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Surface Functionalization of PEO Nanofibers Using a TiO
Suspension as Sheath Fluid in a Modified Coaxial

Electrospinning Process

ZHENG Gaofeng'?*‘, PENG Hao'?, JIANG Jiaxin'?, KANG Guoyil?,

LIU Juan®?, ZHENG Jianyi'? and LIU Yifang!?**

onvenient and integration fabrication process is a key issue

for the application of functional nanofibers. A surface func-

tionalization method was developed based on coaxial elec-
trospinning to produce ultraviolet(UV) protection nanofibers. The
titanium dioxide(TiO,) nanoparticles suspension was delivered
through the shell channel of the coaxial spinneret, by which the ag-
gregation of TiO, nanoparticles was overcome and the distribution
uniformity on the surface of polyethylene oxide(PEO) nanofiber was
obtained. With the content of TiO; increasing from 0 to 3%(mass
fraction), the average diameter of nanofibers increased from
(380% 30) nm to (480+£100) nm. The surface functionalization can be
realized during the electrospinning process to gain PEO/TiO,
composite nanofibers directly. The uniform distribution of TiO,
nanoparticles on the surface of nanofibers enhanced the UV absorp-
tion and resistance performance. The maximum UV protection
factor(UPF) value of composite nanofibers reaches 2751. This work
presented a novel surface-functionalized way for the preparation of
composite nanofiber, which has great application potential in the
field of micro/nano system integration fabrication.

Keywords Coaxial electrospinning; Surface functionalization; TiO,
nanoparticle; Composite nanofiber; UV protection

1 Introduction

UV radiation is harmful to human body. Long-term UV
exposure to radiation will cause skin redness, itching,
darkening and even skin cancer'-4. UV radiation causes
physical and chemical changes inside materials and accelerates
the aging of rubber and plastic products, resulting in photo-
degradation and photo-aging, thus the service life of products
is reduced®—®.. Therefore, the development of a breathable and
anti-UV material has great application prospects.

In the past decades, electrospinning technology has
gained widespread attention for its ability to produce nano-

scale fibers with a large specific surface area at low cost and its
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controllable process. The introduction of functional materials
in the electrospinning process is a popular method to enhance
the properties of nanofibrous membrane, such as mecha-
nical®!%, physicall’'1?, chemical™], catalytic(#! and other
properties. With its advantages of good UV resistance, self-
cleaning ability, antibacterial and oxidation properties!!¢—8,
TiO: has been a very promising candidate in the fields of
spinning, cosmetics, coatings, sensors, etc.

TiO:z nanoparticles have been demonstrated to be suitable
for the preparation of multifunctional composite nanofibers
through electrospinning™l. Lee et al.?! prepared PVA/TiO:2
nanocomposite fiber webs by electrospinning, and assessed
their UV protection properties, antibacterial functions,

formaldehyde decomposition ability, and ammonia
deodorization efficiency. Yu et al.?!l used a one-step in situ
polymerization method to co-dope TiO», sulfosalicylic(SSA),
sodium dodecyl benzene sulfonate(SDBS) with polyaniline
(PANI). Lu et all® converted the precursor to TiO: by
calcination to obtain photovoltaic nanofiber. Due to the effect
of van der Waals forces, nanoparticles agglomerate easily
during the fabrication process, which reduces the properties of
functional nanofiber!?-%!. Meanwhile, the post process, which
is essential for hybrid solution electrospinning to fabricate
functional nanofiber causes damage to the micro/nano
structure and tends to cause material waste.

Coaxial electrospinning was initially thought to be
successfully implemented only when the sheath fluid was
Most

demonstrated that solvent””], unspinnable dilute polymer

electrospinnablel?l. recently, several publications
solution?], solutions containing little molecules®! can be
utilized as an outer fluid to carry out modified coaxial and also
tri-axial processes. However, no reports have tried an
unspinnable nano suspension as a sheath fluid to carry out the
modified coaxial process.

A surface-functionalized method based on a modified
coaxial electrospinning process was presented in this work to
prepare composite PEO/TiOz nanofibers for UV protection.
The TiO:2 nanoparticles suspension was delivered through the

shell channel of coaxial spinneret, by which the aggregation of
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TiO:z nanoparticles was overcome and the distribution unifor-
mity of the nanoparticles on the surface of PEO nanofiber was
enhanced. The composite PEO/TiO> membrane had excellent
shielding effect on UV light. The fabrication process, element
distribution characteristics, and UV resistance performance of

the composite PEO/TiOz nanofiber were studied.

2 Experimental

2.1 Materials

PEO(Mw=300000) was purchased from Changchun Earth Fine
Chemical Co., Ltd.(Changchun, China). TiO: nanoparticles
(diameter of particles of 100 nm) were bought from Shanghai
Macklin Biochemical Co., Ltd.(Shanghai, China). Ethanol
(C2HsOH, =99.7%) was purchased from Sinopharm Chemical
Reagent Co., Ltd.(Shanghai, China).

2.2 Fabrication of Electrospinning PEO/TiO2 Nano-
fiber Membranes

The electrospinning process for the preparation of composite
nanofibers is illustrated in Fig.1. The mixed solvent of
deionized water and ethanol(volume ratio 1:3) was used to
prepare an electrospinning solution, which was loaded to the
core channel of the coaxial spinneret. The mass fraction of PEO

in the solution was 8%. The mass fractions of TiO:

nanoparticles in the solution was 0 and 1%, respectively. The
solution was stirred overnight at 60 °C to achieve the
homogeneous solution. The TiO2 nanoparticles suspension in
ethanol was loaded to the shell channel. The mass fractions of
TiO:2 nanoparticles in the suspension were 0.5%, 1%, 2% and
3%, respectively. The suspension was ultrasound-treated for
30 min before experiments. The TiO:2 suspension surrounded
the core solution jet and the TiO2 nanoparticles were dispersed
evenly on the surface of nanofiber.

Then, several groups of solutions with different solution
ratios were used to investigate the process characteristics, as
listed in Table 1. An integrated electrospinning equipment
(NLM-0001, Xiamen Narai Technology Co., Ltd., Xiamen,
China) was used to conduct the electrospinning experiment.
The diameters of the core channel and the shell channel of the
coaxial spinneret were 0.4 and 1.0 mm, respectively. The
solution was delivered to the core channel and the shell
channel by two precision syringe pumps(Pump 11 Pico Plus
Elite, Harvard Apparatus America, USA) with flow rates of 300
and 100 puL/h, respectively. A conductive substrate was put on
the X-Y motion platform to collect electrospun nanofiber. The
distance between the needle tip and the collector was 15 cm.
The reciprocating movement of the motion platform was
controlled by a host computer to gain a uniform nanofibrous
membrane. The velocity of the motion patform was 60 mm/s.
A high voltage in the range of 10—15 kV was applied to stretch
the solution into Taylor cone and fine jet by the the high
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Fig.1 Schematic diagram of the surface functionalization method by coaxial electrospinning

Table 1 Components of the nanofibers produced by coaxial electrospinning techniques

Sample Core Shell
P 8% PEO —_—
p-TO® 8% PEO+0.5% TiO2 mixed solution —
P-T! 8% PEO+1% TiO2 mixed solution —_
P/T* 8% PEO 1% TiO2 suspension
P/T? 8% PEO 2% TiO2 suspension
P/T? 8% PEO 3% TiO2 suspension
P-THT! 8% PEO+1% TiO2 mixed solution 1% TiO2 suspension
P-TYT? 8% PEO+1% TiO. mixed solution 2% TiO2 suspension
P-TYT? 8% PEO+1% TiO2 mixed solution 3% TiO2 suspension
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voltage source(DW-S5A403-1ACE5, Dongwen High Voltage
Ltd., China). And then, the

electrospinning composite membranes were dried for 4 h at

Power Source Tianjin,
40 °C in vacuum to remove the residual solvent. The collecting
time of electrospun nanofiber was 150, 300, 450 and 600 s, then
the thickness of composite nanofibrous membrane can be
adjusted. All the experiments were carried out under ambient

conditions.

2.3 Characterization of Electrospun Composite
Nanofiber

The surface morphologies of the samples were observed on a
field emission scanning electron microscope(SEM, Supar 55
Sapphire, Carl Zeiss Co. Ltd., Germany). All the samples were
sputter-coated with gold film before observation. The
nanofiber diameter distributions were analyzed by Image]
through the SEM images.

The chemical composition was determined by using
spectrometry(EDS, X-Max~N-80,

Oxford Instruments Co., Ltd., Germany) for all the samples.

energy dispersive X-ray

Meanwhile, the spatial distributions of carbon(C), oxygen(O),
titanium(Ti) were obtained by EDS mapping analysis.

The phase analyses of the nanofibers were taken on an
X-ray diffraction(XRD) analyzer(XRD-7000, Shimadzu Co.,
Ltd., Japan, 26=10°—100°), with Cu Ka radiation(A=0.1540 nm)
at a scanning rate of 10°/min.

Fourier transform infrared spectra(FTIR) were acquired
by using an infrared spectrum analyzer(NICOET i510, Thermo
Fisher Scientific, U.S.) to observe the spectral absorption peaks
of the fiber samples. The samples were cut into small pieces for

the performance measuring.

2.4 Anti-UV Performance Measuring

A measuring equipment of anti-UV performance was designed,

as shown in Fig.2. The measuring samples were placed on a

UV light

Fig.2 Anti-UV performance measuring equipment

transparent substrate. A UV light source(SHENYU V2) was
utilized in this equipment. The UV intensity is quantified on a
UV spectrophotometer(MOLECULAR DEVICES SpectraMax®
CMax Plus). The transmitted UV light was measured to
evaluate the anti-UV performance. The composite nanofibrous
membranes were cut into 3 cmx3 c¢m size samples, and placed
between the UV light and the UV photometer. The light with
wavelengths of 360(UV-A) and 290 nm(UV-B) was used in the

measuring process.

2.5 UV Protection Tests

A fresh leaf(greenery) was placed under the UV lamp as
shown in Fig.3(A). Samples of 14, 24, 3# and 4#(P, P-T!, P/T®
and P-T?/T%) were put on the same leaf, as shown in Fig.3(B).
The UV intensity of the radiation on the leaf surface was
2000 uW/cm?. The leaf surface under the UV light was

recorded every 3 h.

Fig.3 UV protection performance measuring
(A) Measuring equipment; (B) measuring sample on the green leaf.

3 Results and Discussion

3.1 Morphology and Diameter of Nanofibers

The SEM images and nanofiber diameter distributions of the
nanofibrous membrane are shown in Fig.4. The surface of PEO
nanofiber without TiO2 nanoparticles was smooth. With the
addition of TiO2 nanoparticles, the surface of the fiber became
rough, and the diameter of the nanofiber increased. The TiO:
nanoparticles were observed to distribute evenly on the
surface of nanofiber.

As the TiO: suspension was delivered separately through
the shell channel, the aggregation of nanoparticles was
overcome. There were more nanoparticles dispersed on the
nanofiber surface of P/T' and P/T? than that of P-T', showing
that delivering the dispersion solution in the shell channel was
a simple and efficient method to reduce the aggregation and to
increase the content of TiO: nanoparticles on the surface of
composite nanofiber. At the same time, the shell dispersion
was also a good method to promote the ejection of high viscous
solution, and to avoid the blockage of electrospinning

spinneret.
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Fig.4 Typical SEM images[(A)—(F)] and nanofiber diameter distribution histogram[(A")—(F")] of P(A, A", P-TY(B, B"), P/T*C, C,
P/T¥(D, D), P-TYT(E, E") and P-TYT3(F, F) nanofiber membranes

- . (A)
3.2 Elements Compositions of Composite Nano-

fibers

EDS mapping was performed on the P, P-T! and P-T!/T?
samples to determine the presence of TiOz nanoparticles in the
nanofibers, and the resulting EDS mappings are shown in
Fig.5(A)—(C). Fig.5(B) shows that most of TiO2 nanoparticles
were imbedded inside the nanofiber and some TiO:
nanoparticles were agglomerated. Meanwhile, the TiO:
nanoparticles shown in Fig.5(C) were more evenly distributed,
indicating that the distribution of TiO: can be optimized in
the process of coaxial electrospinning. EDS was performed
to determine the elemental compositions in the nanofibers,

and the result is shown in Table 2. The content of Ti

element increased to 3.81%(mass fraction)(P-T'/T%) by coaxial

Fig.5 EDS mappings of P(A), P-T}(B) and P-TYT3(C)
electrospinning, which was three times high than that in the  Green: C; blue: O; red: Ti.
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Table 2 Elemental compositions of electrospinning membra-

nes from EDS

Elemental composition as determined from

Sample EDS(%, mass fraction)
C o Ti

P 57.86 42.14 —
P-T* 55.08 43.66 1.26
P/T! 55.86 42.71 1.43
P/T? 55.15 43.03 1.82
P/T® 54.01 43.73 2.26
P-TYT? 53.81 43.10 3.09
P-TYT? 54.85 41.80 3.35
P-TYT? 51.89 44.30 3.81

sample(P-T') by ordinary hybrid electrospinning. Among
the samples that was made by the modified coaxial
electrospinning method, with the increase of concentration
of TiO: suspension, the content of Ti element in the mem-
branes increased. The results of EDS agreed with the SEM

results.

3.3 XRD and FTIR Analysis

XRD analyses of the TiOz nanoparticles, PEO nanofibers and
P/T?, P-T'/T?® nanofibers are shown in Fig.6. The characteristic
peaks of PEO and TiO:z nanoparticles can be clearly seen in the
figures. The two distinctive peaks highlighted between
20=15°—25° in Fig.6(B) correspond to the amorphous PEOR
with the diffraction range of these two characteristic peaks
being 20=19.1° and 23.4° respectively. It can be identified
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through Fig.6(A) that the main characteristic peaks and the
corresponding lattice planes of the rutile phase of TiO:
nanoparticles were assigned at 20=27.5°(110), 36.1°(101),
39.2°(200), 41.3°(111), 44.1°(210), 54.3°(211), 56.7°(220),
62.7°(002), 64.1°(310), 69.0°(301), 69.8°(112), 76.6°(202),
79.9°(212), 82.4°(321), 84.3°(400) and 89.6°(222)Y. While in
Fig.6(C), the characteristic peaks of PEO and TiO: can be
clearly observed, which demonstrated that both materials
contain TiO2 nanoparticles.

The FTIR spectra for P, P-T!, P/T® and P-T!/T® nanofiber
are given in Fig.6(D). The bands of 957 and 1107 cm!
correspond to the C—O group asymmetric stretching
and C—O—H bending vibrations of PEO,
respectively. The peaks that appear at 1340 and 1464 cm™!

vibrations

are caused by the vibration of the CH2— groups of PEO and
the strong band near 2870 cm™ is attributed to the symmetric
and asymmetric C—H stretchingl®. The peak near 667 cm™,
which can be clearly seen in P- T, P/T® and P-T!/T? nanofibers,
is claimed to correspond to the vibration of Ti—O—O
bond !l

The characteristic peak spectra of PEO and TiO: were
observed in FTIR spectral analysis, respectively, which
proved that the composite material containing TiO: could
be prepared in the modified coaxial electrospinning way.
The results indicated that the surface functionalization method
was realized, which could be further applied in the
preparation of surface functionalized nanofibers as PAN,

cellulose, etc.
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Fig.6 XRD patterns of TiO, nanoparticles(A), PEO nanofiber(B) and P/T3, P-TYT® nanofibers(C), and FTIR spectra(D) of P, P-T*,

P/T® and P-T%T? nanofibers

575 Chem. Res. Chinese Universities, 2021, 37(3), 571—577

https://doi.org/10.1007/s40242-021-1118-2



Chem. Res. Chinese Universities

Article

3.4 UV Resistance Test

The capacity of UV resistance for different membranes was
quantified by UV resistance test, and the results are shown in
Fig.7. With the addition of TiO: nanoparticles, the UV
resistance of the membranes had been improved. The UV
intensity received by the irradiometer in the absence of shade
is 3600 pW/cm2. The result of the samples by hybrid
electrospinning is shown in Fig.7(A) while those of coaxial
electrospinning samples are shown in Fig.7(B) and (C). It can
be clearly seen that the UV resistance of electrospinning
samples is improved significantly with the addition of TiO2
nanoparticles, and the increase of TiO2 content promotes the
improvement of UV shielding performance.

After 600 s of electrospinning, the UV transmission
intensity through the PEO nanofiber reduced from 3600
uW/cm? to 1555 uW/cm?, while the UV transmittance of P-T',
P/T® and P-T'/T® nanofibers for same collecting time reached
1152, 751 and 563 uW/cm?, respectively. With the addition of

TiO:2 nanoparticles in the samples, the efficiencies of UV

shielding of P-T!, P/T® and P-T'/T® nanofibers increased by
34.9%, 107.6%, and 177.9% respectively, comparing to that of
the control group(PEO nanofibers). It can be concluded that
the core-shell structure prepared by coaxial electrospinning
plays a great role in the UV resistance.

To investigate the effect of TiO2 on the UV resistance of
nanofibers, UV-A, UV-B and UV protection factor(UPF) tests
were performed on different electrospinning samples, and the
results are shown in Table 3. The electrospinning time is
uniformly set to 3 h. The transmittance values of UV-A and
UV-B of the PEO nanofiber were high, of which the UPF
reached 29.75, which basically did not have UV resistance. The
UPF of hybrid P-T! nanofiber reached 446.51, confirming that
the anti-UV properties can be improved through the surface
functionalization process. Further, the samples prepared by
the coaxial electrospinning process showed a significant
enhancement in the anti-UV performance. The transmittance
values of UV-A and UV-B of P-T/T? reduced to 0.0525% and
0.0207%, and the UPF increased to 2751.65. The experimental
results indicated that the composite nanofiber membrane P/T?

and P-TY/T? were much better than the national standard.
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Fig.7 UV resistance of the membranes for different electrospinning time(150 s, 300 s, 450 s, 600 s)
(A) UV resistance of single spindle electrospinning sample(P, P-T%%, P-T%); (B) and (C) UV resistance of the membranes of coaxial electrospinning(P/T*, P/T?, PIT?,

P-TYT?, P-THT2, P-TT9).

Table 3 UV resistance properties of nanofibers

UV-A UV-B
Sample . . UPF
Absorbance/a.u. Transmittance(%) Absorbance/a.u. Transmittance(%)

P 1.0079 9.8197 1.4858 3.2674 29.75
P-T! 2.5696 0.2694 2.7658 0.1715 446.51
P/T! 2.3111 0.4885 2.4366 0.3659 251.32
P/T? 2.7759 0.1675 2.8896 0.1289 695.24
P/T® 2.9452 0.1134 3.1981 0.0634 1325.48

P-THT! 2.8995 0.1260 3.0952 0.0803 1024.71
P-TYT? 3.0126 0.0971 3.4965 0.0319 2433.21
P-TYT? 3.2795 0.0525 3.6842 0.0207 2751.65

3.5 UV Protection Analysis

After 9 h of observation, the images of the leaf at different
radiation time are shown in Fig.8. The whole leaf appeared
shiny green before exposed to UV radiation. After 3 h
irradiation, four dark patches appeared on the surface. This is

Chem. Res. Chinese Universities, 2021, 37(3), 571—577
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due to the fact that UV light destroys the cellular creation of
the leaf to different degrees for different parts of the leaf,
consequently causing color difference between each other. The
color difference gradually increased with irradiation time and
finally four patches of different colors left on the leaf. The color
difference between the four shielded patches suggested that
P/T% and P-T'/T® samples had better UV resistance than the
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Fig.8 UV protection test with different exposing time to UV
light
Time/h: (A) 0; (B) 3; (C) 6; (D) 9.

other two samples, which is in accordance to the UV resistance

test described in Section 3.4.

4 Conclusions

In this study, surface-functionalized PEO/TiO: composite
nanofibers with excellent UV protection performance were
successfully fabricated by a modified coaxial electrospinning
method. The TiO: nanoparticles suspension was introduced
into the shell channel of the coaxial spinneret, by which the
contents of TiO2 nanoparticles in the composite nanofibers can
be increased and the ejection of high viscous solution can be
promoted. With the content of TiOz increased from 0 to 3%, the
average diameter of nanofibers increased from (380+30) nm to
(480+100) nm. The aggregation of nanoparticles during the
electrospinning was avoided, and then the TiO: nanoparticles
dispersed evenly on the surface of composite nanofibers.
Attributing to the high content of TiO: nanoparticles, the
composite nanofiber membranes presented a superior UV
resistance compared to that obtained by the conventional
hybrid electrospinning. The highest UPF of the composite
nanofiber was 2751.65.

Hence, the modified coaxial electrospinning for PEO/TiO:
composite nanofibers is a good surface functionalization
method for micro/nano functional materials, which could be

useful in many application fields.
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