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Tailoring the wetting properties of nanofibrous membranes and endowing them with expected wettability
provides new ways in extending the application field of these materials. In this study, we first performed the
in situ fabrication of poly(butylenes succinate-co-terephthalate) (PBST) composite nanofibrous membrane
with cyclodextrin polymer (CDP) using a combination of electrospinning and heating processes. Then, the
morphologies, crystallization and mechanical properties of the PBST composite membrane were
investigated. It was found that the CDP was uniformly dispersed on the PBST nanofibers instead of merely
covering the surface of the membrane. Moreover, the introduction of additives brought about a decreased
crystallinity and tensile strength of the resultant membrane due to its restraining role in the crystallization of
PBST. Furthermore, the wettability of the PBST composite membranes with various amounts of additives
was explored and the evolution of water spread on top of the membranes was also recorded. The
membrane became superhydrophilic from hydrophobic upon increasing the amount of additives and the

Received 2nd November 2017 water droplet could completely spread within 0.2 s, which was attributed to the enlarged roughness and
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increased contact area of CDP on the nanofibers. A comparison between the two fabrication methods used
DOI: 10.1039/c7ra12068k ’ ) . . . ’
for PBST composite nanofibrous membranes is also presented and studies on the preparation and wetting

rsc.li/rsc-advances properties may shed light on polymer composite membranes that exhibit potential application in more fields.

Introduction

Aliphatic-aromatic copolymers have spurred great interest in
recent years for the desirable biodegradability of the aliphatic
unit and good mechanical properties of the aromatic unit in their
structure.' Poly(butylenes succinate-co-terephthalate) (PBST),
one such copolymer, has been intensively investigated for its
preparation, molecular structure and thermal and mechanical
properties for applications in melt-spinning fibers and yarns.**
However, the further development of the conventional spinning
method used for PBST fibers is hindered by their relatively slow
crystallization rate and unstable morphologies during the
manufacturing process, which in turn suppress the productivity
and increase their cost.*”* Fortunately, the rapid advance of the
electrospinning technique provides hope and potential for the re-
development of PBST. The preparation of PBST nanofibrous
membrane via electrospinning has been reported, in which one
of the research focuses was the effects of the spinning parameters
on the structure and properties of PBST nanofibers.'* Moreover, it
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was found that the prepared PBST nanofibrous membrane
exhibits a hierarchical structure with nanoscaled fibers and
microscaled pores, which endows a nanofibrous membrane with
hydrophobic property (water contact angle of ~130°).'"

Hydrophobic membranes, especially superhydrophobic
materials, generally possess special abilities including antipol-
lution, waterproof and self-cleaning, and show prospects in
various fields such as water/oil separation.>**> However, when
materials are involved in the application of adsorbing small
molecules in water, it is expected that the membrane can exhibit
desirable hydrophilicity. It has been reported that a PBST nano-
fibrous membrane has been successfully used in adsorbing dyes
in wastewater after immersing the membrane into a cyclodextrin
aqueous solution with citric acid and heating the solution, which
would form a cyclodextrin polymer (CDP) on the surface of the
PBST membrane."* Moreover, the results showed that although
the adsorption ability was attributed to the capability of cyclo-
dextrin to form inclusion complexes and the hydrophilicity of
water-insoluble CDP," the adsorption performance was greatly
limited by the preparation method used, which had the result of
CDP covering most of the surface of membrane and thus it did
not integrate the strength of the CDP and the nanofibers.

As a matter of fact, a large number of researchers have been
devoted to investigating the modification of nanofibrous
membranes using cyclodextrin or CDP via solution mixing or
surface modification, with the aim of functionalizing these

This journal is © The Royal Society of Chemistry 2018
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membranes and extending their application fields."**
However, their research emphases are mainly on how to fabri-
cate water-insoluble cyclodextrin, i.e. CDP,****** and on the
adsorption or separation properties of composite
membranes,””" while the wettability of the nanofibrous
membrane with CDP has not deeply studied, which may have
great influence on their performance.

In this contribution, we present the fabrication of PBST
composite nanofibers with CDP using a combination of elec-
trospinning and heating processes. The cyclodextrin and citric
acid were both added into the electrospinning solution and the
PBST/CDP composite nanofibrous membranes were success-
fully achieved upon heating. Then, the composite nanofibrous
membranes were investigated in terms of their morphology,
crystallization and mechanical properties, and the wettability of
the PBST nanofibrous membrane with different amounts of
cyclodextrin added was also studied.

Experimental

Materials

PBST pellets (M,, = 50 600 g mol ™, polydispersity index = 1.92)
were provided by Jiangsu Heshili New Materials Co., Ltd, China
and its chemical structure is shown in Fig. 1. 70 mol% of the
butylenes terephthalate (BT) unit was used for the balance
between desirable biodegradability and good mechanical
properties.® Trifluoroacetic acid (TFA) and dichloromethane
(DCM) were supplied by Aladdin Chemical Regents Co., Ltd.,
China. B-cyclodextrin (CD), citric acid (CTA) and sodium hypo-
phosphite hydrate (SHPI) were purchased from Sinopharm
Chemical Reagent Co., Ltd. All chemicals were of analytical
grade and used as received without further purification.

Preparation of the PBST composite nanofibrous membranes

A pure PBST nanofibrous membrane and the composite
membranes were fabricated via electrospinning and heating
processes, as shown in Fig. 1. Typically, a 25 wt% PBST solution
was initially prepared by dissolving PBST pellets into a mixed
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Fig. 1 Schematic representation of the preparation of PBST
composite nanofibrous membrane.
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solvent of TFA and DCM at a volume ratio of 1 : 1 with vigorously
stirring for 2 h. Then, a certain amount of CD, CTA and SHPI (as
a catalyst) at a mass ratio of 1 : 1 : 0.1 were added into the above
solution and stirred vigorously for another 2 h. The resulting
solution was loaded into a syringe with a metallic needle to
perform the electrospinning process. A high voltage of 20 kv and
feed rate of 1 mL h™ " were applied with the distance between the
needle tip and collector being 13 cm. The relevant temperature
and humidity during electrospinning step were kept at 20 & 2 °C
and 45 £ 2%, respectively. Then, the nanofibrous membranes
were dried in an oven at 100 °C for 2 h. As a control group, only
CD, CTA and SHPI were added into the mixed solvent of TFA and
DCM with vigorous stirring for 2 h and then the solution was
heated at 100 °C for 2 h. For brevity, the control group was
referred to as CDP and the PBST with 0, 3.7, 6.6, 9.4, 18.7 and
28.1 wt% CD were abbreviated as PBST, P-C-3.7%, P-C-6.6%, P-
C-9.4%, P-C-18.7% and P-C-28.1%, respectively.

Characterization

The morphologies of the PBST composite nanofibrous
membranes were examined using field emission scanning
electron microscopy (FE-SEM) with a Hitachi S-4800 (Japan) at
an accelerating voltage of 3.0 kV. The nanofibers were coated
with gold prior to the SEM examination. The surface area of the
composite membranes was determined using Brunauer—
Emmett-Teller (BET) analysis on a Micromeritics ASAP-2020
analyzer. The pore size of each nanofibrous membrane was
measured using a Porometer 3G through-pore size analyzer.

The Fourier transform infrared spectra (FTIR) of the PBST
composite nanofibrous membranes were recorded using a FTIR
spectrometer (Nicolet 6700, Thermo Fisher). The PBST
composite nanofibrous membranes were also analyzed on
a differential scanning calorimeter (Pyris-1 DSC, PerkineElmer).
Around 4 mg of sample sealed in an aluminium pan was heated
to 210 °C at a rate of 10 °C min " and kept at this temperature
for 3 min before cooling at a rate of 10 °C min ™" to 30 °C under
an N, atmosphere. For the solubility experiments, 5 cm? of the
fiber mats were immersed in deionized water at room temper-
ature. After 24 h, the fiber mats were removed from the deion-
ized water and placed in a vacuum oven to dry until constant
weight. The insoluble fraction (%) was determined using the
ratio of weight of sample after drying in an oven to the weight of
the initial sample. Tensile tests of the specimens with dimen-
sions of 50 mm x 5 mm were conducted on an Instron
Universal Testing Machine. A 20 mm gauge length and a cross-
head speed of 20 mm min ™" were used during each test at room
temperature. The values were averaged over 5 trials.

The water contact angles of the nanofibrous membranes were
measured using an optical contact angle measuring system
(Kriiss DSA100, Germany) and the changing contact angles after
a 3 uL droplet was placed on the membranes were also recorded.

Results and discussion

The representative SEM images of the pure PBST nanofibrous
membranes shown in Fig. 2a illustrate that the pure

RSC Adv., 2018, 8, 1378-1384 | 1379
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Fig. 2 SEM images of the nanofibrous membranes: (a) pure PBST, (b) P-C-3.7%, (c) P-C-6.6%, (d) P-C-9.4%, (e) P-C-18.7% and (f) P-C-28.1%

(the insets are the corresponding images at lower magnification).

PBSTnanofibers were oriented randomly with an average
diameter of 269 nm (listed in Table 1) and also exhibited a very
smooth surface. When the PBST composite membranes were
fabricated (Fig. 1b-f), embossments could be observed on the
surface of the nanofibers, which gave rise to a larger average
diameter and standard deviations (Table 1) than those found
for pure PBST. Meanwhile, it was observed that these separated
embossments (Fig. 1c and d) changed into adhesive pieces
(Fig. 1e and f) upon increasing the amount CD added. Accord-
ing to the preparation steps of the PBST composite membranes
and relevant references,'"'” the embossments on the surface of
the nanofibers were speculated to be cyclodextrin polymer
(CDP), which will be justified later. Furthermore, as summa-
rized in Table 1, the surface area of the composite membranes
increased from 18.5 to 26.8 m” g~ " after adding the CD and CTA
into the electrospinning solution, whereas the pore size showed
a decreasing trend due to the embossments formed on the
nanofibers. The results of surface area and pore size variation
were not consistent with other relative reports,’”** in which
smooth nanofiber surfaces were observed in all the composite
nanofibers reported. The differences in the nanofibers
morphology between our membrane and the previously re-
ported composite membranes can be attributed to the different
polarity of the polymers. PBST is a non-polar polymer without
any functional groups, while in the literature, the polymers (PVA
and PAA) they used for electrospinning are polar with carboxyl
groups, which have a tendency to cross-link with cyclodextrin

during the heating process with a result of integrating together
with a smooth surface.

In order to verify the above speculation that the emboss-
ments can be assigned to CDP, the infrared spectra of CD, CDP
and the PBST composite nanofibrous membranes were recor-
ded and presented in Fig. 3a. As shown in this Fig. 3a, when
compared to CD, there are two evident adsorption bands (1712
and 1272 cm ') in the spectrum of CDP, which should be
assigned to the C=0 stretching vibration and C-O stretching
vibration of the ester groups, respectively.”” These newly
emerging bands indicate that the hydroxyl groups of CD reacted
with the carboxyl groups of CTA to form ester groups, suggest-
ing that the cross-linking reaction between CD and CTA had
occurred.”®?* Here, we have to point out that CDP was formed in
the process of heating the as-prepared membranes at 100 °C for
2 h rather than in the electrospinning process. Under heating,
the hydroxyl groups of B-cyclodextrin (CD) can react with the
carboxyl groups of citric acid (CTA) to form ester groups.
Meanwhile, in comparison with pure PBST, the spectra of CDP
and the PBST composite membrane all exhibit a broad
adsorption band in wavelength of ~3400 cm™*, which should
correspond to the -OH stretching vibration in CD and CDP.**
The broad peak also suggested that there does exist the newly
emerging material CDP in the PBST composite nanofibrous
membranes. Furthermore, the spectra of the PBST composite
membranes in Fig. 3 show no newly formed adsorption bands
when compared with CDP and pure PBST, suggesting that no

Table 1 Average diameter, surface area and pore size of the PBST composite nanofibrous membranes

Sample PBST P-C-3.7% P-C-6.6% P-C-9.4% P-C-18.7% P-C-28.1%
Diameter (nm) 269 + 36 302 + 43 564 + 44 309 + 95 417 £ 81 396 + 93
Surface area (m> g™ %) 18.5 20.2 24.6 25.9 27.5 26.8

Pore size (um) 3.41 £ 0.26 3.25 £ 0.41 2.74 £ 0.46 2.47 £ 0.22 1.98 £ 0.19 1.91 £ 0.17
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nanofibrous membranes, and (b) the insoluble fraction of the PBST
composite membranes after soaking in water for 24 h.

chemical reaction occurred between CD/CTA and PBST nano-
fibers due to the lack of free reactive groups in the PBST
macromolecules.

Fig. 3b shows the insoluble fraction of the PBST composite
nanofibrous membranes after soaking in water for 24 h at room
temperature. The insoluble fraction of the PBST composite
nanofibrous membranes after soaking in water for 24 h were all
larger than 95%, indicating these composite membranes had
a good resistance to water, Z.e. high water-insoluble level, and
the CDP was also water-insoluble. This could be attributed to
the extra hydroxyl groups and carboxyl groups in CD, CTA and
the intermediate products, the esterification and polymeriza-
tion reactions upon heating and finally, the CDP with a three-
dimensional network structure being formed, which in turn
could make the nanofibrous membrane useful for aqueous
medium applications.

DSC was used to investigate the effects of the CD and CTA
added to the electrospinning solution on the crystallization
behavior of PBST, as shown in Fig. 4. Upon increasing the
amount of CD and CTA added, the crystallinity (X.) of PBST
decreased. Here, the crystallinity is the ratio of the melting
enthalpy in heating curve (the second peak in Fig. 4a) to the
melting enthalpy of sample with 100% crystallinity (142 ] g~ ').>*
The reduced crystallinity of PBST can be attributed to the
presence of CD and CTA during the electrospinning step and
the formation of CDP during the subsequent heating step,

This journal is © The Royal Society of Chemistry 2018
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tained for the PBST composite nanofibrous membranes.

which to some extent lowered the regularity of the molecular
chains of PBST, which were arranged in ordered ways during the
process of spinning and hindered the recrystallization in the
heating process. In comparison with pure PBST, a new endo-
thermal peak was observed for the PBST composite membranes
(a broad peak from 60 to 100 °C), which was due to the evapo-
ration of water stored in the CDP in the PBST composite
nanofibers.**

Fig. 4b presents the cooling curves of the PBST composite
nanofibrous membranes after heating. Only one crystallization
peak was observed in the cooling process, which can be
assigned to the exothermal crystallization of PBST. It has been
reported that CDP possesses a three-dimensional network of
cross-linking macromolecules, which will not crystallize upon
cooling after melting."* Meanwhile, the crystallization temper-
ature (7T.) of PBST was reduced upon increasing the amount of
CD and CTA added. In the electrospinning process, the molec-
ular chains of PBST are arranged in an ordered way ie. crys-
tallization with the evaporation of solvent and at the same time,
the molecules of CD and CTA in solution are be repelled to the
outside of the PBST, resulting in hindering this ordered
arrangement. The more CD and CTA added, the less likely the
crystallization of PBST was to occur.

The morphologies and crystallization behaviour discussed
above must influence the mechanical properties of the PBST

RSC Adv., 2018, 8, 1378-1384 | 1381
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composite nanofibrous membranes and Fig. 5 shows their
stretching stress strain curves. Among all the nanofibrous
membranes, pure PBST exhibited the largest tensile strength
and elongation at break. When the CD and CTA were introduced
and formed CDP on the surface of PBST nanofibers, the
strength and elongation of the composite membranes
decreased with an increase in the amount of CD and CTA
added. The decline in the mechanical properties may be
attributed to the following aspects: (1) the decreased crystal-
linity inevitably results in reduced strength; (2) the CDP is
separately dispersed between the nanofibers and physically
adhered to the surface of the nanofibers, which leads to the
reduced cohesive force between the fibers and weakens the
mechanical properties;*® (3) different from other reported
polymers (PVA and PAA) composited with CDP,'”*> PBST does
not possess any polar groups, such as hydroxyl or carboxyl, and
cannot cross-link with CD and/or CTA, resulting in weakened
mechanical properties.'”**

It has been reported that CD is water-soluble, CDP is water-
insoluble and both have an outstanding capability to form
inclusion complexes with a variety of molecules including water
molecules, ie. hydrophilic, while the pure PBST nanofibrous
membrane exhibits hydrophobic properties with a water
contact angle of ~130°.>'" As a result, it was necessary and of
interest to study the wettability of the composite membranes
when CDP and PBST were blended together by solution mixing
of the monomers and thermal cross-linking. Fig. 6 shows the
evolution of a water droplet placed on the PBST composite
nanofibrous membranes with time. The pure PBST nanofibrous
membrane was observed to be hydrophobic with a water contact
angel of 136° and the water droplet kept its shape on the
membrane for a very long time (10 min). When a small amount
of CD and CTA was added (P-C-3.7%), the water remained
unchanged within the first 3 minutes and then slowly spread
along the membrane to be completely spread (water contact
angle of 0°) after 4 min 16 s. This was possibly because the P-C-
3.7% membrane was still hydrophobic at first and the water was
absorbed by the CDP adhered to the nanofibers after a few
minutes. Water started to spread once dropped on the P-C-6.6%
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membrane, suggesting that this PBST composite membrane
had been changed into a hydrophilic surface. Upon further
increasing the amount of CD and CTA added, the water spread
on the composite membranes was significantly speeded up. It
was noteworthy that the P-C-18.7% membrane became highly
hydrophilic and the water droplet was completely spread within
just 0.2 s, while when the amount reached to 28.1%, the time
needed for the water contact angle to change to 0° was longer
than observed on P-C-18.7%, which could possibly because the
CDP was unevenly stuck in clumps on the surface of the
nanofibers when the amount of CD and CTA added was too
large.

According to the above results, it can be concluded that the
hydrophilic properties of the PBST composite nanofibrous
membranes were greatly enhanced and the corresponding
reasons for this are illustrated in Fig. 7. Firstly, CDP on the
surface of the nanofibers are hydrophilic;'* when water is
coincidentally placed on the surface of CDP, the composite
membrane will bet hydrophilic. Secondly, the formation of CDP
and its distribution on the nanofibers increases the surface
roughness of the PBST nanofibrous membrane (also shown in
the SEM images); it is well-known that surface roughness makes
the apparent contact angle lower when the intrinsic contact
angle is less than 90°.*”?® So the superhydrophilicity of the
composite membrane with more than 6.6% of CD and CTA
added in the spinning solution also arose from the amplifica-
tion effect of the surface roughness on the wettability.
Furthermore, the Cassie model provides an equation (cos § =
fi cos 0; +f, cos 6, = (1 — f,)cos 0, +f, cos 8, = cos 0, +f(cos 0,
— cos 6,)) used to calculate the apparent contact angle § when
a droplet is placed on the top of an heterogeneous solid
surface,*»** in which in our case ¢, and 0, are the contact angle
of water dropped on pure PBST and CDP, respectively; f; and f,
are the contact area fraction of water in contact with PBST and
CDP, respectively, and f; + f, = 1. Upon increasing the amount
of CDP on the surface of the PBST composite nanofibers, the
area fraction f, increased, cos ¢ was enlarged and the apparent
contact angle ¢ became smaller, leading to a superhydrophilic
surface with a faster spread speed (T < T; as shown in Fig. 7).

To date, two kinds of methods have been reported to prepare
PBST composite nanofibrous membranes with CDP. One is to
immerse the PBST membrane into a CD and CTA aqueous
solution followed by heating the solution." The other is re-
ported in this study, adding CD and CTA into the mixed solvent
containing PBST, electrospinning the solution to form
membrane and then heating the membrane. A comparison
between the two methods is listed as follows: they share some
common features, both methods can successfully fabricate the
PBST/CDP composite nanofibrous membranes with the same
theory of forming CDP, while the differences cannot be ignored.
Firstly, the second method reported in this study can bring
about a uniform distribution of CDP on the surface of the PBST
nanofibers rather than unevenly covering the surface of the
PBST membrane observed when using the first method.
Secondly, the first method does bring about great changes in
the structure and properties of PBST itself, while the wetting
properties of the PBST composite membrane fabricated using

This journal is © The Royal Society of Chemistry 2018
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the second method is greatly changed to superhydrophilic from
hydrophobic due to the decreased regularity of the molecular
chains, the formation of hydrophilic CDP and the increased
roughness of the nanofibers.

Conclusions

In summary, PBST composite nanofibrous membranes were
successfully prepared via in situ electrospinning of a PBST solu-
tion mixed with cyclodextrin and citric acid followed by heating
the membrane to form cyclodextrin polymer (CDP). The results
show that CDP was evenly dispersed on the surface of the PBST
nanofibers and endowed the composite membrane with

This journal is © The Royal Society of Chemistry 2018

increased surface area, roughness and hydrophilic material on
surface (i.e. CDP). Meanwhile, although the introduction of
cyclodextrin and citric acid into electrospinning solution has
a negative influence on the crystallinity and mechanical proper-
ties of resultant membrane, the wettability of the PBST composite
membrane was changed to superhydrophilicity from hydropho-
bicity, which can be explained by the presence of hydrophilic
CDP and the enlarged roughness. Our investigation concentrated
on the preparation methods and wetting properties of the
nanofibrous membrane, which is beneficial for the creation of
materials with desirable properties for various applications.
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