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Abstract. In recent years, the basic electrospinning setup has undergone many modifications
carried out to enhance the quality and improve the functionality of the resulting nanofibers.
Being one of these modifications, coaxial electrospinning has attracted great attention. It
enables to use different materials in nanofiber production and produce multi-layered and
functional nanofibers in one step. In this study, TiO, has been added to the shell layer of
coaxial nanofibers to develop functional nanofibers which may be used in water treatment
applications. The coaxial nanofibers containing TiO> in the shell layer are compared to uniaxial
nanofibers containing TiO, in bulk fiber structure, regarding their morphology and
photocatalytic activity. Uniform uniaxial and coaxial nanofibers with TiO, were obtained. The
average nanofiber diameter of coaxial nanofibers were higher. Coaxial nanofibers, which
contained lower amount of TiO,, displayed similar performance to uniaxial nanofibers with
TiO; in terms of photocatalytic degradation ability against isoproturon.

1. Introduction

The well-known electrospinning technique is recently expanded to produce a novel class of nanofibers
with core-shell structure which are either called core-shell or coaxial nanofibers. Coaxial
electrospinning attracts great attention as it makes it possible to use different materials in nanofiber
production and produce multi-layered and functional nanofibers in one step [1]. It was first reported by
Sun et al. They successfully created coaxial fibers made of combinations of different materials:
polyethyleneoxide (PEO)-poly (dodecylthiophene), polylacticacid (PLA)-palladium, and PEO-
polysulfone, and a composition of identical polymers (PEO-PEO) [2]. Since then many researchers
have been using coaxial electrospinning. Unspinnable materials such as drugs, enzymes, etc. could be
electrospun as the core of a fiber-forming polymer [3-6]. Nanofibers encapsulating epoxy within a
polymeric shell were found to be suitable for self-healing applications [7]. Biocompatible nanofibers
with improved mechanical properties [8], hollow nanofibers [9], nanofibers from unspinnable
polymers [5,10] could be electrospun. Coaxial nanofibers encapsulating bio-based phase change
material (bio-PCM) exhibited balanced thermal storage and releasing properties for thermo-regulating
functions [11]. It could be possible to attach composite nanofibers onto a textile substrate by coaxially
spinning PU (shell)/ Nylon-6 (core) nanofibers [12].
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Coaxial nanofiber structure is also expected to bring advantages in the photocatalyst
immobilization. The incorporation of the photocatalysts into the shell layer of the coaxial nanofibers
may result in decreased diffusion length, increased accessible surface area and more active sites, all of
which are expected to improve the photocatalyst activity. In addition, another advantage is regarding
the mechanical properties. Incorporation of high amount of additives to the nanofiber structure affects
the mechanical properties negatively. When the additives are added to the shell and pure polymer is
used as the core the sacrifice regarding the mechanical properties will not be that much. Furthermore,
it may provide cost reduction especially when working with expensive additives. When the additive is
only added to the shell instead of the bulk fiber structure, the additive amount used will be less and the
costs regarding the additive will be lower. In this study, TiO, was selected as the photocatalyst and
used in the production of coaxial nanofibers containing TiO> in the shell. For comparison, uniaxial
nanofibers with TiO, were also produced. Coaxial nanofibers were compared to uniaxial nanofibers in
terms of morphology and photocatalytic activity.

2. Experimental

2.1. Materials

Polyamide (PA6) (Sigma Aldrich, 181110), titanium (IV) dioxide (TiO,) (Sigma Aldrich, 718467,
Aeroxide® P25), formic acid (Sigma Aldrich, F0507), acetic acid (Sigma Aldrich, 33209) were used
as received. Isoproturon (Dr. Ehrenstorfer GmbH) and distilled water were used in photocatalytic
activity tests.

2.2. Methods

18 wt% PAG6 solution and 5 wt% PAG6 solution with 200 wt% TiO, (with respect to the polymer
weight) were used as the core and the shell solutions respectively to obtain coaxial nanofibers with an
actual TiO; content of 8.4 wt%. Coaxial needle (Raméhart Custom Needle, 100-10-COAXIAL-2016,
outer needle: 1.7 mm OD, inner needle: 0.9 mm OD) was placed on the needle holder of the
electrospinning setup. Two pumps (KD Scientific Pump Series 100) were used to feed the core and
shell solutions respectively. A high voltage power supply (Glassman High Voltage Series) was used to
apply high voltage to the outer needle. The distance between the tip of the needle and the collector, the
flow rates of the solutions and the voltage were adjusted to obtain stable electrospinning. In order to
see whether the shell solution was electrospinnable, it was used as the electrospinning solution on the
basic setup using uniaxial needle. Uniaxial PA6 nanofibers containing 50 wt% TiO, were also
produced for comparison. For uniaxial nanofiber production, a uniaxial needle (Sigma Aldrich,
7261351-1EA, Stainless steel 316 syringe needle, pipetting blunt 90 tip, 18 gauge, 6 inch) was placed
on the needle holder. The electrospinning solution was fed to this needle by a pump (KD Scientific
Pump Series 100). A high voltage power supply (Glassman High Voltage Series) was used to apply
high voltage to the solution. Using a syringe of 10 mL, electrospinning solutions, were fed using PTFE
tubing (OD=1/16""=1.6mm OD) through the needle. The distance between the tip of the needle and the
collector, the flow rates of the solutions and the voltage were adjusted to obtain stable electrospinning.
Large homogeneous nanofiber webs were obtained using the in-house developed electrospinning
machine, which contained a moving needle support and a moving collector [13]. Nanowebs with the
same specific weight (10 g/m?) were produced. The speed of the aluminium foil was adjusted to obtain
nanowebs with the same weight.

2.3. Characterization

The functionalised nanofibers were characterized in terms of morphology and photocatalytic activity
against isoproturon. The morphologies of the nanofibers were analysed using scanning electron
microscope (SEM, Jeol Quanta 200 FESEM). SEM images were taken at an accelerating voltage of 20
kV. Before SEM analysis, the samples were coated with gold using a sputter coater (Baljes Union
SKD 030). The fiber diameters were measured using Image J. The average nanofiber diameters and
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the standard deviations were based 80 measurements per sample. Average nanofiber diameters were
expressed as the meantstandard deviation. Photocatalytic activities of the functionalised nanofibers
against isoproturon were assessed under UV irradiation. Samples with diameters of 8 cm were
immersed in 100 ml isoproturon solutions (5 mg/l) and illuminated from a 20 cm distance by a 300 W
Osram Ultra-Vitalux lamp. Sampling was done after 1, 2, 4 and 6 h of illumination after which the
concentration of the isoproturon was measured by recording its absorbance at 247 nm with a UV-Vis
spectrophotometer. The percentage of degradation efficiency was calculated as C/Cy where C is the
isoproturon concentration after the illumination for a certain period of time and Cy is the isoproturon
concentration before the illumination. Non-functionalised electrospun nanofiber membranes were
considered as a reference. UV-Vis absorption spectra of the isoproturon solutions were taken by
Perkin-Elmer Lambda 900 spectrophotometer in the 300-1100 nm region.

3. Results and Discussion

3.1. Morphology

SEM image of the web electrospun from 5 wt% PAG6 solution with 200 wt% TiO,, which was prepared
to be used as the shell solution in coaxial electrospinning, can be seen in Figure 1. The web produced
on the basic electrospinning setup using uniaxial needle, consisted mainly of large TiO, agglomerates
with some nonuniform, very fine fibrous structures in between. It was not possible to obtain uniform
composite nanofibers from the solution which is used as the shell solution in coaxial nanofibers. It was
an unelectrospinnable solution.

Figure 1. SEM images of the web electrospun from shell solutio(S wt% PAG solution with 200 wt%
Ti0;) using uniaxial needle.

SEM images of coaxial nanofibers with TiO- in the shell and the uniaxial nanofibers with TiO; in the
bulk fiber structure can be seen Figure 2. The nanofibers were uniform in structure without any beads.
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TiO, agglomerates were visible on the SEM images. The coaxial electrospinning resulted in thicker
nanofiber formation due to the higher total flow rate used in coaxial electrospinning and larger
diameter of the coaxial needle compared to the uniaxial needle. While the shell solution was not
electrospinnable on its own (Figure 1), it could be used as the shell solution in coaxial electrospinning.

3.2. Photocatalytic degradation

When TiO; nanoparticles are exposed to UV light, electrons reaching the sufficient energy pass from
the valence band to the conduction band, leaving holes in the valence band. While the holes react with
water to produce hydroxyl radicals, the electrons react with molecular oxygen molecules producing
superoxide radical anions. These two reactive species react with the organic contaminants and
decompose them [14-17]. The photocatalytic activity of TiO, is widely studied in literature. Im et al.
(2007) prepared electrospun PAN-based nanofiber webs containing 100 wt % TiO». They showed that
the TiO» containing nanowebs suspending on the dye solution had a dye removal efficiency of 60%
[18]. Daels et al. (2014) produced polyamide-6 (PA-6) nanowebs containing TiO, nanoparticles by
electrospinning. They tested different types of TiO, functionalization methods (inline functionalization
and post-functionalization) with two types of TiO, nanoparticles. The results of photodegradation with
methylene blue in aqueous solution demonstrated excellent photocatalytic activity of TiO»
nanoparticles immobilized in and on the nanowebs. After 2 h of UV irradiation, a degradation up to
84% methylene blue was observed which further increased and resulted in a degradation up to 99%
methylene blue after 6 h of illumination. They suggested that electrospun nanowebs functionalized
with TiO; nanoparticles could be used as a water filter medium [14]. Jeun et al. (2011) reported the
production of composite of PAN nanoweb containing 100 wt % of sol-gel-derived nanometer size
TiO; and the effect of the e-beam irradiation on the photocatalytic ability of the nanowebs. While the
nonirradiated PAN/ TiO; nanofibers degraded methylene blue at the low rate of 58.6% for 3 h, e-beam
irradiation resulted in a significant increase in the photodegradation ability (72.5%) of the nanowebs
[19]. Jo et al. prepared polyacrylonitrile (PAN)-supported titania (PAN-TiO,) fibers with different
TiO, to PAN ratios and investigated their feasibility for indoor air cleaning applications. The TiO;
content was changed as 5, 10, 50 and 100 wt % (with respect to the weight of PAN). The composite
nanowebs were tested for their degradation efficiency against four different target compounds of
benzene, toluene, ethyl benzene, and xylene. For all target aromatic compounds, the decomposition
efficiencies of PAN-TiO; fibers increased as the TiO; content increased. For the highest TiO, of 100
w%, the decomposition efficiencies of the PAN- TiO fibers were close to 100% for the target
compounds over the 3h photocatalytic process [20]. Cossich et al. (2015) produced TiO, containing
polyamide-12 nanofibers. TiO» content was varied as 0, 10 and 20 wt % of TiO,. The photocatalytic



17th World Textile Conference AUTEX 2017- Textiles - Shaping the Future IOP Publishing
IOP Conf. Series: Materials Science and Engineering 254 (2017) 102007 doi:10.1088/1757-899X/254/10/102007

performance of the samples was measured against methylene blue (MB). PA12 with 20 wt % TiO»
removed nearly all the MB from the solution in 100 min [21].

In this study, the photocatalytic activity of coaxial nanofibers containing TiO; in the shell layer was
tested against isoproturon, which is one of the pollutants detected in surface and groundwater above
permissible levels, and compared to that of uniaxial nanofibers containing TiO, in bulk structure.
Isoproturon photolysis was determined. Pure PA6 nanofibers were also tested as reference.

The photocatalytic activity of the nanofibers in comparison with isoproturon photolysis, and
photodegradation activity of PA6 of the nanofibers can be seen in Figure 3.
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Figure 3. Photodegradation activity of uniaxial and coaxial nanofibers.

When isoproturon solution is exposed to UV-light for 6 hours without any nanowebs in it, 9.1 % of
isoproturon is degraded as a result of photolysis. 12 % reduction is observed in isoproturon
concentration when the isoproturon solution is exposed to UV-light with PA6 nanoweb in it which
means that around 3 % isoproturon is absorbed by the nanoweb. Both coaxial nanofibers containing
TiO; in the shell layer and the composite uniaxial nanofibers with TiO, were found to be effective in
the degradation of isoproturon under UV irradiation. PA6/50%TiO, uniaxial nanofibers and
PA6/8.4%Ti0, coaxial nanofibers displayed around 38% photocatalytic activity. The photocatalytic
activity of TiO; is reported to be dependent on its content [22]. While uniaxial nanofibers contained 50
wt% TiO,, coaxial nanofibers contained 8.4 wt% TiO; in their shell layer. Coaxial nanofibers
displayed similar performance to uniaxial nanofibers in terms of isoproturon photodegradation but
with lower TiO, content. This is attributed to the presence of TiO» closer to the surface in coaxial
nanofibers.

4. Conclusions

Uniform uniaxial and coaxial nanofibers functionalized with TiO, were obtained. While the shell
solution was not electrospinnable on its own using uniaxial needle, it could be used as the shell
solution in the production of the coaxial nanofibers. Uniaxial nanofibers with 50 wt% TiO, and
coaxial nanofibers containing 8.4 wt% TiO; closer to the surface of the nanofibers both displayed
around 38% photocatalytic activity against isoproturon in 6 hours. Coaxial nanofibers can be
suggested as an economical way of functionalization, which may be important especially when
working with expensive additives.
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