PET fiber matrix [21,24]. CDP modified PET
nanofibers are called as PET/CDP. The representative photograph
of the easily handled free-standing PET/CDP nanofibrous mat  and
the schematic representation of PET/CDP nanofibers are given in
Fig. 1c.

3.2. Morphological characterization of the nanofibers

Scanning electron microscope (SEM) analysis was performed to
investigate any morphological changes after the surface modifica-
tion of PET nanofibers with CDP. Fig. 2 shows the representative
SEM images and average fiber diameter (AFD) of unmodified
PET, PET/�-CDP, PET/�-CDP and PET/�-CDP nanofibers. As clearly
seen from SEM images, the surface morphologies of all three
PET/CDP nanofibers were obviously different from the unmodi-
fied PET nanofibers. The surface of the unmodified PET nanofibers
was smooth and uniform, whereas the surfaces of the PET/CDP
nanofibers appear rough possibly due to CDP layer onto nanofibers.
The rough surface has also been reported for cotton fabrics
grafted with glycidyl methacrylate/�-CD [17] and hydroxypropyl-
CD grafted woven PET vascular prosthesis [20,21]. Moreover,
surface irregularities at certain points were also observed in
the SEM images of PET/CDP nanofibers. Similar morphological
observations were also reported for cotton fabric grafted with
monochlorotriazinyl-�-CD/butylacrylate [30]. In brief, the rough
and irregular surface of modified PET nanofibers suggested the suc-
cessful attachment of CDP onto PET nanofibers. More importantly,
CDP surface modification process did not deform the fibrous struc-

ture of PET as clearly seen from the SEM images. The unmodified
PET nanofibers have 870 ± 260 nm of AFD, while the AFD of PET/�-
CDP, PET/�-CDP and PET/�-CDP were measured as 1200 ± 350,
1290 ± 490 and 950 ± 270 nm,  respectively. The increase in the AFD
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ig. 1. Schematic representations of (a) electrospinning of PET nanofibers, (b) form
at  and its SEM image and schematic representation of PET/CDP nanofibers.

f PET/CDP nanofibers compared to unmodified PET nanofibers
ould be due to the coating of the CDP onto PET nanofibers.
dditionally, slight swelling of nanofibers during the modification
rocess might also have resulted in fiber diameter increase.

.3. Surface chemical characterization of the nanofibers

The surface chemical characterization of PET/CDP nanofibers
as performed by using X-ray photoelectron spectroscopy (XPS)
n order to further demonstrate the coating of CDP onto PET
anofibers. Table 1 shows elementary compositions based on
ide energy survey spectra of the unmodified PET nanofibers and

ET/CDP nanofibers. The survey spectra comprising two peaks: C

able 1
tomic concentrations generated from XPS wide energy survey scans.

Samples C (%) O (%)

PET 72.21 27.79
PET/�-CDP 64.92 35.08
PET/�-CDP 61.29 38.71
PET/�-CDP 67.89 34.31
 mechanism of CDP and (c) the representative photograph of PET/CDP nanofibrous

1s and O 1s are consistent with the molecular structure of PET and
CDP. The XPS data showed that the unmodified PET nanofibers have
C 1s:O 1s = 72.21:27.79 (%) which is in full agreement with the lit-
erature [31]. Oxygen content on the surface of the samples was
increased with the modification of CDP onto PET nanofibers. Thus,
the appearance of higher oxygen content provides an evidence of
the presence of CDP on the PET fiber surfaces.

High-energy resolution O 1s XPS spectra were also recorded to
get more detailed chemical state information about surface chem-
istry of the PET/CDP nanofibers. Fig. 3 shows the normalized O 1s
spectra of PET and PET/�-CDP nanofibers. The assigned different
components within these spectra and their individualized fitting
parameters (peak binding energy and % area ratio) are also given
in Table 2. Since the O 1s spectra of all PET/CDP nanofibers (PET/�-
CDP, PET/�-CDP and PET/�-CDP) are similar to each other, those
XPS data acquired for PET/�-CDP and PET/�-CDP nanofibers were
not given. The O 1s spectrum of unmodified PET nanofibers clearly
represent the two  types of oxygen atoms within the ester groups;

�-bonded oxygen (C O*) and �-bonded oxygen (C O*) at binding
energies of 531.54 and 533.12 eV, respectively [32–35]. The ratio of
these peaks is 56.2:42.1, which is in reasonable agreement with the
theoretical ratio of 50:50 [36]. In addition to these expected O 1s
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Fig. 2. Representative SEM images and AFD of (a) PET, (b) PET/�-CDP, (c) PET/

eaks, PET nanofibers have a very small peak situated at 534.52 eV
ssigned to adsorbed water [32]. After the CDP modification on the
urface of PET nanofibers, the contribution of additional O 1s fit-

*
ing peak at 532.35 related to aliphatic C O H came into view. The
ppearance of C O*H component belongs to hydroxyl groups and
arboxyl groups of CDP elucidated the successful surface modifica-
ion of PET nanofibers with CDP. Moreover, as it was expected, CDP

Fig. 3. High resolution O 1s XPS spectra
 and (d) PET/�-CDP nanofibers. The insets show higher magnification images.

modification onto PET nanofibers resulted in significant increase of
relative XPS signal intensity in the O 1s peak situated at 533.06 eV
assigned to �-bonded oxygen (C O*) compared with �-bonded

*
oxygen (C O ) located at 532.35 eV. In brief, there are three differ-
ent components (C O*, C O* and C O*H) for O 1s high-resolution
spectra of the PET/CDP nanofibers. The increase in oxygen content
of PET/CDP nanofibers compared to unmodified PET nanofibers was

 of PET and PET/�-CDP nanofibers.
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Fig. 4. (a) TGA thermograms of CTR and three CD types (�-CD, �-CD 

specially due to the appearance of C O*H for the samples. The
resence of CDP on the fiber surface is quite important in terms of
he filtration application of PET/CDP nanofibrous mats [4,22,23].

.4. Thermal characterization of the nanofibers

The thermal characteristics of the PET/CDP samples were inves-
igated by using thermogravimetric analyzer (TGA). In Fig. 4, the
GA thermograms of CTR and CD (�-CD, �-CD and �-CD) (Fig. 4a),
nd unmodified PET and PET/CDP nanofibers (Fig. 4b) are given.
oreover, the derivative TGA thermograms of nanofibers are also

hown as inset in Fig. 4b. The weight loss for CTR started at around
30 ◦C, and CTR completely degraded before 250 ◦C. TGA thermo-
rams of CD (�-CD, �-CD and �-CD) presented an initial weight
oss below 100 ◦C and a major weight loss between 300 and 350 ◦C

hich correspond to the water loss and main degradation of CD,
espectively [37]. The main degradation of PET nanofibers occurred
etween 375 and 475 ◦C. For the PET/CDP nanofibers two major
eight losses were recorded between 200–350 ◦C and 375–475 ◦C
hich correspond to main thermal degradation of CDP and PET,

espectively. The % weight loss between 200 and 350 ◦C corre-
ponding to CDP in the PET/CDP nanofibers was 23%, 44% and 32%
or PET/�-CDP, PET/�-CDP and PET/�-CDP nanofibers, respectively,
uggesting that the amount of CDP coating onto PET nanofibers was
n the order of �-CDP > �-CDP > �-CDP. When the derivative weight

 loss was analyzed (Fig. 4b), it was observed that the peak point
or the unmodified PET (∼437 ◦C) shifted slightly to higher temper-
ture (∼445 ◦C) for the PET/CDP nanofibers. This indicated that the
odification of PET nanofibers with CDP resulted in slightly higher

hermal stability due to more energy requirement for decomposi-
ion of these samples having crosslinked structure. The increased
hermal stability has been also observed for CD grafted polyamide
 fabrics [38]. Moreover, the char yield was higher for PET/CDP
anofibers when compared to unmodified PET nanofibers possibly
wing to the crosslinked CDP structure providing higher carbon
esidue upon burning.

able 2
itting parameters of the O 1s XPS spectra of PET and PET/�-CDP nanofibers.

Samples Fitting peaks Bonds Peak binding
energy

Area ratio
(%)

PET O 1s #1 C O* 533.12 56.2
O  1s #2 C O* 531.54 42.1
O  1s #3 Adsorbed H2O 534.52 1.7

PET/�-CDP O  1s #1 C O* 533.06 42.5
O  1s #2 C O* 531.5 27.7
O  1s #3 C O*H 532.35 29.8
-CD), (b) TGA and derivative TGA (inset) thermograms of nanofibers.

3.5. Mechanical characterization of the nanofibers

Dynamic mechanical analyzer (DMA) was  used to investigate
the effect of CDP modification on the thermomechanical proper-
ties of the PET nanofibers. The storage modulus and loss tangent
(tan ı) of the unmodified PET and PET/CDP nanofibrous mats were
recorded up to 150 ◦C (Fig. 5). The storage modulus of the sam-
ples decreased with increasing temperature due to the transition
from glassy state to rubbery state. It was  observed that storage
modulus of the PET/CDP nanofibrous mats was much higher than
the unmodified PET nanofibers possibly due to stiffening effect
of crosslinked CDP coating. Since the transferred stress for PET
nanofibers was shared by CDP coating, the storage modulus of
PET nanofibers enhanced with CDP modification. Moreover, for
CDP modified nanofibers, tan ı peak shifted to the higher tempera-
ture region indicating that the glass transition temperature (Tg) for
these nanofibers was higher when compared to unmodified PET
nanofibers. The Tg value of PET nanofibers was  92 ◦C, while the Tg

values of PET/CDP nanofibers were recorded as 109, 112 and 113 ◦C
for PET/�-CDP, PET/�-CDP and PET/�-CDP nanofibers, respectively.
This result suggested that the mobilization of PET macromolecular
chains were affected and the segmental motion of PET chains were
hindered by CDP modification. Furthermore, broader tan � peaks
observed for PET/CDP nanofibers which can be originated from two
Tg values correspond to not only PET, but also CDP [39].

3.6. Surface area of the nanofibers

The surface area, average pore diameter and cumulative pore
volume of the PET and PET/CDP nanofibers were investigated by
BET measurements and the data is summarized in Table 3. The
results indicated that the multipoint BET surface area of electro-
spun PET nanofibers is 6.03 m2/g. The surface area decreased to

1.56, 0.57 and 0.72 m2/g for PET/�-CDP, PET/�-CDP and PET/�-CDP
nanofibers, respectively. As mentioned in SEM characterization, the
surface modification of the PET nanofibers with CDP resulted in the
irregularities on the fiber surfaces and AFD for these samples were

Table 3
Surface area, average pore diameter and cumulative pore volume data of the
nanofibers.

Samples Multipoint BET
surface area (m2/g)

Average pore
diameter (nm)

DFT cumulative
pore volume (cc/g)

PET 6.03 15.3 1.03 × 10−2

PET/�-CDP 1.56 12.4 3.22 × 10−3

PET/�-CDP 0.57 13.6 1.28 × 10−3

PET/�-CDP 0.72 14.0 1.05 × 10−3
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Fig. 5. DMA  thermograms of nanofibrous ma

ncreased as well, and therefore, the surface area of the PET/CDP
anofibers were decreased. The surface irregularities of nanofibers
uch as crosslinked CDP coating are clearly observed especially
n the SEM images of the PET/�-CDP and PET/�-CDP nanofibers
Fig. 2c and d). Hence, the surface area of PET/�-CDP and PET/�-
DP nanofibers was less than that of PET/�-CDP. Moreover, since
ET/�-CDP has the largest AFD among the samples (Fig. 2c), the sur-
ace area of PET/�-CDP nanofibers was slightly less than PET/�-CDP
anofibers. It is well known that the AFD have great effect on the
urface area of fibers [40]. We  have also calculated the mesopore
tructure (average pore diameter and cumulative pore volume) of
he PET and PET/CDP nanofibers. It was observed that, the average
ore diameter and cumulative pore volume determined by density
unctional theory (DFT) also decreased after surface modification of
he PET nanofibers possibly due to the crosslinked CDP coating onto
anofiber surface which resulted in surface irregularities. In short,
he surface area of the PET/CDP nanofibers was decreased due to the
resence of CDP coating compared to pristine PET nanofibers, nev-
rtheless, as discussed in the following section, PET/CDP nanofibers
ere more efficient for the removal of the phenanthrene from

queous solution when compared to pristine PET nanofibers.

.7. Molecular filtration performance of the nanofibers for water
urification
The molecular filtration capability of PET and PET/CDP nanofi-
rous mats has been tested using a phenanthrene as a model
olycyclic aromatic hydrocarbon (PAH). Phenanthrene is a common

Fig. 6. Time-dependent decrease of phenanthrene concentrati
storage modulus and (b) loss tangent (tan ı).

pollutant and can form inclusion complexes with CD [12,41,42].
Fig. 6 summarizes the cumulative % decrease of phenanthrene con-
centration over time when PET and PET/CDP mats have been kept in
aqueous solution of phenanthrene. As seen in Fig. 6, the concentra-
tion of phenanthrene in the aqueous solution decreased within the
contact time. The adsorption of phenanthrene by PET nanofibers for
the first 2 h was  observed, and then the concentration of phenan-
threne slightly decreased over time. On the other hand, the decrease
of phenanthrene concentration for PET/CDP mats was  more sig-
nificant. Although less amount of PET/CDP nanofibers were used
compared to PET nanofibers for filtration test, the removal effi-
ciency of the phenanthrene from its aqueous solution was better
when PET/CDP nanofibers were used. Water-insoluble CDP can be
very effective in removal of many organic pollutants from aqueous
media, since CD cavity is capable of forming inclusion complexes
with a wide variety of organic molecules [9–11,13,18,22,28]. There-
fore, the surface modification of electrospun PET nanofibers with
CDP increased the efficiency of filtration by facilitating complex
formation with phenanthrene compounds. Here, all three PET/CDP
nanofibers demonstrated the ability to function as a molecular filter
for water purification through complexation of the phenanthrene
with CDP. As it mentioned in the previous section it is notable
that the surface area, average pore diameter and cumulative pore
volume of nanofibers were decreased after CDP modification. How-

ever, the molecular filtration efficiency was still further improved
for PET/CDP nanofibers compared to pristine PET nanofibers due
to the CDP structure onto nanofibers, which plays a crucial role
in molecular capturing of phenanthrene. When the CD types were

on in the aqueous solution containing nanofibrous mats.
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mages.

ompared, all three PET/CDP samples showed approximately same
ltration efficiency for the removal of phenanthrene at the end of
ltration test. Although TGA suggested that the amount of CDP coat-

ng onto PET nanofibers was on the order of �-CDP > �-CDP > �-CDP,
t is likely that not all the CD molecules are available for complexa-
ion. So, the three PET/CDP samples may  have comparable amount
f CD cavity available for complexation. Even so, the average per-
entage removal of phenanthrene with respect to initial time was
lightly better for PET/�-CDP and this is possibly because of the
igher surface area of PET/�-CDP nanoweb compared to PET/�-CDP
nd PET/�-CDP nanowebs. We  have also inspected the dimen-
ion stability of the PET and PET/CDP nanofibers, and we observed
hat the mats kept their nanofibrous structure after the filtration
est (Fig. 7). In short, the surface modification of electrospun PET
anofibers with CDP enhanced the efficiency of its filtration perfor-
ance by facilitating complex formation with organic compounds

uch as phenanthrene.

. Conclusion

In this study, we have achieved the surface modification of

lectrospun PET nanofibers with CDP. First, PET nanofibers were
btained via electrospinning, then, water-insoluble crosslinked
DP coating was formed onto PET nanofibers by polymerization
eaction between CD and crosslinking agent (citric acid). For a
T/�-CDP nanofibers after the filtration test. The insets show higher magnification

comparative study, three different types of CD: �-CD, �-CD and �-
CD were used to form CDP onto electrospun PET nanofibers. The
imaging analysis by SEM revealed that nanofibrous structure of
the PET nanofibers was preserved after surface modification with
CDP. Yet, the surface of the PET/CDP nanofibers was rough/irregular,
whereas that of unmodified PET nanofibers was  smooth. Moreover
the diameter of the PET nanofibers increased after CDP modification
possibly due to the presence of CDP layer onto nanofibers and/or
swelling of the nanofibers during modification process. BET mea-
surements indicated that the surface area of the PET/CDP nanofibers
was decreased due to the presence of CDP coating compared to pris-
tine PET nanofibers. The presence of CDP coating on the surface of
PET nanofibers was supported by XPS analyses. The thermal anal-
ysis of PET/CDP nanofibers carried out by TGA showed two main
thermal degradation steps corresponding to CDP and PET degra-
dation. The modification of PET nanofibers with CDP resulted in
slightly higher thermal stability, and the char yield was higher for
PET/CDP nanofibers compared to unmodified PET nanofibers. The
TGA data also indicated that the amount of CDP  coating onto PET
nanofibers was on the order of �-CDP > �-CDP > �-CDP. DMA  results
elucidated the improvement of mechanical properties for PET/CDP

nanofibers, that is, PET/CDP nanofibers have shown higher stor-
age modulus and higher glass transition temperature compared
to unmodified PET nanofibers. The filtration performance of the
CDP surface modified PET nanofibers was  tested by removal of the
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rom its aqueous solution. Although the surface area of the PET/CDP
ere less, we observed that PET/CDP nanofibers have shown better
ltration efficiency when compared to the pristine PET nanofibers
ue to the inclusion complexation capability of CDP onto PET
anofibers. Initially, the average percentage removal of phenan-
hrene with respect to time was slightly better for PET/�-CDP, but
t the end of filtration test the all PET/CDP samples showed more or
ess same filtration efficiency for the removal of phenanthrene from
he aqueous solution. It was also observed that PET/CDP mats have
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