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Abstract

Society must face the challenge of creating high-value products from recycled waste polymers. This
research focuses on the synthesis of nanofiber membranes from waste-expanded polystyrene (EPS) using
electrospinning. Zinc oxide nanoparticles (ZnO NPs) enhance the photocatalytic activity of the fiber
membrane. ZnO is a more useful alternative to TiO» as a form of photocatalyst for degrading contaminants
in water. This study systematically investigated the effects of varying amounts of ZnO NPs on fiber
membrane nanostructure and photocatalytic activity. Methylene blue was used to measure the
photocatalytic efficiency of fiber membranes, as they are commonly used in textile wastewater and exposed
to ultraviolet light for 20 h. The results showed that the fiber membrane containing ZnO NPs with a
concentration of 1 % effectively degraded methylene blue.
Keywords: Waste-Expanded polystyrene, Zinc oxide nanoparticles, Nanofiber, Electrospinning,

Photocatalytic activity

Introduction

One of the 5 major plastics based on petroleum, polystyrene (PS) is a plastic that is commonly utilized
in a variety of applications, such as disposable products in commodity packaging, food packaging, and
building materials, its Society for Plastic Industry (SPI) number is 6, which indicates the challenge of
recycling it [1,2]. Compared to the other types of PS, such as high impact polystyrene (HIPS) and oriented
polystyrene (OPS), expanded polystyrene (EPS) is a type of stable polymer foam in the oldest category of
bead foam polymer materials with a very low density because it consists of separate air cavities in the
polymer matrix [3]. EPS is often found in EPS handicrafts, food packaging, instant noodle cups, and
electronic packaging. Due to its low density, it is difficult for EPS to decompose in the environment, which

makes it easily spread by the wind and becomes a real nuisance in polluting the environment, thereby
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endangering human and animal life [4,5]. Along with increasing pollution problems in this environment,
the demand for recycling processes has increased to convert waste into high-value products. In recycling
EPS, because of its density, it can cause worse problems that increase transportation and disposal costs,
making it more expensive and not feasible [6]. Nowadays, there are 4 main types of polymer recycling:
Quaternary recycling, chemical recycling, and direct recycling (primary and secondary recycling) [7,8].

So far, several researchers have carried out chemical recycling with dissolving waste EPS in a solvent
such as dimethylformamide (DMF) using the electrospinning method [9-11]. Electrospinning is one of the
simple and affordable processes [12-15] that uses high voltage to generate charges on the surface of the
polymer solution to make fibers with a very large surface area-to-volume ratio from precursor solutions
[13,16]. By converting this EPS waste into fibers in nanofibers, it was proven to be an efficient
heterogeneous photocatalyst as a supporting matrix for catalytic metal nanoparticles [17]. In 2015, Rajak
et al. successfully fabricated EPS nanofiber containing TiO, nanoparticles as a photocatalytic agent for
degrading wastewater. In this study, the photocatalyst agent was zinc oxide nanoparticles (ZnO NPs). ZnO
is being thoroughly investigated as a more useful alternative to TiO; as a form of photocatalyst due to its
extremely high bandgap (3.37 eV) and significant light absorption within the UV region of the optical
spectrum [18]. ZnO is a feasible substitute photocatalyst for water treatment operations since it is more
economical and efficient than TiO [19]. Nanofibers that contain ZnO NPs also prevent any nanoparticles
from being wasted in their application as photocatalysts [20].

This study aimed to enhance the photocatalytic activity on EPS/ZnO nanofiber membranes. To our
knowledge, the research on combining waste EPS-based polymer materials with a photocatalytic agent ZnO
NPs strategy has not yet been reported. The structure of the prepared nanofiber was characterized using
scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, and Raman
Spectroscopy. The photocatalytic activities of EPS/ZnO nanofiber were investigated by perceiving the
degradation of methylene blue. Experimental results have demonstrated that the EPS/ZnO nanofiber was
simultaneously efficient as a photocatalyst agent. These findings may offer potential applications in the
field of photocatalysis.

Materials and methods

Materials

Waste EPS used in this study was from electronic packaging. Commercial ZnO NPs (average particle
size of 100 nm), methylene blue (MB), and dimethylformamide ((CH3),NC(O)H, DMF) were used in this
study.

Preparation of EPS/ZnO fiber membranes

Before preparation solutions, the waste EPS was thoroughly washed with distilled water, followed by
drying at room temperature. After that, the waste EPS was cut into small pieces (the size approximately 1.5
cm in length).
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Table 1 The ratio of zinc oxide (ZnO) NPs in EPS solution.

Mixing ratio (g) ZnO NPs in EPS

. Sample name
EPS solution ZnO NPs solution (wt. % )
5 0 0 EPS
5 0.005 0.1 EPS/Zn0O 0.1 %
5 0.025 0.5 EPS/Zn0O 0.5 %
5 0.05 1 EPS/ZnO 1 %

For the preparation of EPS/ZnO solution, 15 wt. % EPS solutions were provided by dissolving 0.75
g of EPS in 4.25 mL DMF for 30 min at room temperature. After a homogeneous precursor solution was
obtained, different amounts of ZnO NPs (0.1, 0.5, 1 wt. % ) were added to the EPS solution. The variations
of ZnO NPs concentration in EPS solution are shown in Table 1. The solution was stirred at 45 °C for 1 h
until it became completely homogeneous. Next, the precursor solutions were processed using an

electrospinning technique to obtain EPS/ZnO nanofiber membranes.

Electrospinning process

Electrospinning (ILMI-N101) was used to prepare the fiber. The electrospinning equipment was
equipped with an aluminum collection plate, a high-voltage power source, a syringe, and a needle with an
internal diameter of 0.84 mm for creating the EPS/ZnO nanofibers. The syringe was attached to a syringe
pump to regulate the flow rate. The EPS/ZnO solution was electrospun at a high voltage of 12 kV with a
needle tip-to-collector distance of 10 cm and a solution flow rate of 0.7 mL/h. Electrospinning was carried
out continuously for 2 h at a temperature of 25 °C and relative humidity of 60 % to synthesize nanofibers.

Characterization of EPS/ZnO fiber membranes

The fiber diameter and morphologies of the fabricated EPS nanofiber membranes were investigated
using a scanning electron microscope (SEM) (JEOL, JSM-6510LV). ImageJ software was used to analyze
the collected SEM micrographs to calculate the average fiber diameters and perform statistical analysis.
The diameter of the fibers was calculated by counting 100 points across each fiber in the SEM picture. The
uniformity of fibers was determined by calculating the coefficient of variation (CV) equation using Eq. (1):

CV = ?

=y 1)
where o is the standard deviation and p is the average diameter of fibers [13]. When the CV value was less
than 0.3, it represented uniform nanofibers; when it was greater than 0.3, it represented nonuniform
nanofibers [21]. In addition, an Energy Dispersive X-ray (EDX) was used to observe the distribution of
ZnO NPs in the electrospun nanofibers.

The FTIR (Thermo Fisher Scientific, NICOLET IS10) analysis was performed to determine the
existing functional groups in EPS nanofiber, ZnO NPs, and EPS/ZnO nanofibers at the wavenumber of
3,500 to 400 cm™!. Their peak numbers may identify the usual functional groupings in each sample. Along
with gathering data on each compound’s purity, it is also possible to acquire information on each
compound’s structure.
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Raman spectroscopy (Thermo Fisher, DXR3xi) was used to analyze molecular vibrations in materials.
Raman peaks’ locations are frequently linked to certain chemical group motions. The integral of the Raman
line is proportional to the number of stimulated vibrations, and the breadth of the Raman line vibrations
reflects interactions between these vibrations [22]. The laser diode’s output has been set at 5.0 MW, and
the accumulations have been raised to 1,000. The splitting of Raman bands was seen over the whole

spectrum to obtain significant noise to emerge in the spectra.

Photocatalytic activity

Photocatalytic properties of EPS/ZnO are related to the membrane’s ability in dye degradation.
Photocatalytic activities of EPS/ZnO nanofiber were investigated by perceiving methylene blue (MB)
degradation under UVA light. The degradation of MB solution under UV light irradiation was used to
measure the photocatalytic efficiency of electrospun nanofiber EPS/ZnO. In the experiment, an electrospun
nanofiber EPS/ZnO sample of 0.014 g was added to a 5 mL 20 ppm MB solution. The UV light was used
for irradiation. A double-beam UV-Vis spectrophotometer measured The degraded MB concentration
(Labtron LUS-B13 series number M18P21090201). The absorbance of the suspension was measured at
Amax= 585 nm. The degradation efficiency was evaluated by using the following equation [23]. MB
degradation = (Cy — C)/Cy. Where C, is the initial concentration of MB, and C is the remaining

concentration of MB after UV irradiation for time ¢.

Results and discussion

Morphology of the electrospun EPS/ZnO fiber membranes

The EPS/ZnO nanofibers were obtained with smooth, uniform, and beadless morphology with an
average diameter of 600 - 800 nm (Error! Reference source not found). The average diameters of obtained
nanofibers were 614, 482, 663, and 805 nm for the ZnO NPs concentrations of 0, 0.1, 0.5, and 1 wt. % ,
respectively, as shown in Figure 1. The coefficient of variation (CV) of the nanofiber membranes obtained
values below 0.3 for each membrane, indicating that each nanofiber membrane's morphology is uniform
[24].
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Figure 1 SEM micrographs of the electrospun nanofiber (a) EPS, (b) EPS/ZnO 0.1 % , (¢c) EPS/ZnO 0.5
%, and (d) EPS/ZnO 1 % , including the average fiber diameter and its distribution.

The effects of various concentrations of ZnO NPs were also investigated in this work. As can be seen
in the SEM images, the ZnO NPs were successfully encapsulated in the EPS matrix. As ZnO NPs
concentration increased, the average diameter size of the nanofiber membranes also increased. The higher
the ZnO NPs concentration, the more ZnO NPs can be encapsulated in the EPS matrix. When ZnO NPs
was added, the diameter of electrospun nanofibers was slightly decreased. This is because adding ZnO NPs
causes the solution to become more conductive than the pure EPS solution. Additionally, as the ZnO NPs
concentrations increases, the electrospun nanofiber’s diameter correlates with its viscosity [17]. The
presence of nanoparticles increases the diameter of polymer nanofibers during electrospinning and the
increase in diameter leads to a decrease in the surface-to-volume ratio of the material [20]. Further
characterization using EDX was carried out to confirm the presence of ZnO NPs in the electrospun
nanofiber.

To further confirm the composition and distribution of elements in electrospun EPS/ZnO nanofibers,
the samples’ EDX spectrum and EDX mapping were analyzed. As shown in Table 2, in the EDX spectrum,
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the C, Zn, and O elements all existed in the sample of EPS/Zn0O. The expanded polystyrene is characterized
by the major chemical compositions of Carbon (C). The element Al is also visible in the EDX spectrum of
electrospun EPS/ZnO nanofiber because during EDX characterization, the sample substrate, aluminum,
was included. Moreover, the C, Zn, and O elements are not distributed regularly and uniformly because
they are still agglomerated in some areas [25]. As the concentration of ZnO NPs increases, the amount of

Zn and O detected increases.

Table 2 EDX spectrum and EDX mapping images of the electrospun EPS/ZnO nanofiber.

EDX mapping
EDX spectrum
C Zn o
C
EPS ' ) -
Nl
""""""""""" Carbon
EPS/ZnO0 1 €
0.1 % e
A‘ [s) e
e Carbon
EPS/ZnO
0.5 % ('1 v
. Lo n
r;;‘ o
''''''''''''' Carbon
EPS/ZnO 1
% Ay
o 1‘“

FTIR characteristic of the electrospun EPS/ZnO fiber membranes

The FTIR spectra are shown in Figure 2. The FTIR range of EPS from 3,100 to 3,000 cm ™! represents
the C-H aromatic stretching vibration of the benzene ring. The peaks at 2,924 and 3,024 cm ™! demonstrate
the asymmetric and symmetric stretching vibrations CH,. Other characteristic peaks were observed in the
1,658 - 1,456 cm™1 range, attributed to the C = C bond stretching vibration of the benzene ring [26]. The
peaks at 900 - 600 cm™' were attributed to C-H out-of-plane bending vibration, and specifically those at
752, 696, and 538 cm™! were attributed to C-H deformation vibration of the monosubstituted benzene ring
[11]. The FTIR characteristic peaks of DMF were 1,673, 1,389, 1,256, and 1,096 cm™' [10]. Those peaks
were not present in the FTIR spectra of the EPS/ZnO nanofiber mats. The peak of ZnO in the transmittance
peak at 430 cm ™! refers to the stretching vibration bond of Zn-O [18].

The resulting spectra of electrospun EPS/ZnO 0.1 %, EPS/Zn0O 0.5 % , and EPS/ZnO 1 % show no
difference compared to the spectra of electrospun pure EPS mats, which implies that the incorporation of
different concentrations of ZnO NPs does not affect the generation of extra peaks in the EPS spectra.

However, with the increase of ZnO NPs content, the intensity of the characteristic peaks was weakened
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accordingly. This demonstrates that ZnO NPs was successfully incorporated into the nanofiber. The
characteristics of ZnO at peaks 430 cm™! were seen in EPS/ZnO nanofibers with a ZnO NPs concentration
of 1 wt. % but were not seen significantly at ZnO NPs concentrations of 0.1 and 0.5 wt. % . Therefore, the
interaction between ZnO NPs embedded in the EPS matrix is more likely physical than chemical [18].
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Figure 2 FTIR spectra of the electrospun EPS/ZnO nanofiber membranes.

Raman characteristic of the electrospun EPS/ZnO fiber membranes

Raman spectroscopy is a potent tool for analyzing the molecular vibrations in materials [22].
Compared to FTIR, Raman spectroscopy can more specifically analyze the peaks of ZnO NPs because ZnO
is a metal nanoparticle whose spectra are often found at Raman shifts below 500 cm™! [27]. Raman peaks
tend to correspond with particular chemical group motions. The Raman spectra of EPS/ZnO nanofibers are
seen in Figure 3, indicating the superposition between the lines caused by the polymeric matrix (EPS) and
the filler (ZnO NPs). Figure 3 shows that the Raman lines of the polymeric matrix are rapidly broadened
and weaker as the concentration of the ZnO NPs is increased.

EPS has an intense v(CC) aromatic carbon-carbon bond and (CC) carbon-carbon stretch at 1,001 and
1,155 cm™ " respectively [28]. Peaks at 1,031 cm™! are assigned to C-H bending, and peaks at 1,602 cm!
modes are the most intense band corresponding to the C=C aromatic ring stretching [26]. The characteristic
ZnO peaks were observed in the Raman spectrum at 99, 205, 273, 331, 436, and 532 cm™'. The observed
peaks at 99 and 436 cm ! are assigned to Ex(low) and Ex(high) modes, respectively. E; mode consists of
low and high basic phonons modes representing wurtzite structure of good crystalline quality [29,30]. These
are typical for the Raman active branches, attributed to the ZnO nonpolar optical phonons [31,32]. The
broad peaks around 273 and 532 cm™! are assigned to silent Bi(low) and Bi(high) modes, respectively,
which became activated by inducting defects [27]. Peaks at 205 and 331 cm ™! can be assigned to the second-
order Raman spectrum arising from zone-boundary phonons 2TA (M) and 2E, (M), respectively [33]. The
peaks of the characteristics of ZnO were seen in EPS/ZnO nanofibers with a ZnO concentration of 1 wt. %

but were not seen significantly at ZnO NPs concentrations of 0.1 and 0.5 wt. % .
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Figure 3 Raman spectra of the electrospun EPS/ZnO nanofiber membranes.

Photocatalytic activity

The photocatalytic activity of electrospun nanofiber EPS/ZnO in MB solution was evaluated by
photodegradation of MB. The degradation efficiency was evaluated by using the following equation [23].
MB degradation = (C, — C)/C,

Co is the initial concentration of MB, and C is the remaining concentration of MB after UV irradiation
for time t. The results are indicated in Table 3. As a result, electrospun nanofiber EPS/ZnO 1 % shows the
highest efficiency. The 45 % of MB was degraded within 20 h of irradiation. However, EPS/ZnO 0.1 and
0.5 % yielded rather lower efficiency than without ZnO NPs. Electrospun nanofiber EPS without ZnO NPs
exhibited only 3 % efficiency and samples containing 0.1 and 0.5 wt. % ZnO showed 4 and 16.5 %,
respectively. Figure 4 shows the evolution of absorbance as a function of time, photocatalytic degradation
of MB under UVA light irradiation, first-order reaction kinetic curves for the MB degradation reaction, and
the % degradation of MB.

Table 3 Degradation of Methylene Blue under UV Light after 20 h on an Electrospun EPS/ZnO Nanofiber

Membranes.

MB initial MB final
No Samples concentration concentration % MB degradation = (C, — C)/C,
(ppm) (ppm)
1 EPS 19.4 3
2 EPS/Zn0O 0.1 % 0.0 19.2 4
3  EPS/Zn0O 0.5 % 16.7 16.5
4 EPS/ZnO 1 % 11.0 45
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Figure 4 a) The evolution of absorbance as a function of time. b) Photocatalytic degradation of MB under
UVA light irradiation. c) First-order reaction kinetic curves for the MB degradation reaction. d) The %

degradation of MB.

Figure 5 Degradation color of MB after 20 h.

The study found that the concentration of ZnO used was too small to have an efficient photocatalytic
effect on methylene blue color degradation. The degradation color of MB after 20 h is shown in Figure 5.
A larger concentration of ZnO is needed to improve the nanofiber membrane’s photocatalytic ability. It has
been found that excessive amounts of ZnO NPs in the membrane can lead to the membrane becoming brittle
[9]. Therefore, it is necessary to identify the appropriate composition for the photocatalyst membrane to

ensure it is effective and efficient in removing organic contamination during its application.
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Conclusions

The authors successfully transformed EPS waste into a valuable product through electrospinning,
resulting in a material with photocatalytic properties. Analysis of the FTIR spectrum confirms the presence
of ZnO in EPS/ZnO composite fibers, detectable at a wavelength of 430 cm™'. However, this presence is
only observable at 1 wt. % , remaining undetectable at concentrations of 0.1 and 0.5 wt. % . This result is
reinforced by Raman spectra, which show the presence of ZnO at the Raman shifts of 99 and 436 cm™' at
1 wt. % , without being detected at concentrations of 0.1 and 0.5 wt. %. From this, we can conclude that
the interaction between ZnO NPs and the EPS matrix is more likely physical than chemical. In addition,
our photocatalytic testing has shown that the ZnO-containing fiber membranes are effective at breaking
down methylene blue, indicating the EPS/ZnO composite nanofibers' ability to remove organic

contaminants.
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