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In this research, CeO: nanoparticles were synthesized by the hydrothermal route, with
the pH maintained at 9, resulting in an average particle size of 81.35 £ 12.48 nm, as
determined by ImageJ analysis of 100 measurements. Afterward, polyacrylonitrile (PAN)
and poly (methyl methacrylate) (PMMA) blends/CeO- nanocomposite fiber mats were
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produced by electrospinning to degrade dyes in the presence of ultraviolet (UV) light.
Characterization of the samples was performed using X-ray diffraction (XRD), Fourier

ij words A hvbrid ) CeO transform infrared spectroscopy (FTIR), field emission scanning electron microscope
PAN-F MM yort Jibers, etz (FE-SEM), energy dispersive X-ray spectroscopy (EDX), and ultraviolet-visible (UV-
nanoparticles, hydrothermal synthesis,

Vis) spectroscopy. The XRD data proved the crystallinity of CeO: with a cubic structure,
while FTIR spectra exhibited intense interactions among PAN, PMMA, and CeO:
nanomaterials. FE-SEM micrographs showed that the fibers were uniformly distributed
and interconnected, and EDX analysis confirmed the presence of CeO: in the polymer
matrix. The optical energy gap decreased from 3.4 eV to 2.6 ¢V upon CeO: loading,
suggesting improved optical properties. Furthermore, the average fiber diameter also
reduced from 131.12 +21.9 nm at 0.0 wt.% CeO: to 107.3 £ 14.56 nm at 6.6 wt.% CeO:
based on ImageJ calculation from 100 measurements, which may be linked to improved
solution conductivity and better jet stretching behavior during electrospinning. As shown
in the photocatalytic studies, about 80% of methylene blue (M.B.) was decomposed
within an hour under UV irradiation, demonstrating effective photocatalytic activity. The
decomposition was found to be strongly time-dependent. According to kinetic studies,
the rate of decomposition is described by a first-order model with a rate constant k =
0.0253 min™' and an R? value of 0.99. This increase in photocatalytic activity is due to
charge separation, reduced electron recombination, and the potential role of CeO:
assisting in electron transfer within the PAN-PMMA matrix. These results suggest how
this material can be used for photocatalytic purposes. Further research should focus on
the reusability and stability of the nanofibers produced.

synergistic photocatalytic activity, polymer
nanocomposite fibers, electrospinning

1. INTRODUCTION

Water pollution and environmental pollution, particularly
noticeable in the context of climate change, are among the
most pressing issues today [1]. This problem affects not just
humans but also human health [2] and quality of life [3].
Untreated industrial effluent is among the most significant
sources of environmental pollution [4]. Its direct discharge
into surface waters leads to serious freshwater pollution [5].
Therefore, the removal of these organic pollutants is among
the most urgent environmental challenges of the 21st century
[6, 7]. Over the past two decades, demand for effective
methods to remove these pollutants has increased.
Photocatalysis is one of the most important of these methods,
offering a new and attractive approach to using ultraviolet-
visible (UV-Vis) spectroscopy to generate catalysts that
induce oxidation/reduction reactions, thus breaking down
these pollutants [8]. The performance of traditional catalysts
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faces some challenges, such as limited spectral recombination
of the resulting holes and electrons due to visible-light
absorption, and difficulties in repeatedly reusing the catalyst.
It has led to an increased need for stable, effective materials
that mitigate these difficulties and can be wused as
photocatalysts or photovoltaic agents in wastewater treatment
utilising UV or visible-light irradiation. In recent years, a
strategy has emerged to incorporate optically active metal
oxides into polymer matrices as nanofibers, typically prepared
via electrospinning [9]. Electrospinning is the most efficient
method for producing nanometer-diameter stranded fibers.
Thanks to its excellent fibrous structure, electrospinning
produces a highly porous polymer film with good mechanical
strength [10]. The nanofibers are produced by applying an
electric current to a polymer mixture. On a grounded collector,
the spun nanofibers are gathered as a non-woven mat [11]. The
properties of the spun nanofibers can be improved by selecting
appropriate raw materials (polymers), suitable solvents, and
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production processes, and by optimizing processing
conditions. The physical characteristics of the synthesised
nanofibers are primarily ascribed to their morphology,
diameter, and specific surface area [12]. The curing process,
the concentration of the raw material solution, the type of
solvent, and adjustments to the electrospinning parameters,
including the applied voltage, solution flow rate, and the
distance between the needle and collector, among others [13].

This study focused on the use of PAN-PMMA due to its
thermal stability and the use of CeO: nanoparticles [14] and
cytes [15]. Their low cost and ease of availability are key
advantages. PAN's main properties include its ability to
dissolve ions, its thermal and electrochemical stability, its ease
of processing, and its resistance to oxidative degradation [16].
Because PMMA works well with liquid electrolytes, it has
high transparency and a strong electrolyte-absorption capacity
[17]. Thus, desired features are obtained when PAN and
PMMA are combined in a single membrane [18]. The
electrochemical and electrospinning characteristics of these
two polymers have been reported separately by several
researchers [19]. It has recently been suggested that suitable
properties for this amalgamation, characterised by consistent
dimensions and clearly delineated form, can be achieved using
the electrospinning method [20]. Metal oxide semiconductors
(MOS) have received considerable attention. Among these
materials, CeO; is one of the most widely used semiconductors
as a photocatalyst and photoelectric catalyst in various
pollutant treatment processes [21]. Several techniques, such as
pH modification [22], doping with metallic and non-metallic
ions, crosslinking with other semiconductors, and
incorporating CeO: into supporting polymers, can increase its
photocatalytic and photoelectric activity in wastewater
treatment [23]. The primary characteristics of CeO- that make
it a valuable material for photocatalysis are its strong band gap
and elevated optical clarity in the visible spectrum [24].
Significant oxygen storage capacity, remarkable chemical
reactivity, and high refractive index, all of which are utilized
in the degradation of different contaminants [25]. It should be
noted that CeO; has excellent toughness and thermal stability,
excellent conductivity of oxygen ions, distinctive redox
characteristics, and easy conversion between the oxidation
states Ce (IV) and Ce (III) [26]. As a result, the
aforementioned characteristics show that CeO: may be used
practically as a photocatalyst or photoelectric in wastewater
treatment [27], as well as in a variety of other practical
applications, like coating metals and alloys to prevent rust and
corrosion [28]. The PAN-PMMA/CeO: structure has not yet
been studied; therefore, in this research, PAN-PMMA/CeO2
nanocomposite fibers (NCFs) were electrospun. The
incorporation of CeO: into polymer fibers such as PAN or
PMMA or their combination provides several practical
advantages, such as stabilizing CeO2 molecules on the surface
of a flexible and easy-to-handle matrix, increasing the surface
area available for reaction, and improving charge separation
through the formation of nano-interfaces/structures, etc. They
may be used in important applications such as photocatalysis
and antibacterial agents.

2. EXPERIMENTAL DETAILS
2.1 Materials

The following chemicals were used as received without
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further purification: Cerium precursors (NHa):[Ce(NOs)s]
(99.0%, Mw = 548.23 g/mol) was obtained from LOBA
Chemie (Mumbai, India). Sodium hydroxide (NaOH, 99.0%,
Mw = 40 g/mol) and hydrochloric acid (HCI, 35-38%, Mw =
36.46 g/mol) were purchased from Himedia (Mumbeai, India)
and Thomas Baker (India), respectively. Throughout each
experiment, ultra-pure water and ethanol were used.
Polyacrylonitrile (PAN) powder (150,000 g/mol, purity >
99%) was acquired from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). Poly(methyl methacrylate) (PMMA)
granules (Mw = 20000 g/mol, purity > 99%) were purchased
from Thomas Baker Laboratory Reagent Co, Ltd, India, and
the organic amide solvent N, N-dimethylformamide (DMF)
Mw = 73.09 g/mol, purity > 99.7%) was purchased from
Alpha Chemika (Mumbai, India). All solvents were used as is.

2.2 Fabrication of CeO:
hydrothermal methodology

nanoparticles using the

To prepare the sodium hydroxide solution (NaOH), 2.62 g
(powder) in 110 mL deionized water was prepared, and 6 g of
cerium ammonium nitrate (Ce (NH4)2(NOs)s) was dissolved in
55 mL deionized water while continuously stirring for 15
minutes until all the materials were completely dissolved. The
prepared NaOH solution was added to the cerium solution by
dripping while stirring, and the mixture was stirred for an
additional 30 minutes to form a uniform mixture. After that,
the solution was titrated with HCIl, 35-38% Thomas Baker,
dropwise under stirring, using a calibrated Jenway 3540
pH/Conductivity Meter to maintain a pH of 9. After that, the
solution was placed in an autoclave for hydrothermal synthesis
at 180 °C for 5 hours.

Upon naturally cooling the system to ambient temperature,
the product was isolated from the mother liquor by
centrifugation at 4000 rpm, washed three times with ethanol
and three times with deionized water to remove any residual
material, and finally dried at 50-70 °C for 3 hours. The formed
powder was annealed using a two-stage annealing procedure
(performed only on the formed nanoparticles before
incorporating them into polymers) to confirm their phase
purity and enhanced crystallinity. The powder was annealed at
250 °C for 2.5 hours to eliminate any impurity, and
subsequently annealed again at 500 °C for 2.5 hours for the
crystallization of CeO.. Annealing was performed using a
furnace-cooling method to reduce thermal-shock-induced
defect formation. Lastly, the annealed sample was milled to
yield CeO- nanoparticles, as depicted in Figure 1.

2.3 Preparations of PAN-PMMA/CeO: nanocomposite
fibers

To begin with, 0.85 g of PAN was slowly dissolved in 8 mL
of DMF using continuous stirring for 6 h at room temperature.
Later, 0.15 g of PMMA was added to the system, and stirring
was continued for another 6 h to prepare a homogeneous
polymer blend. Then, the obtained PAN-PMMA blend was
mixed with CeO2 nanoparticles with various contents (2.2, 4.4,
and 6.6 wt.%) relative to the total weight of the polymer blend
(PAN + PMMA). Accordingly, the mass of the polymer blend
was reduced to 0.978, 0.956, and 0.934 g, respectively. After
that, the mixtures were stirred for 50 min at room temperature
and sonicated for 3 min to attain a uniformly dispersed
solution. The exact composition of electrospinning solutions
is shown in Table 1. The prepared solutions were used to



electrospin PAN-PMMA/CeO: NCFs.

Table 1. Preparation of PAN-PMMA/CeO: nanofiber
precursor solutions

Sample PAN(g) PMMA (g CeO2(g) DMF (ml)
So 0.85 0.15 0.0 8
Si 0.8313 0.1467 0.022 8
S 0.8126 0.1434 0.044 8
S 0.7939 0.1401 0.066 8

2.4 Fabrication of PAN-PMMA/CeO: nanocomposite
fibers

The drum collector was covered with aluminum foil, while
glass substrates (7.5 x 2.5 cm?) were attached to the collector
using adhesive tape for optical characterization. A 3 mL
syringe with a 1.2 mm inner diameter needle was used in
dispensing the PAN-PMMA solutions as well as PAN-PMMA
solutions with different amounts of CeO2 (0.0, 2.2, 4.4, and 6.6
wt.%). High voltage (8.5 kV) was applied to the needle, while
the collector spun at 300 rpm. Experiments were performed
under ambient conditions (25 + 2 °C, approximately 40-60%
relative humidity). The flow rate was kept constant at 0.3 mL
h™', and electrospinning was performed for 2 hours. The
distance from the needle tip to the collector was kept constant
at 7 cm to ensure stable jet formation during electrospinning,
as shown in Figure 1.

Preparation of CeO2 Nanoparticles

&1

INH4];[Ce(NO,)6|
+ NaOIl solution

Stepl: 6 = : T d ~— - =

NaOH solution INHAL[Ce(NO ), | Autoclave

solution

Step2: ﬁ—» HE — ' =
==

Autoclave CeO, Nanoparticle

Autoclave in Oven centrifuge

Preparation of PAN-PMMA nanofibers

PMMA PAN-PMMA solution + CeO, NPs

Step3: =, —— S

Stepd: 1 S u’-

PAN-PMMA\ CeO, NPs

Electrospinning

Nanofibers

Figure 1. Stages of synthesis of CeO, nanoparticles and

PAN-PMMA/CeO; fibers
Note: PAN = polyacrylonitrile, PMMA= poly (methyl methacrylate)

2.5 Photocatalytic decomposition experiment

Methylene blue (M.B.) degradation in aqueous media was
used to assess the photocatalytic activity of the PAN-
PMMA/CeO; NCFs. 0.08 mg of dye was dissolved in 70 mL
of deionized water to form a solution, which was then agitated
for 30 minutes to ensure consistency. To determine the starting
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concentration (Ag), a sample was first collected for
photoabsorption analysis. The solution was then supplemented
with 0.5 g of electrospun NCFs. To achieve a balance between
adsorption and absorption at the nanofiber surface, the mixture
was incubated in complete darkness for 15 minutes. After that,
the dye-fiber mixture was exposed to UV light in the 320-400
nm range at a distance of 8 cm and a radiative intensity of 3.8
mW/cm?, with a total power of 112 W (14 x 8 W) (Figure 2).
The solution was then extracted in 5-milliliter aliquots at 15-
minute intervals. Centrifugation was used to separate the
precipitate from the catalyst. UV-Vis spectroscopy was then
used to analyse the samples' absorbance and to calculate
changes in concentration (4;) over time.

Figure 2. Experimental setup of photocatalysis technology
for studying the photodegradation of PAN-PMMA/CeO:

NCFs

Note: PAN = polyacrylonitrile, PMMA= poly (methyl methacrylate),
NCF = nanocomposite fibers

2.6 Evaluation of PAN-PMMA/CeO2

nanocomposite fibers

prepared

To identify the CeO, nanoparticle peaks, the samples were
subjected to X-ray diffraction at 1.54 A and 40 kV, with a 20
range of 20° to 80°. FTIR analysis was performed on the
samples at a resolution of 4 cm™ within the spectral range of
500-4000 cm™ to determine the functional groups of the
prepared CeO, nanoparticles, nanofibers, and NCFs.
Subsequently, field emission scanning electron microscopy
(FE-SEM) was performed to analyze the morphology of the
prepared nanomaterials and fibers. (Tescan, Czech, MIRA 1II)
and Energy-Dispersive X-ray Spectroscopy (EDX),
respectively. Imagel] software was used to determine the
diameters of CeO: nanoparticles and nanofibers. To assess the
results of the grafting process and the uniformity of
nanoparticle distribution. The optical characteristics were
assessed utilising a UV-Vis spectra for the PAN-PMMA
mixture and its NCFs incorporating from 2.2 to 6.6 wt.%
CeO», measured across the range of wavelength 200 to 1100
nm. Finally, the photocatalytic activity of PAN-PMMA/CeO:
nanofibers with a maximum CeO: concentration of 6.6 wt.%
was investigated under ultraviolet light to increase the
efficiency of the catalytic activity of nanofibers. A higher
CeO: concentration increases the number of catalytically
active sites on the fiber surface, thereby promoting photon
absorption and electron-hole pair generation (which initiates
photocatalytic reactions).



3. DISCUSSION OF OUTCOMES
3.1 Assessment of X-ray diffraction pattern

In Figure 3, the XRD patterns of the thermally treated CeO-
nanoparticles are shown. From the diffraction peaks observed
at angles 20 and the diffraction peak levels at 28.55°(111),
33.07°(200), 47.48°(220), 56.34°(311), 59.09°(222), and
69.418°(400), the formation of the CeO, nanoparticles with

the face-centered cubic (FCC) lattice structure is confirmed
[29]. Using the UNITCELL software program, the crystal
lattice parameters of CeO, were determined tobe a=b =c =
5.4113 A and o = B =y = 90.000°. The results are consistent
with those reported in studies [30] and also with standard
results (JCPDS No. 34-0394). Table 2 summarizes
crystallographic parameters obtained, including inter-planar
distance (duwa).

Table 2. Crystallographic parameters derived from XRD analysis of CeO: nanoparticles

20(°) hkl FWHM (®)  dua (A, this work) duwa (A, standard) £(%) D (nm) D (Total Average)
2855 111 0.79689 3.1237 3.1234 0.00960  10.48

33.07 200  0.60800 2.7055 2.7056 0.00360  13.64

4748 220  0.90667 1.9125 1.9134 0.00047  9.16 5038

56.34 311  0.67729 1.6310 1.6318 0.00049 1226 :

59.09 222  0.08556 1.5615 1.5622 0.00044  97.15

69.41 400  0.03778 1.3523 1.3531 0.00059  222.71

Note: 20: diffraction angle; hkl: Miller indices; FWHM: full width at half maximum; dhkl: interplanar spacing (A); &: micro-strain; D: crystallite size (nm)

(111

Intensity (a.u)

CeO, Nanoparticles at 500 °C
Reference code: 00-034-0394

40

45 50 §5 60 65 70

20(degree)

Figure 3. X-ray diffraction (XRD) patterns of CeO, nanoparticles

The mean crystallite volume D, microstrain &, and
interplanar spacing (du) were computed using equations [31]:
Bragg’s relations

2dpgsin 6 = A (N
The well-known Scherer's (eq)
_ 0.94A )
BcosO
and
cosf
e= P ©)
where,

J: the wavelength (1.54 A) of CuKa radiation,

p: full width at half maximum (FWHM) of the dua
diffraction peak,

0: signifies the Bragg angle of the Miller indices (hkl) peak.

Table 2 contains the values for 20, D, €, dni, and FWHM.
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3.2 Fourier transform infrared

measurements

spectroscopy

The FTIR spectra of CeO, nanoparticles, PAN-PMMA
blend, and its nanocomposites with varying CeO; ratios are
depicted in Figure 4, which was recorded within the 4000-500
cm’! range. The broadband peak at 3480 c¢cm™' in the FTIR
spectrum of CeO; is ascribed to the O-H stretching vibration
in hydroxyl groups. The bending vibration of C-H stretching
is responsible for the absorption peak at 1464 cm™', while the
bands spanning 1500-2000 cm' are attributed to organic
constituents. The Ce-O stretching vibration is represented by
the intense band at 741 cm!. These findings are in accordance
with the existing body of research [32]. The asymmetric
stretching vibration of CO», the bending vibration of CO,, and
the C-O stretching vibration have been assigned to bands at
approximately 750 and 1130.28 cm’!, respectively. It is
consistent with the study [33]. The PAN-PMMA blend
nanofibers with a weight ratio of 85/15 exhibit a wideband
peak at 3220 cm’!. This is linked to the stretching vibrations of
hydroxyl groups (O-H). Additionally, the peaks at 2945.30 cm"
! are specific to polymer chains, while those at 2243.21 c¢m'!
are characteristic of the nitrile group in PAN. The data agree
with a previous study [12]. Also, the shape shows analogous



intensities across the peaks at 1660.71 cm™ to 538.14 cm’!,
resulting from all the ingredients used to prepare the fibers.
The results are consistent with a previous study [34].

225

200 4

transmittance (a.u)

0
4000

L L
3500 3000 2500 1000 500

Figure 4. FTIR spectra of (a) CeO; nanoparticles and PAN-
PMMA/CeO; NCFs containing (b) 0, (¢) 2.2, (d) 4.4, (¢) 6.6

wt % CeO>

Note: FTIR = Fourier transform infrared spectroscopy, PAN =
polyacrylonitrile, PMMA= poly (methyl methacrylate), NCF =
nanocomposite fibers

The nanofibers have exhibited a change in functional peak
as a result of the CeO, contribution, as illustrated in Figure 4(c,
d, and e). In the samples, powerful bands of PAN and PMMA
were observed. at 2945 cm™ (C-H stretching), 2241 cm™! (C =
N stretching of PAN), 1730 cm™! (C = O stretching of PMMA),
1666 cm™ (C = C or amide-related vibration), 1240 cm™! (C-O
stretching) and 625 cm™' (Ce-O vibration) [35]. In addition, the
addition of the nucleating agent PAN-PMMA/CeO; resulted
in a shift in the functional peaks of PAN-PMMA/CeO; up to
5-10 cm’!, which is the highest ratio in this study. This result
was due to the addition of the most functional groups, which
increased the peak intensities. The spectrum of PAN-PMMA
exhibits substantial alterations and vigorous interfacial
engagement as a result of the variation in the CeO;
nanoparticles ratio, as evidenced by the infrared spectra. This
result may be attributed to the formation of H, bonds between
the O-H groups in the CeO> and the C = O groups in the PAN-

Number

PMMA.

Additionally, this may be associated with the charge that is
transferred to the other atoms that are dissociated from the C
= O function group. The absorption was reduced, and the
functional summits were displaced to the low-wavenumber
region due to the double-bond character of C = O. The results
obtained are consistent with previous research that confirmed
significant CeO:-polymer interactions by demonstrating
analogous shifts in FTIR peaks upon the addition of metal
oxide nanoparticles to polymeric matrices [36].

3.3 Morphological analysis

To investigate surface morphology and confirm the
elemental composition of CeO: nanoparticles, the PAN-
PMMA mixture, and NCFs, FE-SEM images in conjunction
with EDX spectroscopy were employed, as illustrated in
Figures 5-8. The morphology of CeO: nanoparticles is
regularly spherical, with some surface roughness, as shown in
Figure 5(a). FE-SEM images were captured at 120000x
magnification and allow for precise visualization and
characterization of each nanoparticle. Quantitative analysis of
morphology was carried out by measuring the sizes of 100
randomly selected particles (n = 100). Size measurements of
the nanoparticles were performed using Imagel, a software
often used for quantitative SEM imaging. The average
diameter of the CeO: nanoparticles was found to be 81.35 £
12.48 nm. For further analysis of the size distribution, ImageJ
was used, resulting in the histogram shown in Figure 5(b). The
obtained histogram shows a Gaussian-like distribution,
suggesting a uniform nanoscale size distribution and high
nanoparticle homogeneity. The spherical shape of CeO:
nanoparticles can be explained by surface energy
minimization, which provides stability, as reported previously
[37]. Figure 6 is a depiction of the EDX spectrum and FE-
SEM-EDX elemental map of CeO: nanofibers at pH 9, which
have been annealed at 500 °C for 2.5 h. Green indicates the
presence of cerium, while purple indicates oxygen in the
elemental mapping images. The results indicated no peaks
other than those associated with CeO., consistent with
previous findings [38]. The FE-SEM images and diameter
distribution profiles of the polymer blend and NCF samples
are shown in Figures 7 and 8, respectively. FE-SEM images of
the nanofiber samples were recorded at 5000x and 10000x
magnification for general morphological observation and
diameter calculation, respectively.

CeO, NPs
Mean = 81.35 nm

20 D

agp = + 12,48 nm

154

10 4

70 80 20
Average diameter (nm)

Figure 5. (a) FE-SEM picture and (b) mean diameter with standard dispersion of CeO; nanoparticles
Note: FE-SEM = field emission scanning electron microscope
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Figure 6. EDXs and FE-SEM-EDXs mapping spectra of CeO» nanoparticles annealed at 500 °C for pH 9

Note: FE-SEM = field emission scanning electron microscope, EDX = energy dispersive X-ray spectroscopy

A
Det ETD-SE HV 1kV GP 6.8¢-8Pa WD 6.28mm SM.50 wy DetETD-SE HV 1kV GP 6 6e-8Pa WD 6 46mm SM-50
MAG x10000 HFW 12 81um bk " MAG x10000 HFW 12 81um = 1um —{

Det ETD-SE HV 1kV GP 6.7e-8Pa WD 6.42mm Ay Det ETD-SE HV 1kV GP 6.6e-8Pa

A 3.
MAG x5000 HFW 25.62um F—2um— % MAG x10000 HFW 12.81um F=1um—|

Figure 7. FE-SEM picture of PAN-PMMA blend and its composite nanofibers with 2.2, 4.4, and 6.6 wt.% CeQO,, respectively
Note: FE-SEM = field emission scanning electron microscope, PAN = polyacrylonitrile, PMMA= poly (methyl methacrylate)
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Figure 8. Mean diameter with standard deviation of PAN-PMMA blend and its composite nanofibers containing 2.2, 4.4, and 6.6

wt.% CeOs, respectively
Note: PAN = polyacrylonitrile, PMMA= poly (methyl methacrylate)
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Figure 9. EDX analysis and average fiber diameter (+SD) of PAN-PMMA blend and its nanocomposites fibers with 2.2, 4.4, and

6.6 wt.% CeO-
Note: EDX= energy dispersive X-ray spectroscopy, PAN = polyacrylonitrile, PMMA= poly (methyl methacrylate)

The diameter of the nanofibers was calculated using ImageJ
with a minimum of 100 randomly selected fibers (n = 100).
PAN-PMMA nanofibers in Figure 7(a) and Figure 8(a)
showed a homogeneous and entangled fibrous structure with
an average diameter of around 131 + 21.9 nm. When 2.2 wt.%
CeO:2 was added (Figure 7(b) and Figure 8(b)), the average
diameter became 116 + 22.88 nm, reflecting a reduction in
diameter with a rather broad distribution.

Adding a higher content of 4.4 wt.% CeO: (Figure 7(c) and
Figure 8(c)) resulted in a decrease in diameter to 113 + 17.51
nm. It is worth noting that, along with diameter reduction, the
distribution was narrower in this sample than in the previous
samples (confirmed by histograms and box plots generated in
ImagelJ). Finally, at 6.6 wt.% CeO: (Figure 7(d) and Figure
8(d)), the average diameter was 107 + 14.56 nm, with an
improved distribution and lower fiber dispersiveness.

This effect indicates that CeO: nanoparticles considerably
affect nanofiber morphology. Such behavior may be explained
by the increased solution conductivity induced by CeO:
nanoparticles, which allows for greater stretching of the
electrospinning jet and, consequently, a decreased fiber
diameter. Apart from that, changes in solution viscosity could
have affected the distribution and uniformity of fibers. Such
findings correlate with previously published studies [39]. EDX
spectroscopy data on the elements present in polymer blend
nanofibers and NCFs with 2.2, 4.4, and 6.6 wt.% CeO: is
presented in Figure 9. The presence of carbon, nitrogen, and
oxygen peaks indicates the polymer structures of PAN and
PMMA. Cerium peaks are observed in all nanocomposites,
and their intensities increase with increasing ceria content.
This observation confirms the nanoparticle distribution's
homogeneity within the matrix [40]. A gradual increase in the
Ce peak intensity with increasing concentration suggests a
high-quality synthesis procedure and no nanoparticle
aggregation. Aluminum peaks appear due to the aluminum
substrate used for electrospinning, which is typical for EDX
analysis. However, they have no significance in chemistry.

In summary, the results indicate that CeO: is effectively
incorporated into PAN-PMMA nanofibers and can be further
explored as a promising material for various technological
applications. The latter includes the use of nanofibers as
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efficient photocatalysts due to improved electron conductivity
and surface reactivity [41]. This result indicates the suitability
of these materials for advanced functional applications,
particularly photocatalysis, given the effective role of cerium
and oxygen in enhancing the electronic properties and surface
reactivity.

3.4 Assessment of optical properties

To prepare the CeO: nanoparticles solution for optical
measurements, 0.022 g of CeO: nanoparticles was combined
with 5 ml of deionised water and stirred for 30 minutes,
followed by two rounds of sonication for 3 minutes each. The
solution was subsequently dripped onto the glass and allowed
to dry. Subsequently, the absorption spectrum was recorded
using a UV-Vis spectrometer to study the optical absorption
characteristics in the range of 300 to 1200 nm as a function of
wavelength, as shown in Figure 10(a). The absorption edge
data indicate that the maximum absorption occurs at
approximately 400 nm, within the UV region, followed by a
gradual decrease with increasing wavelength. Figure 10(b)
shows the determination of the direct band gap energy of the
CeO; nanoparticles using Eq. (4), which was found to be 3
electron volts. This result is consistent with previous research
[42]. The absorption coefficient of CeO: at pH 9 confirms that
CeO: possesses good optical properties and acts as a highly
efficient UV absorber, given that its absorption edge lies
within the ultraviolet range (Figure 10(c)). These results are
consistent with the literature [43]. Figure 10(d) and (e)
illustrate the indirect photoelectric energy gap (Eg) and
absorption of a PAN-PMMA mixture and its nanofibers with
proportions of (2.2, 4.4, and 6.6 wt.%) CeO,, 12 micrometers
thick on a glass substrate in the wavelength range of 300 to
1200 nm. The absorption spectra of the nanofibers show
improved light absorption with the addition of CeO;
nanoparticles, particularly in the ultraviolet range (300-400
nm). This result is ascribed to the increased density of active
centers and the formation of energy levels associated with
oxygen defects. The absorption effect extends into the visible
spectrum, suggesting an effective reduction in the optical
indirect energy gap. The band gap decreases from 3.4 eV to



2.6 eV, as calculated using Eq. (4). This reduction is attributed
to the interaction between the nanoparticles and the polymer
matrix, where increasing the nanomaterial percentage causes
the polymer chains to become less regular and less crystalline,
thereby narrowing the band gap. An absorption shift towards
the visible spectrum results from an increase in the overlap of
electron orbitals between the nanomaterial employed and the
polymer matrix at increasing concentrations. As a result, the
decrease in the band gap indicates that the composite's
morphology, electrical and optical characteristics have
improved, making it more appropriate for photocatalysis
applications. These results are similar to those of previous
studies [44].

(ahv)™ =B (hv — EgP")

“4)
where, o signifies the absorption edge coefficient, / represents
Planck's constant, 4o indicates the photon energy, B refers to a
material-specific constant, and m is equal to 2 for a direct
transition or 1/2 for an indirect transition.
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Figure 10. (a, b, and ¢) Absorbance, and E, and absorption
coefficient of CeO, nanoparticles; (d and ) absorbance vs.
wavelength and E, vs. Epp of PAN-PMMA and PAN-

PMMA/CeO; NCFs, respectively

Note: PAN = polyacrylonitrile, PMMA = poly (methyl methacrylate),
NCF = nanocomposite fibers

3.5 Photodegradation capability

The initial concentration of M.B. used was set at
approximately 1.14 mg/L (0.08 mg in 70 mL), with 0.5 g of
the fabricated nanofibers used as the photocatalyst. This was
determined to ensure a sufficient number of active sites, as
well as to maximize interactions between the dye molecules
and the nanofibers. The results are consistent with previous
literature [45].

Kinetics of photocatalytic destruction of the M.B. solution
in the presence of synthesized nanofibers show a definite trend.

The trend can be seen from the rapid decline of absorption
within the characteristic wavelength range (~590 nm) in
comparison with the control sample (Figure 11). In this case,
before exposing the suspension to UV light, the suspension
was left in darkness to establish the equilibrium between
adsorption and desorption processes. It is important to
acknowledge that although photolysis (M.B. + UV) was seen,
a dedicated control for the polymer support alone (PAN-
PMMA without CeO:) under UV was not conducted in this
investigation. As depicted in Figure 11 and confirmed by data
presented in Table 3, the absorbance level was reduced from
0.53 to 0.39 during the initial period. The initial decrease may
mostly be ascribed to the dark adsorption of M.B. molecules
onto the nanofiber surface. The results are consistent with
previous literature [46]. When exposed to UV light, the next
steady decrease in the absorbance level was recorded, ranging
from 0.39 to 0.11 when the exposure time was extended from



15 to 60 min, leading to an enhancement in the degradation
efficiency from 26% to 80%, respectively. It is suggested that
the subsequent drop in the absorbance level is associated with
the process of photocatalytic degradation, which prevails after
achieving equilibrium in the adsorption process, implying that
there was a gradual contribution of the photocatalytic reaction
to the process. This may occur as a result of electron-hole
generation on the CeO: surfaces when exposed to the UV light.
Oxygen vacancy is another factor that might facilitate the
formation of reactive oxygen species such as O,* and *OH
radicals [47]. Figure 12 depicts the possible mechanism of the
oxidation-reduction process in the photodegradation process.
From Eq. (5), it can be observed that there was an increase in
the efficiency of degradation from 26.48% at 15 minutes to
80% at 60 minutes (see Table 3 and Figure 13). It can be seen
that there is a time-dependent process in the process of
degradation. Experimental results suggest that the addition of
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Figure 11. Time-dependent photodegradation, of M.B. over
PAN-PMMA/CeO; nanofiber monitored by UV-V is
spectroscopy

Note: PAN = polyacrylonitrile, PMMA = poly (methyl methacrylate), M.B.
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time

CeO: in the PAN-PMMA mixture could potentially contribute
to improving adsorption and transferring charges. This is
consistent with other findings [48]. The value of the rate
constant (k) was determined by obtaining the slope of the
linear fit of In(Ao/A) versus the irradiation time. Figure 14
shows the corresponding linear plot, yielding a rate constant
0f0.0253 min™! with an R? of 0.99.

The degrading efficiency values of M.B. were obtained
using the following formula [49].

Ao~ Ar

Degradation = X 100% (5)

where, A4 is the starting concentration of M.B. dye (before the
reaction begins) and 4, is the concentration of M.B. dye after
a certain time has passed since the reaction.
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Figure 12. Proposed mechanism of photodegradation of
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Figure 14. Pseudo-first-order kinetic plot of In(A¢/A) versus
irradiation time for M.B. degradation over PAN-

PMMA/CeO: nanofibers
Note: M.B. = methylene blue, PAN = polyacrylonitrile, PMMA = poly
(methyl methacrylate)

Table 3. Time-dependent absorbance and degradation efficiency of methylene blue (M.B.) using PAN PMMA/CeO: nanofibers
under UV irradiation

Sample Absorbance A (a.u.) Degradation % AoA  In(A¢/A)
M.B. (Ao, initial) 0.53 0% 1 0
M.B. (UV only, 60 min) 0.51 3% 1.039 0.038
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PAN-PMMA/CeO:2 (dark, 60 min) 0.39
PAN-PMMA/CeO: (UV, 15 min) 0.34
PAN-PMMA/CeO: (UV, 30 min) 0.24
PAN-PMMA/CeO: (UV, 45 min) 0.18
PAN-PMMA/CeO: (UV, 60 min) 0.11

26% 1.358 0.306
36% 1.559 0.433
55% 2.208 0.792
67% 2.944 1.080
80% 4.818 1.573

4. CONCLUSION

In this work, CeO: nanoparticles at pH 9 with an average
particle diameter of 81.35 + 12.48 nm were efficiently
synthesized by the hydrothermal technique, as evaluated using
Imagel (100 measurements). PAN-PMMA/CeO-
nanocomposite fibers with different proportions of CeO:
nanoparticles were then synthesized by electrospinning fibers
for photocatalytic degradation of natural dyes, such as M.B.,
under UV irradiation. The formation of natural CeO: with a
cubic FCC crystal shape was demonstrated through XRD
structural characterization and FTIR measurements, as well as

the interaction between PAN, PMMA, and CeO: nanoparticles.

detected. FE-SEM snapshots confirmed the uniform
interconnected fiber community and EDX analysis confirmed
the successful integration and uniform distribution of CeO:
within the nanofibrous matrix. The optical band gap decreased
from 3.4 eV to 2.6 eV with increasing CeO: content, indicating
improved optical absorption performance. The average fiber
diameter decreased with the increase in CeO: concentration,
due to increased solution conductivity and fiber elongation
during electrospinning. Photocatalytic studies showed
efficient degradation of M.B., with approximately 80%
removal achieved in 60 min under UV irradiation. Over time,
the degradation process progressed in a stepwise manner,
revealing a time-structured pattern. Furthermore, the kinetic
evaluation also suggested that a decay was introduced into the
pseudo-first-order kinetic model, with a rate constant (k) of
0.0253 min! and a high correlation coefficient (R? = 0.99),
indicating a very good fit of the kinetic model. Maybe the more
favorable photocatalytic performance is due to better value
separation, reduced electron-hole recombination, presence of
oxygen vacancies, and Ce*/Ce*" redox cycling. These
compounds result in dye degradation.
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NOMENCLATURE
PAN Polyacrylonitrile
PMMA  Poly (methyl methacrylate)
So PAN-PMMA blend
Si PAN-PMMA 2.2 wt.% CeO2
Sz PAN-PMMA 4.4 wt.% CeO2
Ss PAN-PMMA 6.6 wt.% CeO2
NCFs Nanocomposite fiber
CeO: cerium dioxide
XRD X-ray diffraction
EDX Energy dispersive X-ray spectroscopy
FTIR Fourier transform infrared spectroscopy
FE-SEM Field emission scanning electron microscope
M.B. Methylene blue
uv Ultraviolet
Epn Photon energy
E, Energy gap
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