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AbstractThe persistent presence of organic dyes like Congo Red (CR) in wastewater poses a significant environmental challenge. In this study,CeO2 nanofibers (CeO2-NF) were successfully synthesized via electrospinning followed by calcination as potential photocatalystsfor the degradation of CR pollutants in aqueous solutions. The synthesized nanofibers were characterized using field emissionscanning electron microscopy coupled with energy dispersive X-Ray Spectroscopy (FESEM-EDS) for morphological and elementalanalyses, X-Ray Diffraction (XRD) for crystalline structure, and Fourier transform infrared (FTIR) spectroscopy formolecular properties.Photocatalytic degradation experiments were conducted under UVC light irradiation, with the CeO2-NF1, CeO2-NF2, and CeO2-NF3samples achieving CR degradation percentages of 95.6%, 96.9%, and 95.2%, respectively, after 130minutes of reaction time. Kineticanalysis revealed that the photocatalytic degradation followed pseudo-first-order kinetics, with rate constants of 0.020min-1, 0.024min-1, and 0.025 min-1 for CeO2-NF1, CeO2-NF2, and CeO2-NF3, respectively, highlighting the superior performance of CeO2-NF3.These results indicate that CeO2NF could serve as an effective material for the photocatalytic degradation of organic dyes, offering apromising approach for wastewater treatment applications.
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1. INTRODUCTION

The presence of synthetic dyes in industrial wastewater has
become an environmental concern due to their toxicity, stabil-
ity, and poor biodegradability (Srivastava et al., 2022; Thakare
et al., 2022) . Synthetic dyes are extensively used in various
industries, including textiles, leather, plastics, cosmetics, and
pharmaceuticals, leading to large volumes of dye-contaminated
wastewater being released into the environment (Fried et al.,
2022) . Once released into water bodies, these dyes pose seri-
ous environmental and health risks because they resist natural
degradation processes and can persist for long periods (Tkaczyk
et al., 2020) . Among these dyes, Congo Red (CR) is a carcino-
genic anionic dye commonly used in the textile, paper, and
plastic industries, and it poses a significant challenge in water
treatment (Hasanah et al., 2022; Mohadi et al., 2017; Oladoye
et al., 2022) . Traditional methods for removing such dyes,

such as adsorption, coagulation, and biological degradation,
often fall short in efficiency, cost, or environmental impact (Ah-
mad et al., 2024; Chouchane et al., 2024; Dutta et al., 2021;
Sriram et al., 2022). As a result, there is a growing interest in
developing novel materials capable of efficiently removing or
degrading these pollutants.

Photocatalytic degradation has emerged as an attractive ap-
proach to address this problem due to its potential for complete
mineralization of organic pollutants into non-toxic byproducts
(Tang et al., 2022; Zhang et al., 2020; Zhao et al., 2022) .
Various materials have been explored as so-called first gener-
ation photocatalysts (i.e., ZnO, TiO2, SnO2, MnO2, Fe2O3,
NiO, and WO3 and CeO2) (Krishnan et al., 2024; Rianjanu
et al., 2024b,a,c) . Among them, cerium oxide (CeO2) offers
unique advantages, such as high oxidative ability, chemical sta-
bility, and non-toxicity (Anandkumar et al., 2017; Fauzi et al.,
2022; Kumar et al., 2024; Matussin et al., 2023; Mylarappa
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et al., 2024; Rianjanu et al., 2024d) . Various methods have
been developed to fabricate CeO2 nanostructured materials as
photocatalytic materials. Common techniques include sol-gel
synthesis, hydrothermal or solvothermal methods, precipita-
tion, and electrospinning, each offering different advantages
in terms of particle size control, crystallinity, and surface area
(Cam et al., 2022; Montini et al., 2016) . Among these methods,
electrospinning has emerged as a versatile and simple technique
for fabricating CeO2 nanofibers with unique properties (Yang
et al., 2022) .

Electrospinning involves the application of a high voltage to
a polymer solution containing metal precursors, which results
in the formation of fine fibers (Almafie et al., 2024; Kusumawati
et al., 2024) . These fibers are then subjected to a calcination
process to remove the polymer matrix, leaving behind highly
porous and crystalline CeO2 nanofibers (Mondal and Sharma,
2016) . This method is particularly attractive for photocatalytic
applications due to the large surface area-to-volume ratio, en-
hanced porosity, and interconnected network of the resulting
nanofibers, all of which improve the interaction between the
photocatalyst and pollutants (Yaipimai et al., 2015; Yanalak
et al., 2018) . The combination of simplicity, scalability, and the
ability to tune fiber properties makes electrospinning a promis-
ing approach for the fabrication of CeO2-based photocatalytic
materials.

In this study, we aim to synthesize CeO2 nanofibers (CeO2-
NF) via electrospinning followed by calcination and evaluate
their photocatalytic performance for the degradation of Congo
Red dye under UVC light irradiation. Electrospinning offers a
simple method to fabricated metal oxide nanofiber followed by
calcinations process (Mondal and Sharma, 2016; Yang et al.,
2022) . The synthesized nanofibers will be characterized using
Field-Emission Scanning Electron Microscopy coupled with
Energy Dispersive X-Ray (FESEM-EDS), X-Ray Diffraction
(XRD), and Fourier Transform Infrared Spectroscopy (FTIR)
to assess their morphological, elemental, crystalline, and molec-
ular properties, respectively. The efficacy of these nanofibers
for dye degradation could offer a sustainable and efficient alter-
native for wastewater treatment.

2. EXPERIMENTAL SECTION

2.1 Materials
Cerium nitrate hexahydrate (Ce(NO3) 3·6H2O, Merck) was
used as the cerium precursor for the synthesis of cerium ox-
ide (CeO2) nanofibers. Polyvinylpyrrolidone (PVP, Sigma-
Aldrich) served as the polymer matrix, assisting in the forma-
tion of nanofibers during electrospinning. N,N-Dimethylform-
amide (DMF, Merck) and ethanol (Merck) were employed as
solvents to dissolve the cerium nitrate and PVP, ensuring a
homogeneous precursor solution for electrospinning. Congo
red (CR, Merck) was used as the target pollutant for evaluating
the photocatalytic activity of the synthesized CeO2 nanofibers.
All chemicals were used without further purification.

2.2 Methods
CeO2 nanofibers hereafter refer as CeO2-NF were synthesized
via an electrospinning process, as illustrated in Figure 1. Ini-
tially, 0.324 g of cerium nitrate hexahydrate was dissolved in
5 mL of a 50:50 (v/v) mixture of N,N-dimethylformamide
(DMF) and ethanol. The solution was stirred at 60 °C and 600
rpm for 1 hour to ensure complete dissolution of the cerium
nitrate. Subsequently, 0.535 g of polyvinylpyrrolidone (PVP)
was added to the solution, which was stirred for an additional 2
hours until a transparent, homogeneous, and viscous solution
was obtained. This precursor solution was then subjected to
electrospinning under predetermined parameters: a voltage
of 10 kV, a tip-to-collector distance of 15 cm, and a spinning
duration of 6 hours. The resulting PVP/Ce(NO3) 3 membrane
was calcined at 500 °C for 2 hours, leading to the formation of
CeO2 nanofibers, referred to as CeO2-NF1. For the synthesis
of the other variants, CeO2-NF2 and CeO2-NF3, the same
procedure was followed, with the exception of the cerium ni-
trate hexahydrate content, which was adjusted to 0.434 g and
0.540 g, respectively.

For the photocatalytic experiments, 25 mg of each CeO2-
NF sample was utilized. A 10 mg/L solution of Congo red
(CR) was prepared by dissolving the dye in 100 mL of distilled
water. The photodegradation experiments were conducted in
a chamber equipped with a magnetic stirrer and illuminated
by two 10 W UVC lamps (Phillips TUV), with a maximum
emission wavelength of 274 nm. The CeO2-NF samples were
dispersed in the CR solution, and the mixture was stirred in
the dark for 30 minutes to establish adsorption-desorption
equilibrium. At the start of the reaction, a 3.5 mL aliquot was
collected and subjected to UV-Vis spectrophotometric analysis
(Shimadzu UV-1200) to determine the initial CR concentra-
tion. Subsequent 3.5 mL aliquots were withdrawn at specific
time intervals throughout the 130-minute reaction period for
UV-Vis measurements to monitor the dye degradation.

3. RESULT AND DISCUSSION

3.1 CeO2-NF Characterizations
Figure 2 presents the FESEM images and corresponding EDS
analyses of the CeO2-NF samples synthesized via electrospin-
ning, followed by calcination. Figure 2(a,e) displays the FE-
SEM image of the uncalcined PVP/Ce(NO3) 3 nanofibers (Ce
O2-NF precursor), which exhibit a smooth and continuous mor-
phology with an average fiber diameter of approximately 210
nm, consistent with previous reports (Sukowati et al., 2023) .
This confirms the success of the electrospinning process. After
the calcination process, the nanofiber membranes transform
into a powder-like structure, as a result of the complete de-
composition of the PVP matrix, which aligns with previous
studies (Huang et al., 2018; Jian et al., 2022; Yang et al., 2019) .
The post-calcination morphology of the CeO2-NF is shown
in Figure 2(b-h). In contrast to the smooth surface observed
in the uncalcined nanofibers (Figure 2(a,e)), the calcined fibers
exhibit a rougher surface texture, marked by significant poros-
ity especially observed in Figure 2(f) to 2(h). The presence of
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Figure 1. Schematic Illustration of the Cerium Dioxide Nanofiber (CeO2-NF) Fabrication Process Using Electrospinning Method
Followed by Calcination

large voids and junctions is attributed to the thermal decompo-
sition of organic components during calcination. The selected
calcination temperature of 500 °C effectively removed these
organic elements, while preserving the overall integrity of the
nanofiber framework.

The EDS elemental mapping results, shown in Figure 2(i),
reveal the distribution of carbon (C), nitrogen (N), oxygen
(O), and cerium (Ce) across the CeO2-NF1, CeO2-NF2, and
CeO2-NF3 samples. Minimal carbon and nitrogen are de-
tected in all three samples, indicating that the calcination pro-
cess successfully removed most of the organic PVP matrix
from PVP/Ce(NO3) 3 structure. The low levels of residual
carbon and nitrogen suggest effective polymer decomposition,
with only trace amounts remaining, possibly due to incomplete
combustion or surface contamination. Oxygen is uniformly dis-
tributed and present in significant amounts, as expected in the
CeO2-NF structure. The strong and consistent oxygen signal
across all samples supports the successful formation of cerium
oxide. Similarly, cerium is well-dispersed in all the nanofibers,
which is essential for ensuring consistent photocatalytic activity.

The quantitative atomic composition, depicted in Figure
2( j), further supports these observations. Carbon and nitro-
gen contents are considerably lower than those of oxygen and
cerium, confirming the near-complete removal of organic com-
ponents following calcination. Oxygen and cerium dominate
the elemental composition, with a higher oxygen-to-cerium
ratio in CeO2-NF1 and CeO2-NF3, suggesting the presence of
oxygen vacancies. These vacancies are known to enhance pho-
tocatalytic performance by improving charge separation and
promoting the generation of reactive oxygen species (ROS). In
contrast, CeO2-NF2 shows a slightly higher cerium content rel-
ative to oxygen, implying a more cerium-rich structure, which
could lead to fewer oxygen vacancies and potentially different
photocatalytic behavior compared to the other two samples.
Overall, the uniform distribution of cerium and oxygen in
the elemental maps, combined with the quantitative analysis,
confirms the successful fabrication of CeO2 nanofibers and

highlights the potential role of oxygen vacancies in influencing
photocatalytic efficiency.

Figure 3a presents the X-Ray Diffraction (XRD) spectra
for all the CeO2-NF samples. Distinct peaks are observed at 2𝜃
values of 28°, 33°, 47°, 56°, 69°, 76°, 79°, and 88°, correspond-
ing to the characteristic peaks of the face-centered cubic (FCC)
structure of CeO2, in accordance with JCPDS PDF#43-1002
(Liu et al., 2022) . These peaks confirm the successful formation
of crystalline cerium oxide nanofibers. However, additional
peaks at 26°, 43°, and 51° are also present, corresponding to
residual cerium oxide carbonate hydrate (Ce2(CO3) 2O·H2O),
indicating that the carbonate species were not fully degraded
during calcination in the CeO2-NF sample. The crystallinity
percentages for CeO2-NF1, CeO2-NF2, and CeO2-NF3 were
calculated to be 69.7%, 69.0%, and 75.0%, respectively, as
shown in Figure 3b. The higher crystallinity of CeO2-NF3
could be attributed to the higher precursor concentration used
during synthesis, allowing for more pronounced crystal growth.
While the higher crystallinity generally improves electron mo-
bility and enhances photocatalytic performance, the presence
of the secondary Ce2(CO3) 2O·H2O phase in CeO2-NF3 could
potentially influence its catalytic efficiency by interfering with
the pure CeO2 phase. Overall, the XRD analysis confirms
the successful preparation of highly crystalline CeO2-NF via
electrospinning followed by calcination.

The FTIR spectra in Figure 3(c) provide valuable insights
into the chemical structure and bond formation in the CeO2-
NF samples compared to the PVP/Ce(NO3) 3 precursor. In the
precursor spectrum, characteristic peaks associated with PVP,
and cerium nitrate are observed. The C O stretching vibra-
tion from the PVP carbonyl group appears at 1662 cm-1, while
the C-N stretching vibration is seen near 1280 cm-1. A strong
peak at 1380 cm-1 confirms the presence of nitrate ions (NO3

-)
from cerium nitrate (Pandey et al., 2020) . After calcination,
these organic-related peaks disappear from the CeO2-NF spec-
tra, indicating the complete decomposition of the PVP matrix
during the heat treatment. The formation of cerium oxide
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Figure 2. Field Emission Scanning Electron Microscopy (FESEM) Images of the anofibers: (a, e) PVP/Ce(NO3) 3 precursor
fibers, (b, f) CeO2-NF1, (c, g) CeO2-NF2, and (d, h) CeO2-NF3 After Calcination. (i) EDS Elemental Mapping of the
CeO2-NF1, CeO2-NF2, and CeO2-NF3 Sample, Indicating the Distribution of Elements. ( j) Quantitative EDS Analysis,
Showing the Elemental Composition of the CeO2-NF Samples

is confirmed by the appearance of new broad peaks between
400–600 cm-1, corresponding to Ce O stretching vibrations.
These strong peaks verify the successful synthesis of CeO2
nanofibers across all samples (Liu et al., 2015; Yan and Zhu,
2008) .

The spectra for CeO2-NF1, CeO2-NF2, and CeO2-NF3
are similar, indicating consistent CeO2 formation across the
different samples despite variations in precursor concentra-
tions. This suggests that the structural transformation during
calcination was uniform. Minor differences in peak intensity
could be linked to slight variations in crystallinity or the pres-
ence of residual carbonates, though these do not significantly
impact the FTIR spectra. Overall, the FTIR results confirm
the successful decomposition of organic components and the
formation of CeO2-NF, aligning well with the XRD data.

3.2 Congo Red Photocatalytic Performance
The photocatalytic degradation capabilities of the CeO2-NF
samples were tested using Congo red (CR) as the model dye,
and the results are presented in Figure 3(d-f). The CR aqueous
solution exhibited a decrease in absorbance value as the reac-
tion time with the CeO2-NF catalyst increased. This indicates
that the concentration of CR diminished over time under the
influence of all CeO2-NF samples, confirming their ability to
accelerate the photocatalytic degradation of the CR dye. The
degradation rate is illustrated in Figure 2g, where C represents
the concentration of CR at any given time, and C0 is the ini-
tial concentration of the CR dye (10 mg/L). The results show
that after 50 minutes of contact, the remaining concentrations
of the CR solution were 17%, 29%, and 36% for CeO2-NF1,
CeO2-NF2, and CeO2-NF3, respectively. When the reaction
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Figure 3. (a) X-Ray Diffraction (XRD) Patterns of CeO2-NF Samples. (b) Crystallinity Percentages of the CeO2-NF Samples.
(c) FTIR Spectra Showing the Transmittance Profiles of CeO2-NF, with the Characteristic Peaks of the PVP/Ce(NO3) 3
Precursor Also Displayed for Comparison. UV-Vis Absorbance Spectra Showing the Degradation of Congo Red (CR) Dye Over
Time Under UV Irradiation for (d) CeO2-NF1, (e) CeO2-NF2, and (f) CeO2-NF3. Time-Dependent Photocatalytic
Degradation of CR Dye Under (g) Full Condition (Dark + UV) and (h) UV Irradiation. (i) Kinetic Analysis of the CR
Degradation Using a Pseudo-First-Order Reaction Model for CeO2-NF
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time was extended to 130 minutes, all three CeO2-NF samples
completely degraded the CR solution. The degradation per-
centages after 130 minutes were 95.6%, 96.9%, and 95.2% for
CeO2-NF1, CeO2-NF2, and CeO2-NF3, respectively. These
findings demonstrate that the prepared CeO2-NF samples are
effective in degrading CR aqueous solutions, indicating their
potential applicability in wastewater treatment technologies.

The results presented in Figure 3h show the time-dependent
photocatalytic degradation of Congo Red (CR) dye under UV
irradiation for the CeO2-NF samples. During the initial 30-
minute dark adsorption period, a slight reduction in CR con-
centration occurs due to adsorption on the nanofibers. Once
UV light is applied, the dye concentration decreases rapidly,
with CeO2-NF3 exhibiting the highest degradation efficiency,
followed by CeO2-NF2 and CeO2-NF1. The superior perfor-
mance of CeO2-NF3 can be attributed to its higher crystallinity
and the potential presence of oxygen vacancies, which improve
electron-hole separation and enhance photocatalytic activity.
By the end of the 130-minute irradiation, CeO2-NF3 achieves
nearly complete degradation of the dye, highlighting its effec-
tiveness.

In Figure 3i, the kinetic analysis of the photocatalytic degra-
dation is modeled as a pseudo-first-order reaction. The rate
constants (k) for CeO2-NF1, CeO2-NF2, and CeO2-NF3 are
0.020 min-1, 0.024 min-1, and 0.025 min-1, respectively, con-
firming that CeO2-NF3 has the highest degradation rate, con-
sistent with the results in Figure 3h. The linearity of the ki-
netic plot further confirms that the degradation follows pseudo-
first-order kinetics, a common characteristic in photocatalytic
processes. The differences in rate constants are linked to the
structural properties of the nanofibers, with CeO2-NF3 higher
crystallinity and fewer impurities contributing to its superior
photocatalytic performance.

4. CONCLUSIONS

CeO2 nanofibers (CeO2-NF) have been successfully fabricated
through electrospinning, followed by a calcination process, to
serve as photocatalytic materials for degrading aqueous Congo
red (CR) pollutants. The synthesized CeO2-NF samples were
characterized using FESEM-EDS, XRD, and FTIR analyses
to investigate their morphological, elemental, crystalline, and
molecular properties, respectively. When tested as photocata-
lysts under UVC light, the CeO2-NF samples exhibited high
degradation efficiencies, with CR removal percentages of 95.6%,
96.9%, and 95.2% for CeO2-NF1, CeO2-NF2, and CeO2-
NF3, respectively, after 130 minutes of reaction time. The
photocatalytic degradation followed pseudo-first-order kinet-
ics, with the rate constants (k) determined to be 0.020 min-1,
0.024 min-1, and 0.025 min-1 for CeO2-NF1, CeO2-NF2,
and CeO2-NF3, respectively. These results demonstrate the
effectiveness of the synthesized CeO2-NF as photocatalytic
materials, with high crystallinity, uniformity, and favorable ki-
netic performance contributing to their degradation efficiency.
This study presents a promising approach for the development

of advanced photocatalysts, potentially contributing to the ad-
vancement of wastewater treatment technologies.
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