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Ultraviolet radiation is extremely harmful to humans and often occurs in high-temperature weather. The
development of intelligent textiles based on UV protection and thermal regulation is paramount. In this
research, we use coaxial electrospinning technology to prepare anti-ultraviolet smart thermo-regulating
nanofiber membranes. The zinc oxide (ZnO) and octadecane were incorporated into nanofibers with the
polyacrylonitrile (PAN)/ZnO as sheath and the octadecane as core successfully. The composite nanofibers
have excellent comprehensive properties, the highest melting enthalpy is 111.38 J/g, and the UPF value is
86.21. This multifunctional nanofiber membrane has broad prospects in outdoor products, electronic
component protection, and military products.

© 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

In recent years, with the destruction of the ozone layer, more
ultraviolet (UV) rays have been irradiated to the ground [1-3].
Excessive exposure to UV radiation not only accelerates the pho-
todegradation of organic materials but also harms the human
body, causing DNA damage or carcinogenesis [4-8]. Protecting
human skin and the environment from UV damage has become a
worldwide issue [9,10]. Therefore, different textiles with anti-UV
functions, such as curtains, sun-proof clothing, and tents, have
attracted people’s attention [11].

Generally, the addition of UV absorbers and shielding agents
can achieve high anti- UV properties of materials [12,13]. Muzaffar
et al. used the pad dry cure technique to finish nano-chitosan-
polyurethane dispersion on polyester-cotton fabrics to enhance
UV resistance [14]. Zhou et al. loaded titanium dioxide on cotton
fabric in situ for modification [15]. Although these methods can
improve the anti-UV properties of fabrics, some new problems
have arisen, such as complicated steps, uneven dispersion of func-
tional fillers, and poor stability [1,16]. The above troubles can be
avoided by blending polymers and various additives to prepare
nanofibers through electrospinning technology [17,18]. The
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obtained composite nanofiber has advantages of large specific sur-
face area, high porosity, and uniform dispersion of functional fillers
[19,20]. Therefore, the filler has a larger contact area with UV rays,
so the UV-shielding properties of nanofiber membranes are excel-
lent [21]. Commonly used UV absorbers are divided into two types:
inorganic and organic. Although organic UV absorbers can effec-
tively improve the UV shielding performance, they are easily
decomposed when exposed to UV light for a long time. In contrast,
inorganic absorbents overcome the above limitation [22-24]. Zinc
oxide (ZnO) nanoparticles are considered the most effective UV
absorber, and they also have antibacterial and sensing properties
[25-28].

In daily life, high-intensity UV radiation often accompanies
high-temperature weather. For human comfort, clothing should
also have the function of regulating the temperature [29-31].
Unfortunately, there is no report on UV-proof membranes with
thermo-regulation functions so far. Therefore, the development
of such intelligent membranes is of great significance. The applica-
tion of this kind of nanofibers in fabrics brings good protection for
people or electronic components who are often outdoors. Integrat-
ing functional materials that respond to environmental tempera-
ture changes into textiles is a research hotspot all the time
[32,33]. Currently, phase change materials (PCMs) have attracted
the attention of researchers due to their excellent performance in
storing and converting energy [34-36]. PCMs can easily store or
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release thermal energy to maintain a constant temperature.
Because of this feature, it has a good application prospect in appa-
rel [37-39]. However, the leakage problem during the phase
change process limits the practical application of PCMs [40,41].
Coaxial electrospinning technology has unique advantages in solv-
ing this problem. Because of the use of coaxially arranged spin-
nerets, nanofibers with a core-sheath structure can be directly
produced [42,43]. Benefiting from the protection of the polymer
sheath, the stability of the PCMs is greatly improved. For example,
Lu et al. prepared paraffin-loaded nanofibers [44]|. Moreover, this
method can easily integrate anti-ultraviolet and intelligent
thermo-regulation functions into the fabric. With the emergence
of coaxial electrospinning technology, the development of multi-
functional nanofibers has more options [45].

Herein, we prepared UV-resistant nanofiber membranes with
intelligent temperature regulation performance using the coaxial
electrospinning method. Polyacrylonitrile (PAN) was used as the
polymer substrate because it has the advantages of good mechan-
ical properties, stable thermal properties, and excellent spinnabil-
ity [46]. The UV absorber is ZnO nanoparticles. The selected PCM is
octadecane, which has stable thermal performance, high latent
heat, and low price [47]. Explore how ZnO is embedded in PAN
nanofibers to prepare composite nanofibers with excellent UV pro-
tection properties. In addition, loading octadecane into the nanofi-
bers imparts its thermal regulation properties. The unique core-
sheath structure prevents PCMs from leaking so that the fiber
membrane has stable thermal performance. In general, we have
successfully integrated UV protection and temperature regulation
properties into PAN nanofiber membranes. It reveals the promising
application of the multifunctional membrane in the protection of
sunscreen clothing, outdoor products, and electronic components.

Experimental
Materials

Polyacrylonitrile (PAN, M,, = 150000) was bought from Sinopec
Shanghai Petrochemical Co., Ltd. Zinc oxide (ZnO, 99.9%,
30 = 10 nm), Octadecane (99%, the melting temperature is around
28 °C) and Petroleum ether (AR, bp 90-120 °C) were purchased
from Aladdin Chemistry Co., Ltd. N, N-dimethylformamide (DMF)
was purchased from Hangzhou Gaojing Fine Chemical Industry
Co., Ltd.

Fabrication of the nanofiber membrane

The PAN solution was obtained by dissolving PAN in DMF at a
concentration of 14 wt% and stirring at ambient temperature for
6 hours. To obtain the PAN/ZnO composite sheath, ZnO was added
to DMF at different concentrations of 1, 3, 5, and 7 wt%, respec-
tively, and sonicated for 1 hour. Then 14 wt% PAN was added
and stirred for 12 hours at ambient temperature and then soni-
cated for 1 hour. The octadecane needs to be heated to melt before
electrospinning. The outer diameter of the uniaxial needle used is
1.2 mm. The coaxial stainless-steel needle consists of an inner nee-
dle (with an inner diameter of 0.41 mm and an outer diameter of
0.72 mm) and an outer needle (with an inner diameter of
1.01 mm and an outer diameter of 1.49 mm). Put the sheath and
core solutions into two 10 mL plastic syringes and connect them
to different needles. The feed rate of sheath solutions was
0.6 mL/h, and the core solutions feed rate was varied from 0.05
to 0.25 mL/h. Apply a positive voltage of 25 kV to the needle. The
distance from the tip to the collector is 15 cm. The temperature
and humidity during spinning were controlled at 45 °C and 45%,
respectively.
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Characterizations

The morphology of the nanofibers was observed using a field
emission scanning electron microscope (FE-SEM, ULTRA55, Zeiss)
at a 3 kV acceleration voltage. All samples need to be plated with
a thin layer of gold before observation with the FE-SEM. Use Image]
software to randomly measure the diameter of 50 fibers, and calcu-
late the average diameter and deviation. The transmission electron
microscope (TEM, JEM-1400, JOEL) at an acceleration voltage of
200 kV was used to characterize the core-sheath structure of nano-
fibers. The TEM samples were prepared by depositing nanofibers on
a400-mesh carbon-coated Cu grid, and need to be immersed in pet-
roleum ether for 24 hours to remove the inner core layer before
observation. UV/Vis/NIR spectrophotometer (UH4150) was used
to measure the UV transmittance of fabrics. The UV protection fac-
tor (UPF) of electrospun nanofiber membranes can be expressed as:

UPF — 2o EG) S(2).di |
00 E(2).S(2).T(2).d2

(1)

where E()) is the relative erythema spectral influence, S(}) is
the solar spectral irradiance, T(%) is the spectral transmittance of
the fabric, A is the ultraviolet wavelength, and di is the wavelength
difference. The thermal performance of PAN@Octa and PAN/
Zn07,@0cta (PAN@Octa represents core-sheath structured, with
PAN sheath and octadecane core nanofibers; 7% means that the
ZnO concentration is 7 wt%) was characterized by differential scan-
ning calorimetry (DSC, Q2000). The sample was heated from O to
45 °C and then cooled from 45 to 0 °C at a rate of 10 K/min. This
test was carried out in a stream of nitrogen. Perform thermogravi-
metric analysis (L81/1750TGA, LINSEIS Company, Germany) to
study the thermal stability and decomposition performance of
samples. The mechanical properties of nanofiber membranes are
measured by the multifunctional mechanical tester (KES-G1). Cut
the tested samples into pieces of 0.5 x 2 cm, and measure the
thickness separately.

Results and discussion

Fig. 1 shows the morphology of as-prepared nanofibers. It can
be seen from the figure that PAN nanofibers exhibit straight, ran-
domly oriented cylindrical structures with a smooth surface. The
ZnO0 nanoparticles are irregular blocky structures, mostly stacked
together. Adding ZnO to the PAN solution changed the fiber mor-
phology. While the ZnO concentration was 1 wt%, some small pro-
trusions can be observed on the fiber surface, indicating that the
Zn0 was successfully embedded. With the increase of ZnO addi-
tion, the fiber has more protuberances. ZnO almost distributes
the whole nanofibers under a concentration of 7 wt%, which shows
that it is well dispersed. The corresponding TEM image is shown in
Fig. S1, which is more intuitive. The characteristic elements zinc
and oxygen in the EDS results (Fig. 2a) of PAN/ZnO composite
nanofibers belong to ZnO. Fig. 2b summarizes the average diameter
and deviation of PAN/ZnO nanofibers. The increase in the ZnO con-
centration results in a larger average diameter and deviation. This
tendency of change is attributed to the enlargement of the electro-
spinning solution viscosity [44].

UV radiation usually refers to waves with lengths of 100-
400 nm, which is divided into three types: ultraviolet A (UVA),
ultraviolet B (UVB), and ultraviolet C (UVC). Although the ozone
layer almost completely absorbs UVC (200-280 nm), UVA (320-
400 nm) and UVB (280-320 nm) still have serious radiation haz-
ards. Therefore, UV protection materials mainly block UVA and
UVB [48,49]. Herein, ZnO was added to impart long-lasting UV
resistance to the PAN membrane. The UV-blocking mechanism of
PAN/ZnO nanofiber membranes was studied by UV transmission
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Fig. 1. The FE-SEM images of (a) PAN nanofibers, (b) ZnO, and the electrospun nanofibers with ZnO concentration (wt%) of (c) 1%, (d) 3%, (e) 5%, and (f) 7%.
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Fig. 2. (a) EDS curve of PAN/ZnO nanofibers, (b) the average diameters of PAN/ZnO nanofibers containing different ZnO concentrations.

and absorption spectroscopy. As shown in Fig. 3a, the UV transmis-
sion peak of the neat PAN membrane is obvious. After adding ZnO,
the UV transmittance of the PAN membrane decreases, especially
in the range of 280-380 nm, which is almost zero. The significant
decrease in UV transmittance is attributed to the UV absorption
capacity of ZnO.

It can be seen from Fig. 3b that the PAN membrane has virtu-
ally no absorption of UV radiation. Conversely, the PAN/ZnO com-
posite nanofiber membranes have broad absorption peaks. The
principle of ZnO absorbing UV light is to rely on the electrons
in the valence band to accept the energy in the UV light for tran-
sition. Applying ZnO to PAN membranes to provide UV protection
is efficacious. In addition to the absorption capacity of ZnO, the
catadioptric performance of PAN/ZnO membranes is also indis-
pensable. Ultraviolet protection factor (UPF) is one of the primary
indicators for evaluating UV shielding performance. The higher
the UPF value, the better the UV protection performance. When
it is higher than 40, the protection effect is excellent. Fig. 3c is
the UPF value of prepared fiber membranes. The UPF value of
pure PAN membrane is 7.12, which is almost no UV resistance.
As the concentration of ZnO increases, the UPF value enlarges sig-
nificantly. When the ZnO concentration is 7 wt%, the highest UPF
value is 147.04. According to the results of UV absorption, reflec-
tion spectra and UPF, it is indicated that the addition of ZnO pro-
vides excellent UV shielding performance for PAN membrane due
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to its UV absorption and reflection functions. Fig. 3d is the anti-
UV schematic diagram of PAN/ZnO membranes.

Coaxial electrospinning technology was used to prepare
octadecane-loaded core-sheath structure nanofibers. Fig. 4 shows
the FE-SEM images of PAN@Octa nanofibers. When octadecane is
encapsulated in PAN, PAN@Octa presents almost the same mor-
phology as PAN nanofibers. The surface of PAN@Octa is smooth
after soaking in petroleum ether, indicating that octadecane
existed inside of the fibers. The morphology of PAN/ZnO,4@Octa
(Fig. S2) did not change compared with that before loading octade-
cane. The average diameter of these nanofibers is 350 nm, which is
about 150 nm larger than PAN@Octa nanofibers.

The DSC curve of core-sheath nanofibers and the corresponding
summarized values are shown in Fig. 5 and Table 1. During the
crystallization process, some curves have two exothermic peaks.
Because there are few PCMs encapsulated in the fiber, the super-
cooling effect is enhanced [50]. When the size of PCMs is small,
phase separation is more likely to occur. The AHy, of PAN@Octa
nanofibers are 56.21 and 126.39 J/g at the core feed rate of 0.05
and 0.25 mL/h, respectively. It shows that higher core feed rates
can lead to higher latent heat values because the polymer can
encapsulate more PCMs. However, the latent heat cannot increase
indefinitely and gradually reach a plateau, which is the highest
encapsulation rate under this condition. The latent heat of PAN/
Zn054@0cta is smaller than PAN@Octa. Due to the thicker sheath
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Fig. 3. Comprehensive performance of PAN/ZnO nanofiber membranes with different ZnO concentrations: (a) UV transmittance spectra, (b) UV absorption spectra, (c¢) UPF.

(d) Schematic of UV resistance, including reflection and absorption.

Fig. 4. The FE-SEM images of PAN@Octa nanofibers with different core feed rates: (a) 0.05 m/L, (b) 0.10 m/L, (c) 0.15 m/L, (d) 0.20 m/L, (e) 0.25 m/L.

of PAN/Zn0O,5,@0Octa, the proportion of polymer components is
higher. The polymer only adds weight without phase change, so
the latent heat of the fiber is lower. It can be seen from the DSC
curves that PAN/ZnO,;@Octa has a broad peak during melting
and crystallization processes, and the melting temperature is also
higher, which is attributed to the thicker sheath. The loading
amount of octadecane in composite nanofibers can be calculated

Hum,  pcmysheath

by the following formula: Encapsulation ratio (%) = A R e
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100%, (2) where AHm pemjsheath and AHm pom represent the melting
enthalpy of composite nanofibers and PCM. The highest latent heat
value of PAN/ZnO5@Octa is 111.38 ]/g, and the calculated encap-
sulation amount of octadecane is 43.67%.

After loading octadecane, the anti- UV performance of compos-
ite nanofiber membranes decreased. As displayed in Fig. 6a, all UV
transmission spectra have shifted upward. It shows that the more
octadecane encapsulated in the fiber, the worse the UV protection
performance. The variety in the UV absorption spectrum can
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Table 1
The DSC analyses data of samples and octadecane.
Samples Feed rate (mL/h) Tm (°C) AHp, (J/g) T, (°C) AHc (J/g)
PAN@Octa 0.05 29.67 56.21 21.34 54.81
0.10 31.03 83.07 18.85 81.37
0.15 32.51 107.33 20.22 103.45
0.20 32.84 121.93 19.66 117.58
0.25 33.04 126.39 19.84 123.62
PAN/Zn0-4@0cta 0.05 32.40 42.89 18.94 40.24
0.10 32.85 60.91 18.40 59.64
0.15 33.21 79.82 18.99 76.16
0.20 34.37 93.75 18.24 91.40
0.25 3443 111.38 18.12 109.41
Octadecane 28.36 255.03 19.76 251.33
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(d) Heat transfer process of the PAN/ZnO,5@Octa nanofibers.
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explain the increase in UV transmittance. Fig. 6b indicates that as
the core feed rate increases, the UV absorption capacity of PAN/
Zn075,@0cta decreases. Therefore, more UV rays pass through the
nanofiber membrane. The UPF (Fig. 6¢) is used to evaluate the
UV protection level of PAN/ZnO74@Octa. When the core feed rate
is 0.05 mL/h, the UPF value drops slightly to 135.14. As the core
feed rate increases to 0.25 mL/h, the UPF value becomes 86.21.
Although the UPF value of PAN/Zn0O,4@0Octa is reduced, compared
with other studies, its UV protection performance is still excellent.
The heat transfer process of core-sheath nanofibers is shown in
Fig. 6d. The octadecane-loaded thermo-regulated membranes can
adjust the temperature by releasing or absorbing heat when the
octadecane changes the phases from liquid to solid or solid to
liquid.

Fig. 7 is the TEM images of octadecane-loaded composite
nanofibers prepared by coaxial electrospinning. The polymer
completely covers the octadecane to form an ideal core-sheath
structure. Due to the influence of sheath solution viscosity,
PAN/ZnO74@0ctag,s (0.25 means that the core feed rate is
0.25 mL/h) is thicker, consistent with the average diameter
obtained above. In addition, Fig. 7b shows that ZnO distributed
in the nanofibers obvious. There are still some agglomeration
phenomena in ZnO nanoparticles. Further research is needed to
improve its dispersion. The nanofibers are subjected to a thermal
cycle test, and the morphology and DSC curve obtained are
shown in Fig. S3. It can be seen from the figure that there is
almost no change in the morphology and property of the fiber,
indicating that its performance is stable. Fig. 8 shows the TGA
curves of octadecane and composite fibers. The octadecane is
completely decomposed at about 250 °C. The decomposition of
PAN/Zn0O74@0ctag 5 is in two stages. The first stage is due to
the thermal decomposition of octadecane, and the loss of mass
is about 41%. This value is the load of octadecane, which is con-
sistent with the value calculated from the melting enthalpy. The
second stage is the decomposition of PAN. The decomposition
temperature of octadecane increases after encapsulation. It
shows that the core-sheath structure can improve the thermal
stability of PCMs to achieve better practical applications.

The stress-strain curves are shown in Fig. 9, which illustrates
the influence of ZnO and octadecane on the mechanical properties
of nanofiber membranes. After adding ZnO to the PAN solution, the
breaking elongation of the nanofibers hardly changed, and the
mechanical strength was reduced. It can be explained that ZnO
destroys the connections inside nanofibers [1]. When the nanofi-
bers are loaded with octadecane, the breaking elongation of the
fiber drops a lot, and the mechanical strength is slightly reduced.
Since the solid PCM is brittle, it weakens the mechanical properties
of fibers [47].
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Conclusions
In summary, we fabricated multifunctional nanofiber mem-

brane with UV protection and thermal regulation through coaxial
electrospinning technology. The ZnO nanoparticles are incorpo-

Fig. 7. The TEM images of (a) PAN@Octag »s, (b) PAN/Zn0O74,@0Octag 5s.
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rated into nanofibers to endow the fabric with stable and excellent
UV resistance. The TEM images show that the polymer successfully
encapsulated the octadecane and formed a visible core-shell struc-
ture. Under the protection of the polymer sheath, the thermal sta-
bility of the PCM is improved. Although the UV resistance of
textiles after loading with octadecane decreases, the comprehen-
sive performance of the composite nanofiber membrane is still
excellent. Hence, this work provides valuable support for the
research of multifunctional nanofibers.
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