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ARTICLE INFO ABSTRACT

Keywords: In this study, a blend solution of hydroxypropyl-B-cyclodextrin (HPBCD) and benzoxazine monomer (BA-a) was
Cyclodextrin prepared in dimethylformamide to obtain HPBCD/BA-a microfibers by electrospinning technique. The electro-
Polybenzoxazine spun HPBCD/BA-a microfibers were then thermally cured to obtain crosslinked PolyHPCD/PolyBA-a micro-
ﬂieccgzilﬁrnsni"g fibers. The compositions of HPRCD (120%, w/v) and BA-a (25%, w/v) were determined as an optimum con-

centration for producing bead-free and uniform microfibers from blend of HPRCD and BA-a (HPBCD/BA-a).
Afterwards, the HPBCD/BA-a microfibers were thermally cured using step-wise curing method to obtain water-
insoluble crosslinked PolyHPBCD/PolyBA-a fibrous membrane (FM). However, the fibrous structure of
PolyHPBCD/PolyBA-a membrane was subjected to some morphological deformation during thermal curing.
Therefore, citric acid (CTR, 5% and 15%, w/v) was incorporated into blend of HPBCD15/BA-a and it was named
as HP3CDx/BA-a where x represents the amount of CTR (w/v) in the system. Blend solution of HPBCD15/BA-a
was electrospun into microfibers to facilitate the crosslinking and to improve thermal resistance of the cross-
linked fibrous membrane (PolyHPBCD15/PolyBA-a). Structural changes and thermal properties of the micro-
fibers before and after curing were studied. Scanning electron microscopy was further used to monitor the
morphology and stability of crosslinked PolyHPBCD/PolyBA-a microfibers in water and organic solvents.
Consequently, PolyHPBCD15/PolyBA-a microfibers showed an enhanced structural stability in water and or-
ganic solvents along with thermal resistance, indicating successful crosslinking. Afterwards, the molecular se-
paration ability of self-standing PolyHP3CD15/PolyBA-a FM was evaluated using dye mixture of Methylene Blue
(MB) and Methyl Orange (MO). While both dye molecules are able to form a host-guest interaction between
cyclodextrin molecules, crosslinked PolyHPBCD15/PolyBA-a FM showed sorption selectivity against cationic MB
dye due to favorable electrostatic attractions between MB and HPBCD compared to anionic MO dye and HPBCD.
In addition to selective sorption behavior of MB dye over MO dye, crosslinked PolyHPBCD15/PolyBA-a FM
exhibited a decent adsorption capacity for MB in water.

Water treatment
Selective dye removal

1. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides having cage-like
molecular structure containing glucopyranose units joined together by
a (1 —4) linkage. CDs are produced by enzymatic degradation of
starch, hence, they are natural, non-toxic and edible [1,2]. The native
CDs are classified as a-CD (6), B-CD (7) and y-CD (8) based on the
number of glucopyranose units in their molecular structures [1]. CDs
are truncated cone-shaped molecules that have hydrophobic cavity and
hydrophilic outer surface, which enables the formation of host-guest
interactions [1,3]. Therefore, they have been successfully used for
various applications such as pharmaceutical [4-8], bio-medical [8-12],

food [13,14] and food packaging [14,15], textiles [16] and environ-
mental applications such as filtrations [17-20]. Natives CDs can be
modified to obtained highly water-soluble CDs such as hydroxypropyl-
B-cyclodextrin (HPRCD), hydroxypropyl-y-cyclodextrin (HPyCD) and
methyl-f-cyclodextrin (MBCD) compared to their native CDs [21]. High
water solubility may further extend the potential use of CDs, particu-
larly in electrospinning which is a straightforward, controllable and
cost-effective method for producing functional microfibers/nanofibers
from variety of modified CDs [22]. The high solubility of CDs empowers
the electrospinning of various CD functional fibers and their fibrous
membranes (FMs) from their water solution. Hence, certain efforts have
been reported recently for the development of CD based fibrous
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structures by electrospinning using modified CDs [22-26]. CD func-
tional electrospun fibers have potentials in numerous applications such
as drug delivery [7,27], food [28] and molecular filtration [29], yet, the
use of CD functional electrospun fibers for water filtration has limita-
tions due to the high solubility of CD fibers in water and in some or-
ganic solvents. To overcome this challenge, in our recent studies
[30-32], our group has shown that chemical crosslinking of CDs has
improved the structural integrity of these CD based fibrous membranes
in water and organic solvents. Thus, the CD based FMs can be effec-
tively used in water treatment applications such as removal of organics
from waste water [30-32]. Since contaminated water poses a threat to
environment, effective separation of organic contaminants from waste
water is indispensable, yet, it is still a quite challenging task, thus, CD
functional FMs can be quite effective for waste water treatment
[17,30-37].

Benzoxazines are relatively new class of thermosetting phenolic
resins that can be polymerized/crosslinked by thermal curing, resulting
in polybenzoxazines which demonstrate outstanding thermal, me-
chanical and physicochemical properties, including high chemical re-
sistance, high glass transition temperature and high char yield [38,39].
In addition to these, benzoxazines exhibit no by-products during their
thermal crosslinking [40]. Therefore, polybenzoxazine based materials
are demanding for constructing high performance materials [39].
Polybenzoxazines have been mostly employed in the form of bulk
[38,39], yet, recent studies were reported related to membranes
[41,42] and nanofibers [43-45] based on polybenzoxazines.

Structural and thermal properties of CD functionalized electrospun
fibers could be improved by incorporating benzoxazine (BA-a) resins.
Therefore, in this study, we have performed electrospinning of CD/BA-a
blend fibers, which was then thermally cured to obtain crosslinked
Polycyclodextrin/Polybenzoxazine (PolyCD/PolyBA-a) microfibers.
Our aim was to develop PolyCD/PolyBA-a crosslinked microfibers
having unique properties of CDs and polybenzoxazines which are che-
mically and thermally stable, and suitable as insoluble fibrous mem-
brane for water treatment application.

To the best of our knowledge, this will be the first report related to
electrospun crosslinked PolyCD/PolyBA-a fibers and the proof of con-
cept study for their use in waste water treatment, specifically for the
removal of organic dyes from water. Herein, electrospinning of uniform
microfibers from blend of hydroxypropyl-3-cyclodextrin (HPBCD) and
benzoxazine (BA-a) monomer along with citric acid (CTR) has been
successfully performed. The electrospun HPBCD/BA-a microfibers were
then thermally cured to obtain water-insoluble (PolyHP3CD/PolyBA-a)
fibrous membrane (FM). Afterwards, molecular entrapment ability of
PolyHPBCD/PolyBA-a FM was evaluated using a mixture of Methylene
Blue (MB) and Methyl Orange (MO) dyes as model compounds, re-
vealing a selective adsorption of MB dye over MO dye by PolyHP3CD/
PolyBA-a FM. Additionally, adsorption capacity of PolyHP3CD/PolyBA-
a FM was investigated for MB dye in water.

2. Experimental
2.1. Materials
Hydroxypropyl-B-cyclodextrin (HPBRCD, Cavasol® W7 HP) was

Table 1

European Polymer Journal 119 (2019) 311-321

kindly supplied as a gift sample by Wacker Chemie GmbH (Germany).
Bisphenol A (97%), paraformaldehyde (95%), aniline (99.5%), citric
acid monohydrate (CTR, 99%), acetonitrile (ACN, =99.5%), acetone
(=99%), methanol (MeOH, =99.8%), ethanol (EtOH, =99.8%),
chloroform (CHCl3, 99-99.4%), dimethylformamide (DMF, =99.8%),
dimethyl sulfoxide (DMSO, =99.9%), tetrahydrofuran (THF, =99.9%)
and Methylene Blue (molecular formula: C;¢H;5CIN3S-3H,0; molecular
weight: 373.9) were obtained from Sigma Aldrich and were used as
received. Methyl Orange (molecular formula: C;4H;4N3NaO3S; mole-
cular weight: 327.3) was purchased from Merck and was used without
further purification.

2.2. Synthesis of benzoxazine monomer (BA-a)

Benzoxazine monomer (BA-a) monomer was synthesized and char-
acterized as reported in our previous study by using solventless method
[45]. Briefly, bisphenol-A (0.05mol), aniline (0.1 mol) and paraf-
ormaldehyde (0.2 mol) were first mixed at room temperature and he-
ated to 110 °C in a 100 ml round bottom flask. Then, the mixture was
maintained at this temperature in an oil bath for 2 h, while its stirring.
The crude product was dissolved in chloroform after cooling down to
room temperature. The product was extracted by 3M NaOH, and was
dried using sodium sulfate. Subsequently, chloroform was evaporated
with a rotary evaporator. It was dried in a vacuum oven at 70 °C for
overnight. The final product was grinded by mortar and pestle to obtain
a bright yellow powder.

2.3. Preparation of HPBCD and HPBCD/BA-a precursor solutions

The solution of HPBCD (120%, w/v), was prepared by using DMF as
a solvent. The clear and homogeneous solution was obtained after
stirring at room temperature for 1.5 h. For the preparation of HPCD/
BA-a mixture solutions, BA-a powder was dissolved in DMF at room
temperature prior to the addition of HPBCD. Then, the mixture was
stirred well at room temperature for the complete dissolution. Various
compositions of HPBCD/BA-a solutions were prepared by changing the
ratio of HPRCD and BA-a from 75:50, 75:75 and 120:25 (w:w/v) to
determine optimum concentration. Besides, citric acid (CTR, 5% and
15% w/v) was added to HPBCD/BA-a solutions as a crosslinker to
provide complete crosslinking and to maintain fiber morphology during
thermal treatment. Furthermore, the influence of CTR and BA-a in the
curing process of the microfibers was investigated using different con-
trol groups as depicted in Table 1 which reveals the sample codes and
sample compositions. Throughout the study, the amount of HP3CD
(120% w/v) and BA-a (25% w/v) was kept constant while adjusting the
amount of CTR. Therefore, samples were coded as HPBCDx/BA-a where
x represents the amount of CTR in blend solution.

2.4. Electrospinning of HPBCD/BA-a microfibers

The solutions were transferred in 1 ml syringes which was equipped
with 18-gauge blunt needle. The syringe was placed horizontally on a
syringe pump (KD Scientific, KDS 101). A stationary collector was
covered by aluminum foil and placed across the syringe to collect mi-
crofibers. Electrospinning was achieved by applying optimized

Sample codes, % CD (w/v), %BA-a (w/v), and %CTR (w/v) in solution with respect to spinning solvent (DMF), solution conductivity, solution viscosity and average

fiber diameter of microfibers.

Sample %CD (w/v) %BA-a (w/v) %CTR (w/v) Conductivity (uS cm™Y) Viscosity (Pa s) Average fiber diameter (um)
HPBCD 120 - - 2.26 0.162 1.10 = 0.20
HPBCD15 120 - 15 1.77 0.321 1.10 = 0.33
HPBCD/BA-a 120 25 - 1.49 0.329 1.11 = 0.23
HPBCD5/BA-a 120 25 1.62 0.458 1.12 = 0.30
HPBCD15/BA-a 120 25 15 1.48 0.803 1.46 = 0.35
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parameters; 15kV voltage, 1 mlh ™! flow rate and 16 cm distance from
the collector. Then, the collected fibrous mats were kept in a fume hood
for overnight to remove any residual solvent if present.

2.5. Curing studies of HPBCD/BA-a microfibers

Stepwise curing strategy was applied on a HPBCD/BA-a microfibers
which were first placed in a standard oven heated at 150 °C and kept for
an hour at this temperature. Then, the temperature was increased by
25°C intervals until to reach 225°C. The samples were kept at each
temperature intervals for an hour to initiate ring opening of the oxazine
ring and to achieve crosslinking, resulting PolyHPCD/PolyPBA-a mi-
crofibers.

2.6. Solubility test of PolyHPBCD/PolyBA-a fibrous membranes (FMs)

Solubility of crosslinked PolyHPRCD/PolyBA-a FMs was in-
vestigated using common organic solvents; acetone, ACN, chloroform,
DMF, DMSO, ethanol, methanol, THF and water. A piece of
PolyHPBCD/PolyBA-a FM was immersed into solvents for overnight,
and then they were dried at room temperature.

2.7. Methods

Conductivity of the solutions was tested for thrice and mean values
were determined at room temperature by a conductivity meter
(FiveEasy Cond meter F30, Mettler Toledo). Anton Paar MCR 301
rheometer was utilized to obtain viscosity values of the solutions at
25 °C, and the viscosity value at 100s~! was reported. Scanning elec-
tron microscopy (FEI Quanta 200 FEG) imaging was employed to
characterize the morphology of the electrospun microfibers. The
Fourier-transform infrared (FT-IR) spectroscopy measurement was
performed to investigate the structure of BA-a monomer and the fibrous
membranes using Bruker-VERTEX70 spectrometer in the range of
400-4000 cm ™. A solution of BA-a monomer in CDCl; was measured
by Proton nuclear magnetic resonance (*H NMR) Spectroscopy (Bruker
Advance III 400 MHz) to confirm the chemical structure. Thermal
properties of the samples were monitored by thermogravimetric ana-
lyzer (TGA, TA Q500). TGA was performed in the temperature range
from 25 to 800 °C under the continuous flow of nitrogen. UV-Vis
Spectroscopy (Varian Cary 5000) was used to determine the dye ad-
sorption ability of PolyHP3CD15/PolyBA-a FM.

2.8. Removal of dye molecules from water by PolyHPBCD15/PolyBA-a FM

Dye removal ability and the selectivity of PolyHPBCD15/PolyBA-a
FM were determined using two different dyes; Methylene Blue (MB)
and Methyl Orange (MO). 5 mg of sample was added into 5ml of dye
solutions. The concentrations of the dye solutions were varied from
10mg L™ ! to 100mg L™ ! and agitated at 150 rpm on a mechanical
shaker under ambient conditions for 6h. Time dependent removal
efficiency was studied by measuring the absorbance of the solutions
from 5 min to 360 min. Adsorption capacity was calculated based on the
Eq. (1).

(CO - Ce)
Co

q. = (1)
where g, is adsorption capacity (mg g~ '), C, and C. are the con-
centration of MB dye in the aqueous solution before and after the ad-
sorption, respectively (mg L~ 1), V is the volume of the solution (L), and
m is the weight of the PolyHP3CD15/PolyBA-a FM.

Regeneration of PolyHPBCD15/PolyBA-a FM was investigated using
continuous adsorption/desorption experiments. First, 5mg of
PolyHPBCD15/PolyBA-a FM was added into 5ml, 10mg L™! of MB
solution and agitated until the equilibrium. Then, the membrane was
placed in methanol solution. Following that the solution was acidified

313

European Polymer Journal 119 (2019) 311-321

using 1M HCI to remove the adsorb MB. Adsorption/desorption ex-
periment was performed for four consecutive cycles.

3. Result and discussion

Electrospinning of microfibers/nanofibers from polymeric [46] and
non-polymeric systems [22] significantly depends on two critical fac-
tors that are solution concentration and solution viscosity. Polymeric
systems require certain solution concentration to achieve sufficient
entanglements, similarly, non-polymeric systems such as cyclodextrins
need an appropriate solution concentration to create adequate ag-
gregates and hydrogen-bonding interactions to obtain uniform fiber
formation in electrospinning [22,25]. In order to perform electrospin-
ning of uniform fibers, the optimal solution concentration could be
different depending on source of the materials used (purity, etc.), type
of solvent used, applied electrospinning parameters (voltage, flow rate,
collection distance, etc.) and environmental conditions (temperature,
humidity, etc.) and such optimal solution concentration might be dif-
ferent to attain required viscosity values for the same molecule [22,25].
For instance, the electrospinning of fibers from HPBCD molecules was
reported by different research groups [22,23,25]. While Zhang et al.
[25] were able to obtain uniform fibers by ~60% (w/v) HP3CD solution
concentration in DMF, our group has reported to obtain uniform fibers
at 120% (w/v) HPBCD concentration in the same solvent [22]. There-
fore, we have used 120% (w/v) HP3CD concentration in DMF to obtain
bead-free and uniform HPBCD microfibers as reported in our previous
study [22]. However, the electrospun HPBCD microfibers quickly lose
their structural integrity and readily dissolve in an aqueous environ-
ment which limits the applications of such CD based functional fibers in
water treatment and liquid filtration. To alleviate this problem, HPRCD
microfibers could be crosslinked with appropriate crosslinkers [30,31].

As it is well known, benzoxazine monomer (BA-a) undergoes a ring
opening mechanism and polymerizes by thermal curing, forming
polybenzoxazine (PolyBA-a) structure [47]. Therefore, we have in-
corporated BA-a to crosslink HPBCD microfibers by simple blending
and subsequent curing method with the aim of not only to improve
solvent stability but also to enhance the thermal properties of micro-
fibers while maintaining the molecular selectivity of CD cavity. Fig. 1
shows the chemical structures of HPBCD and BA-a, schematic set up for
electrospinning of HPBCD/BA-a microfibers and digital images of
HPBRCD/BA-a and cured PolyHPBCD/PolyBA-a fibrous membranes
(FMs).

Our preliminary research has shown that reducing HPBCD con-
centration causes beaded fibers due to the insufficient amount of CD
aggregates [22], whereas increasing BA-a concentration leads to an
increase in fiber thickness. Following the preliminary attempts, the
composition of HPBCD(120%, w/v)/BA-a(25%, w/v) was chosen for
further investigation, since it enables the formation of bead-free and
uniform microfibers while maintaining the high content of HPBCD in
the fiber matrix. Since the main goal of this study was to achieve se-
lective removal of dye molecules from water, the amount of HP3CD
would play a prominent role in the electrospun fiber matrix. Fig. 2(al)
presents SEM image of HPBCD/BA-a. Then, curing study was performed
on HPBCD/BA-a fibrous sample by starting from 150 °C and tempera-
ture increased step-wisely up to 225 °C in order to obtain crosslinked
PolyHP3CD/PolyBA-a. However, high curing temperature (225 °C)
caused structural deformation on the fibrous morphology of
PolyHPB3CD/PolyBA-a, resulted in fused and interconnected fibers
which are evidenced in Fig. 2(a2). Therefore, we slightly modified the
content of the electrospinning solution in order to develop more stable
and highly crosslinked PolyHPBCD/PolyBA-a microfibers. For the pur-
pose of reducing the structural deformation in HPCD/BA-a microfibers
during curing, citric acid (CTR, 5% and 15%, w/v) was introduced as a
crosslinker into the HPBCD/BA-a mixture solutions. The samples were
coded as HPBCDx/BA-a, to express the existence and the amount of CTR
(%, w/v) in the DMF solution. In addition to these solutions, HPCD15,
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Fig. 1. Chemical structures of (a) HPBCD, (b) BA-a monomer and (c) illustration of electrospinning set up for HPBCD/BA-a microfibers and digital images of HPBCD/

BA-a and cured PolyHP(3CD/PolyBA-a FMs.

which denotes HP3CD(120%, w/v)/CTR(15%, w/v) mixture was also
prepared as a control sample to study the influence of CTR and BA-a on
the crosslinking behavior of HPRCD microfibers. The bead-free and
uniform electrospun microfibers (HPBCD/BA-a, HP3CD15, HPCD5/
BA-a, and HPBCD15/BA-a) with different weight percentage composi-
tions were produced and their fibrous morphology was investigated by
SEM imaging as shown in Fig. 2(al-d1).

The effect of the solution composition on the conductivity, viscosity
and the average fiber diameters were examined prior to curing studies.
HPBCD (120%, w/v) was also used as a control to estimate the changes
in the fibrous samples and Table 1 displays the related data for these
samples. While the conductivity of the solutions was not influenced by
the solution composition, significant increase was observed in solution
viscosity depending on the composition of the electrospinning solu-
tions. The highest solution viscosity was observed for HPRCD15/BA-a
solution due to the higher content of CTR. As anticipated, higher
average fiber diameter was obtained for the electrospun HP3CD15/BA-
a microfibers since less stretching of the jet could occur during the
electrospinning process [48]. On the other hand, the solution con-
ductivities were very low and close to each other and the solution
viscosity values were not that significant from each other for the other
solutions (i.e. HPCD15, HPBCD/BA-a, and HPBCD5/BA-a) and there-
fore, the average fiber diameter for the resulting electrospun fibers from
these solutions did not exhibit significant differences.

Afterwards, the effect of thermal curing on these blend microfibers
was investigated by stepwise curing method in the temperature range
150-225 °C as BA-a monomer could polymerize by this method [47]. As
a consequence of the curing study, it was found that HP3CD15 fibrous
membrane was not able to resist thermal curing. While this sample
maintained its fibrous structure up to 200 °C, the fiber morphology was
completely diminished, and transformed into a film when the tem-
perature has reached 225 °C, as displayed in Fig. 2(b2). On the other
hand, a significant thermal resistance was achieved in CTR and BA-a
incorporated microfibers (PolyHPBCD5/PolyBA-a, PolyHPBRCD15/
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PolyBA-a, Fig. 2(c2)-(d2) up to 225°C. Here, it is evident that in-
corporating only BA-a or CTR is not sufficient enough for crosslinking
HPRCD FMs, yet, the combination of both compounds only enables the
successful crosslinking as the electrospun HPRCD FM can remain its
fibrous structure at high temperature (i.e. 225 °C) during curing.
Further investigation was conducted by FT-IR spectroscopy to un-
derstand the structural changes of the FMs after thermal curing as it
may indicate the successful crosslinking/polymerization of FM samples.
Fig. 3 displays the chemical structures of HPBCD, CTR and BA-a
(Fig. 3a) along with the changes in absorption peaks of FMs as a
function of temperature intervals (Fig. 3b-e). Here, while the FM
samples of HPBCD/BA-a, HPBCD5/BA-a and HPPCD15/BA-a were
monitored up to 225 °C, HPBCD15 cured up to 200 °C, since the fibrous
structure of this sample was damaged after this temperature. Fig. 3b
displays the FT-IR spectra of HPBCD15 before and after curing. As-
electrospun HPBCD15 sample has C=O stretches (1720 and
1630 cm ™ 1) which arise from citric acid [49] and it also has several
stretching bands which are attributed to C—H and C—O vibrations lo-
cated between 1035 and 1200 cm ™! due to the glycosidic bonds of CD
[31] and citric acid (C=O vibrations) [49]. Nevertheless, thermal
curing did not create any observable difference on the absorption peaks
of HPBCD15. Only a slight reduction in the relative intensity of C=0
stretches (1720 and 1630 cm ~ 1) is monitored, therefore, FT-IR is not a
sufficient enough to determine possible crosslinking in this sample. On
the other hand, for the samples containing BA-a (Fig. 3c-e) can easily
be monitored by tracing the characteristic peaks of BA-a which are; the
C—C stretches at 1490 cm ™! and C—O—C stretches at 1230 cm ™ [50].
Furthermore, these peaks are straightforward to distinguish in the
spectra as they do not overlap with HPBCD peaks. It is apparent that
these characteristic peaks are gradually disappeared by thermal curing,
indicating a possible crosslinking in HPBCD/BA-a, HP(CD5/BA-a,
HPPRCD15/BA-a and successful production of PolyHPBCD/PolyBA-a,
PolyHPBCD5/PolyBA-a and PolyHPBCD15/PolyBA-a (Fig. 3c-e).
Possible crosslinking was further supported by studying thermal
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Fig. 2. SEM images of (a) HPRCD/BA-a (b) HP3CD15, (c) HPBCD5/BA-a, (d) HPBCD15/BA-a. (1) as-electrospun microfibers and (2) corresponding cured crosslinked

microfibers.

properties of the FMs using TGA. Fig. 4 exhibits TGA thermograms of
the BA-a and CTR powders, HPBRCD, PolyHP3CD/PolyBA-a,
PolyHPPCD15, PolyHPBCD5/PolyBA-a and PolyHPBCD15/PolyBA-a
FMs before and after curing. TGA curve of HPCD shows a residual loss
(~4%) below 100 °C and thermal decomposition occurs around 345 °C

which is slightly shifted to a higher degree (362 °C) in HPBCD/BA-a (as-
electrospun) FM as demonstrated in Fig. 4a. In addition, BA-a monomer
exhibits two distinct weight loss steps below and above 240 °C due to
the structural changes in oxazine ring. While as-electrospun FM
(HP3CD/BA-a) shows all these decomposition steps, thermally cured
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Fig. 3. (a) Chemical structures of HPBCD, CTR and BA-a, and FT-IR Spectra of (b) HPBCD15, (c) HPBCD/BA-a, (d) HPBCD5/BA-a, (e¢) HPBCD15/BA-a FMs before and

after thermal curing.

PolyHP[3CD/PolyBA-a FM displays only one distinct decomposition step
around 360s °C. Also, as we anticipated, char yield of as-electrospun FM
(HPBCD/BA-a) increased from 17% to 19% by thermal curing, in-
dicating slightly increased char yield in PolyHPBCD/PolyBA-a FM with
respect to as-electrospun FM. Considering the char yield of HPBCD
(~7%), PolyHP3CD/PolyBA-a FM showed significant increase in char
yield. Fig. 4b exhibits the TGA curves of as- electrospun HPCD15 and
cured PolyHPBCD15 FMs. CTR decomposition occurs within two dis-
tinct weight losses; while the first step is observed around 160s °C, the
complete decomposition happens below 300 °C. Likewise, CTR in-
corporated as-electrospun HP3CD15 FM shows both CTR and HP3CD
decomposition steps. Regarding the char yield of as-electrospun
(HPBCD15) and cured (PolyHPBCD15) FMs, no considerable difference
was found. Also, the char yield of HPBCD (~7%) has only increased up
to 12% which is mainly due to the absence of residual loss in these FMs.
On the other hand, the highest char yield was obtained in the case of
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PolyHPBCD5,/PolyBA-a and PolyHPBCD15/PolyBA-a FMs with ~20.1%
char yield (Fig. 4c and d), indicating higher thermal stability is
achieved by the combination the properties of HPBCD, BA-a and CTR5
in these membranes.

Although FT-IR and TGA indicate possible crosslinking in BA-a and
CTR incorporated HPBCD FMs, yet, it was not clearly evident that
crosslinking was adequate for providing structural integrity to these
membranes. Thus, cured FMs were immersed into water to explore the
success of crosslinking. It can be ascribed that even though pristine
HPBCD FM have great solubility in water (Fig. 5a), the crosslinked
PolyHP[3CD/PolyBA-a FMs should maintain their fibrous form in water
due to the enhanced structural stability. Consequently, strong evidence
of crosslinking was found when the stability of these FMs was tested in
water. While PolyHPBCD/PolyBA-a, PolyHPBCD15, PolyHPBCD5/
PolyBA-a FMs were completely and immediately dissolved in water,
PolyHPBCD15/PolyBA-a FM could maintain its structural stability as
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Fig. 4. TGA curves of BA-a, CTR and HPBCD (a) HP3CD/BA-a, (b) HPBCD15, (c) HPBCD5/BA-a, (d) HPBCD15/BA-a microfibers before and after thermal curing.
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Fig. 5. (a) Digital images of fibrous membranes before (left) and after (right) immersing in water (1) HPRCD, (2) PolyHPBCD/PolyBA-a, (3) PolyHPBCD15, (4)
PolyHPBCD5/PolyBA-a, (5) PolyHPBCD15/PolyBA-a, (b) SEM images of PolyHPBCD15/PolyBA-a microfibers after immersing in different solvents for overnight.
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Fig. 6. (a) Chemical structures of Methyl Orange (MO) and Methylene Blue (MB) dyes, (b) illustration of inclusion complex between HPBCD and MB molecules, (c)
digital images of MO (10 mg L™ '), MB (10 mg L™ !) and MB/MO (10 mg L™ 1) mixture solutions, (d) UV-visible Spectra of MO/MB dye mixture solution before and
after adsorption, (e) Digital images of the MO/MB mixture solutions after treated with PolyHPBCD15/PolyBA-a FM at certain time intervals.

depicted in Fig. 5a. Therefore, it is concluded that complete cross-
linking is only achieved in PolyHPBCD15/PolyBA-a FM. This study was
further expanded by investigating the structural stability of
PolyHP3CD15/PolyBA-a FM in various organic solvents such as
acetone, ACN, chloroform, DMF, DMSO, ethanol, methanol and THF.
Hence, PolyHPBCD15/PolyBA-a FM was immersed in these solvents
overnight. Then, it was dried and its morphology was examined. As
exhibited in Fig. 5b, whereas some of these solvents (i.e., DMF, DMSO,
water) that can readily dissolve HPRCD microfibers, PolyHPBRCD15/
PolyBA-a microfibers showed excellent structural integrity and kept its
fibrous morphology in these solvents. Crosslinked PolyHPBRCD15/
PolyBA-a membrane was able to preserve its fibrous form in all tested
solvents, which might be attributed to higher degree of crosslinking in
this sample. Only slight swelling was observed in DMF and DMSO
which are very good solvents for HPBCD. Nevertheless, considering the
very content of HPBCD in crosslinked FM, such swelling is anticipated.

Based on the data obtained from SEM and solubility experiments, it
was observed that both CTR and BA-a must be incorporated in order to
achieve stable fibrous structure for PolyHPB3CD15/PolyBA-a micro-
fibers. However, the insolubility of the crosslinked PolyHPCD15/
PolyBA-a microfibers has limited the experimental evidences to propose
an exact pathway for crosslinking. It is for sure that there is a cross-
linking between HPBCD and BA-a when the HPBCD/BA-a microfibers
were thermally cured (Fig. 2a), but, CTR is needed to have highly
crosslinked and more stable PolyHPBCD/PolyBA-a microfibers. CTR is a
well-known crosslinker to synthesize water-insoluble cyclodextrin
polymers but there is a need of using sodium dihydrogen phosphate as a
catalyst for obtaining such crosslinked insoluble cyclodextrin polymers
[51,52]. Here, we did not use sodium dihydrogen phosphate but the
electrospun fibers only consist of HPBCD/CTR/BA-a in order to achieve
thermally crosslinked PolyHPBCD/PolyBA-a microfibers. We anticipate
that the crosslinking path is complex since both CTR and BA-a con-
tribute to the crosslinking of HPRCD, and BA-a is a resin which is known
to become crosslinked polybenzoxazine by itself. It is possible that the
crosslinking occurs between HPBCD and CTR in the presence of BA-a at
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low temperatures (below 200 °C, Fig. 4) since CTR decomposes at lower
temperature compared to HPBCD and BA-a. Yet, HPBCD and BA-a could
thermally crosslinked but CTR is required to have highly crosslinked
structure which resulted in more stable PolyHP3CD/PolyBA-a fibrous
structure. Also, it must be noted that some BA-a molecules could in-
teract by itself to form polybenzoxazine in the fiber matrix. In short, the
crosslinking pathway seems to be complicated for the HPBCD/CTR/BA-
a system, which makes it difficult to propose a definite crosslinked
structure for PolyHP3CD/PolyBA-a microfibers.

The enhanced structural stability in water and organic solvents may
enable broad range of applications for PolyHP3CD15/PolyBA-a FMs.
Particularly, PolyHPBCD15/PolyBA-a FMs could be a promising mate-
rial for water treatment applications due to the molecular separation
ability of cyclodextrins. It is well-documented that CD molecules have
the ability to form inclusion complex with specific molecules such as
Methylene Blue (MB) [30,35,53]. However, the removal of organic
contaminants cannot be explained by only inclusion complexation, the
electrostatic attractions between dyes and cyclodextrin molecules are
also crucial for the adsorption process. For instance, two oppositely
charged dyes; Methylene Blue (cationic) and Methyl Orange (anionic)
both have the ability to form host-guest interaction with CD molecules
[30,54]. Nonetheless, cationic Methylene Blue dye can selectively be
removed from Methylene Blue/Methyl Orange dye mixture by CD
functional microfibers where electrostatic attractions play an important
role for selective removal of Methylene Blue at basic conditions [35].

Therefore, we have investigated the removal ability of crosslinked
PolyHPBCD15/PolyBA-a FMs for dye molecules which might be a
promising material for water treatment applications if the dye se-
lectivity is remained after crosslinking. To reveal this feature, molecular
entrapment ability of PolyHPBCD15/PolyBA-a FM was tested using
Methylene Blue (MB, cationic dye) and Methyl Orange (MO, anionic
dye) dyes as model compounds (Fig. 6a). PolyHPBCD15/PolyBA-a FM
was placed in a mixture of MB (10 mg L™ ") and MO (10mg L™ %) so-
lutions to seek for the selectivity of the membrane. As we expected,
PolyHP3CD15/PolyBA-a FM can selectively remove MB molecules from
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the solution by forming inclusion complex (Fig. 6b) [30]. The visual
appearance of MB, MO and a mixture of MB/MO solutions are depicted
in Fig. 6¢. UV-visible spectra for MB removal from the mixture is dis-
played in Fig. 6d. As can be seen, while the absorption signal at 664
(MB) is diminished after adsorption, the signal for MO (464) nm re-
mained unchanged, indicating the selectivity of PolyHP3CD15/PolyBA-
a FM for MB dye over MO dye.

Time dependent dye removal experiments were performed with the
same concentration solution to determine the required time interval for
the effective removal of the dye molecules. Fig. 6e shows the digital
images of the MO/MB mixture solutions after given time. As can be
seen, complete removal was achieved within 6 h. A green color of the
MO/MB mixture solution became yellow by the time, revealing only MB
molecules adsorbed by PolyHPBCD15/PolyBA-a membrane due to both
inclusion complexation and electrostatic attractions. The affinity be-
tween positively charged MB molecules and hydroxyl groups of CD
molecules further promote the efficient inclusion complexation be-
tween MB dye and CD cavity since electrostatic repulsion between MO
and CD molecules inhibit the adsorption of MO from the MB/MO dye
mixture [35].

In order to calculate the adsorption capacity of the PolyHPBCD15/
PolyBA-a FM, different concentrations of the MB solutions were pre-
pared from 10 to 100 mg L.~ *. Fig. 7a illustrates the association between
the adsorption capacity of PolyHP3CD15/PolyBA-a FM and equilibrium
concentration of MB in solution. As displayed, the adsorption capacity
increases in parallel with the increased MB concentration. The satura-
tion adsorption capacity of PolyHPBCD15/PolyBA-a FM was 46 mg g~ !
at 100mg L™,

Furthermore, two different isotherm models; Langmuir and
Freundlich were used for MB adsorption onto PolyHP3CD15/PolyBA-a
FM to determine the adsorption process. According to Langmuir iso-
therm model, the adsorption occurs on a homogenous surface as a
monolayer adsorption, which expresses that when one molecule of MB
occupied a place, no more adsorption is possible in that site. In the case
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Table 2
The constants of Langmuir and Freundlich isotherms and respective correlation
coefficients for Methylene Blue adsorption on PolyHPBCD15/PolyBA-a FM.

Langmuir parameters Freundlich Parameters

Gm (mg g™ ") K. (Lmg™ ") R? np Kp (Lg™h R*

46.08 0.16 0.996 2.52 9.77 0.925

of Freundlich isotherm model, the adsorption occurs on a heterogenous
surface, which can accommodate more than one molecule at the same
location. Fig. 7b and c present the applied isotherm models for
PolyHP3CD15/PolyBA-a FM. On the basis of the correlation coefficient
(R?) values, Langmuir model (R%0.997) had a better fit for adsorption
of MB than that of Freundlich model (R%0.925). The adsorption char-
acteristics of MB on PolyHPBCD15/PolyBA-a FM was monolayer ad-
sorption, indicating possible inclusion complexation. Table 2 demon-
strates the constant of isotherm models and their correlation
coefficients. Additionally, the values of separation factors (R;) were
calculated, which indicates whether the adsorption is favorable or not.
When it is 0 < Ry < 1, it is considered as favorable. If it is greater
than 1, it is considered as unfavorable and if it is 1 it is considered as
linear. Hence, the separation factors (R) were found between 0.068
and 0.421 for MB, indicating favorable adsorption.

Based on the adsorption maximum, PolyHPBCD15/PolyBA-a FM did
not show great adsorption capacity, yet PolyHPBCD15/PolyBA-a FM
has shown structural stability along with selectivity which might be as
important as showing good performance in separation applications.
Further, regeneration of PolyHPBCD15/PolyBA-a FM was studied to
demonstrate the feasibility of fibrous membrane in water treatment
applications. Desorption of MB from PolyHPB3CD15/PolyBA-a FM is
recorded and provided in supplementary video. As can be seen in
supplementary video recording, desorption occurs quite fast and it is
possible to re-use the fibrous membrane. Hence, the removal efficiency
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R?=0.9968
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Fig. 7. Relationship between (a) ge and Ce, (b) Langmuir model and (c) Freundlich model for Methylene Blue on PolyHP3CD15/PolyBA-a FM, (d) Removal efficiency

of PolyHPBCD15/PolyBA-a FM for continuous MB adsorption.
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of PolyHPBCD15/PolyBA-a FM was still 92% after utilizing for four
consecutive adsorption/desorption cycles, indicating an overall per-
formance of the fibrous membrane (Fig. 7d). In addition to the per-
formance of PolyHPBCD15/PolyBA-a FM, this study presents a new
approach to design and crosslink cyclodextrin microfibers to further
extent the knowledge and the application of CDs in molecular filtration
applications.

4. Conclusion

In conclusion, crosslinked cyclodextrin microfibers can be obtained
by blending HPRCD with BA-a and CTR in DMF prior to electrospinning
and then subsequent thermal curing. Structural changes of the fibrous
membranes were monitored using FT-IR spectroscopy which indicates
the changes of oxazine ring in BA-a monomer by thermal curing.
Thermal properties of FMs were studied by TGA, which shows that CTR
and BA-a incorporated crosslinked microfibers show significant im-
provement in thermal stability. While CTR and BA-a incorporated
crosslinked FMs can maintain their fibrous morphology, the absence of
CTR in FMs could cause the loss of fibrous morphology due to the in-
sufficient crosslinking. Moreover, produced crosslinked PolyHP3CD15/
PolyBA-a microfibers have exhibited an enhanced stability in water as
well as in several organic solvents, suggesting self-standing
PolyHP3CD15/PolyBA-a FM could be a promising material for mole-
cular separation applications. Therefore, dye adsorption ability of
PolyHPPCD15/PolyBA-a FM was investigated and it showed excellent
selectivity against MB when the mixture of MB/MO is used.
PolyHPPCD15/PolyBA-a FM can remove MB molecules from an aqu-
eous system without having any damage in its fibrous morphology
within 6 h. Regeneration of the fibrous membranes was also possible
and it could be used in continuous adsorption/desorption experiments.
Consequently, this work may provide a straightforward method for the
further design and development of PolyCD/PolyBenzoxazine micro-
fibers for various applications.
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