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Abstract
In this study, Nano-crystalline cerium oxide (CeO2) nanoparticles were 

synthesized using cerium nitrate hexa-hydrate as a precursor through a 
simple and cost-effective sol-gel method, with the pH of the reaction solution 
varied between 6 and 12. The synthesized CeO2 nanoparticles were then 
utilized for the photocatalytic degradation of methyl Blue (MB) in wastewater 
under direct sunlight. The structural properties, crystallinity, morphology, and 
photocatalytic performance of the CeO2 nanoparticles were characterized 
using X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, 
scanning electron microscopy (SEM), and UV–V is spectroscopy. The results 
revealed that the pH of the synthesis solution had a significant influence on 
the photocatalytic degradation of MB. CeO2 nanoparticles synthesized at pH 
8 exhibited the highest photocatalytic activity. Additionally, the photocatalytic 
efficiency was strongly affected by factors such as catalyst loading, initial MB 
concentration, pH of the wastewater, and exposure time. Under optimized 
conditions, approximately 75% degradation of MB was achieved after 80 
minutes of sunlight exposure. The low-cost CeO2 nanoparticles developed in 
this study offer a promising solution for the treatment of industrial wastewater 
containing dyes, utilizing natural sunlight year-round.
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Introduction
Water filtration and distillation play a pivotal role in nations with 

underdeveloped infrastructure, such as Pakistan, where a significant 
number of diseases are transmitted through contaminated drinking 
water supplies [1]. Among the many pollutants, some substances 
like azo dyes, which do not react with light, acids, bases, or oxygen, 
can contaminate water even in small concentrations. One such dye, 
Methyl Blue (MB), is widely used across industries, including printing, 
textiles, pharmaceuticals, and research laboratories. Unfortunately, 
this dye poses serious health risks when it enters the human body, 
potentially causing adverse effects such as heart palpitations, lung 
tissue degeneration, and vomiting. As a result, MB was chosen as a 
model compound for studying its photocatalytic degradation process 
[2]. The degradation of MB involves breaking down its macroscopic 
structure into smaller molecules, such as carbon dioxide (CO2) 
and refined derivatives, through various catalytic processes [3]. 
Notably, photocatalytic technology presents a promising solution for 
environmental management due to its ability to break down pollutants 

without generating secondary contamination [4]. Metal oxides, such 
as chromium (Cr), vanadium (V), zinc (Zn), titanium (Ti), tin (Sn), 
and cerium (Ce), are known to be effective in photocatalytic processes 
due to their ability to generate charge carriers under the right 
conditions, making them valuable in fields ranging from electronics 
to environmental cleanup [5]. When metal oxides are irradiated 
with visible or ultraviolet (UV) light, excited electrons move from 
the valence band to the conduction band, creating electron-hole 
pairs (e⁻ / h⁺), a phenomenon known as photo-catalysis [6] These 
charge carriers are highly reactive and can oxidize and reduce 
molecules adsorbed on the surface of the metal oxide, facilitating the 
degradation of pollutants like organic dyes [7]. In the photocatalytic 
process, electrons combine with oxygen molecules to form superoxide 
anions, while holes interact with water molecules to generate 
hydroxyl radicals. These reactive species serve as powerful agents for 
breaking down organic dye compounds commonly used in industrial 
applications [8]. The process of heterogeneous photo-catalysis, or 
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semiconductor sensitized photoreactions, further emphasizes the 
versatility of metal oxides in environmental remediation [9]. In one 
classification of these systems, the initial photo-excitation occurs in 
a substrate molecule, which then engages with the catalyst material 
in its ground state. In another approach, the catalyst itself undergoes 
photo-excitation and subsequently reacts with a substrate molecule in 
its ground state [10].

Various metal oxides, including TiO2, ZnO, SnO2, and CeO2, 
have long been utilized as photo-catalysts due to their abundant 
natural availability and well-documented efficacy [11,12]. Among 
these, cerium oxide (CeO2) has attracted significant attention due to 
its extensive applications in fields such as biomedical research [13] 
and catalysis. It is used as an electrolyte in solid oxide fuel cells, a 
material with a high refractive index, and as an insulating coating over 
silicon surfaces [14,15]. Additionally, CeO2's photocatalytic and sono-
catalytic properties have made it a subject of intense study for dye 
degradation and water purification applications [16,17]. Its unique 
surface properties, including redox behavior, have been found to 
enhance catalytic and photocatalytic activities, making CeO2 an ideal 
candidate for environmental applications [18].

Research has demonstrated the catalytic efficiency of ceria and its 
nanocomposites in degrading a variety of dyes, including Methylene 
Blue [19], Methyl Orange [20], Rhodamine [21] and Methyl Red 
[17]. The nanocomposites of cerium oxide, in particular, have been 
extensively studied for their enhanced oxidation activity [22]. Beyond 
dye degradation, cerium oxide nanoparticles (CeO2 NPs) are also 
being explored for their multifunctional properties in photochemistry 
and electrochemistry, including applications in solid oxide batteries 
[23], organic contamination degradation [24], high-performance 
catalysis [25], sensors [26], abrasive particles [27], coating materials 
[28] and numerous others.

The synthesis of cerium oxide nanoparticles has been achieved 
through several methods, including ball milling [29] flame spray 
pyrolysis [30] reverse-phase evaporation [31] micro-emulsification 
[32] hydrothermal and solvothermal methods [33,34] sol-gel 
techniques [35] and even green synthesis methods [36]. The low cost, 
enhanced photocatalytic activity, photostability, reusability, tunable 
properties, and the ability to absorb visible light have made CeO2 NPs 
an attractive option for photocatalytic applications [37,38].

In this study, we report a low-temperature, facile sol-gel method 
for synthesizing CeO2 nanoparticles by varying the pH of the reactants. 
The photocatalytic performance of the synthesized nanomaterials was 
thoroughly examined for their ability to degrade Methyl Blue (MB) 
dye under sunlight [39]. A range of characterization techniques were 
employed to investigate the properties of the prepared nanomaterials 
[13,22,40], and the optimization of reaction parameters was conducted 
to maximize the dye degradation efficiency. The results of this study 
are especially significant for countries like Pakistan, where industrial 
dye-contaminated effluents often mix with drinking water, posing a 
severe public health risk [39]. By utilizing low-cost CeO2 NPs-based, 
sun-driven photocatalytic technologies, this research offers a viable 
solution for tackling water contamination and potentially saving 
millions of lives annually.

Materials and Methods 
Materials 

Cerium nitrate hexahydrate [Ce(NO3)3⋅6H2O], urea [CO(NH2)2], 
hydrochloric acid (HCl10 %), ammonium hydroxide (NH3OH), 
sodium hydroxide (NaOH), methyl Blue (MB) as well as distilled water. 
No further processing was required because all of the compounds had 
been in the analytical form.

Preparation of Aqueous CeO2 Nano-Sols and CeO2 Nano-
Powder

The sol-gel method, based on previous work published by Periyat 
and his colleagues, was used to synthesize the ceria nano-sols and nano-
powders [41]. At room temperature, four different sols were prepared, 
each with a different pH during synthesis. To prepare the first sol, 8.64 
g of cerium nitrate hexahydrate (Ce(NO₃)₃·6H₂O) was dissolved in 
100 mL of distilled water and vigorously agitated for one hour. A 0.1 
M NaOH solution was gradually added to the mixture to precipitate 
cerium hydroxide, adjusting the pH to a range between 6 and 8. From 
this point onward, this solution will be referred to as Solution 1. To 
prepare the second sol, urea (CO(NH₂)₂) was dissolved in 200 mL of 
deionized water to create a 0.1 M solution. The urea solution was then 
gradually mixed with a 10% HCl solution until the pH reached 2. This 
solution will henceforth be referred to as Solution 2. Next, Solution 
2 was added dropwise to Solution 1 using a burette, with continuous 
stirring. Once Solution 2 was fully incorporated into Solution 1, the 
mixture was stirred for an additional hour to ensure a homogeneous 
and clear ceria sol. These sols are subsequently designated as C-sols. 
The C-sols, prepared under varying pH conditions, were then dried 
in an oven at 70°C. The resulting xerogels were collected in ceramic 
dishes and calcined at 600°C for 2 hours. The calcined products, which 
had a whitish appearance, were identified as CeO₂ nanoparticles and 
will be referred to as CeO₂ hereafter, as shown in Figure 1.

Characterization of the Synthesized System

The physical and morphological characteristics of the created 
CeO₂ catalysts were observed using several characterization methods 
before assessing their photocatalytic performance. The crystallinity 
and crystallite magnitude of the CeO₂ particles were tested using 

Figure 1: Schematic representation of synthesized CeO2 NPs. The 
synthesis of CeO₂ nanoparticles using the sol-gel route begins with stirring 
0.2 M Ce(NO₃)₃·6H₂O in deionized (DI) water for 2 hours. Precipitation is 
then carried out by adding NH₄OH to adjust the pH to 10. Separately, a 0.1 M 
urea solution in DI water is prepared and mixed with hydrochloric acid. These 
two solutions are combined dropwise to form a ceria sol. The resulting sol is 
dried and calcined at 600 °C to produce CeO₂ nanoparticles.
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X-ray diffraction (XRD). Scanning electron microscopy (SEM) 
was employed to measure the particle distribution and surface 
morphology. Additionally, the optical and structural properties of the 
catalysts were further investigated using Fourier transform infrared 
spectroscopy (FTIR).

Photocatalytic Studies of CeO₂ Nanoparticles

The photocatalytic activity of the manufactured CeO₂ 
nanoparticles was assessed by evaluating the degradation of a methyl 
blue (MB) dye solution under direct sunlight. The experiments were 
conducted on spring days with an ambient temperature of 33.88°C 
and standard sunlight intensity [42]. Sunlight was chosen as the light 
source for the photocatalysis tests because it is abundant, sustainable, 
and contains both UV and visible light, which are known to activate 
photocatalysts and accelerate chemical reactions. Using sunlight 
aligns with the development of environmentally friendly and energy-
efficient methods for applications such as air and water purification 
[43].

Methyl orange, an azo dye commonly used in the printing, 
leather, textile, pharmaceutical, and research industries, was selected 
as the target dye for degradation. This dye is highly toxic and resistant 
to degradation, posing a significant risk to human health. It can be 
absorbed through the skin, leading to symptoms such as vomiting, 
rapid heart rate, and damage to lung tissue [2]. Photocatalytic 
degradation tests were conducted in 50 mL conical flasks containing 
2 mg of CeO₂ photocatalyst in 10 mL of a 20 ppm aqueous solution 
of MB dye. The flasks were exposed to sunlight for predetermined 
periods.

The absorbance of the remaining dye solution was measured using 
a UV-Vis spectrophotometer in the 400–700 nm wavelength range. 
The maximum absorbance (λ_max = 484 nm) was determined, and 
the photodegradation of MB was measured at different time intervals. 
The percentage degradation of MB was calculated using the following 
equation [44]:

                                              (1)

Anywhere Aθ is the maximum preoccupation at zero time and At 
is the maximum obsession at maximum time or when the degradation 
process is complete.

Results and Discussion 
X-ray Diffraction (XRD) Analysis of CeO₂ Nanoparticles

The X-ray diffraction (XRD) patterns of CeO₂ nanoparticles 
synthesized under two distinct conditions—pure CeO₂ and CeO₂ 
synthesized at pH 5—are presented in Figure 2. The diffraction peaks 
observed were sharp, intense, and well-resolved, indicating the high 
crystallinity of the synthesized nanoparticles. This suggests that both 
samples possess a highly ordered crystal structure with minimal 
amorphous content, making them suitable for applications requiring 
materials with well-defined physical properties.

For Pure CeO₂, prominent diffraction peaks were observed at 2θ 
values of 28.70°, 33.23°, 47.64°, and 56.57°, which correspond to the 
(111), (200), (220), (311), and (222) crystallographic planes of the 
ceria phase. The calculated average crystallite size for Pure CeO₂ was 
19.29 nm, and the lattice parameter was determined to be 17.585 Å. 

In contrast, CeO₂ synthesized at pH 5 exhibited diffraction peaks at 
similar 2θ values of 28.70°, 33.23°, 47.67°, 56.57°, and 59.24°, indexed 
to the same crystallographic planes. The average crystallite size of the 
CeO₂ synthesized at pH 5 was slightly larger, measuring 25.43 nm. 
These findings suggest that the synthesis conditions, specifically the 
pH, influence the crystallite size of CeO₂ nanoparticles, though the 
overall crystal structure remains consistent.

The overall peak broadening is the sum of the contributions of the 
crystal size and the strain current in the material. From Figure 1 The 
W–H equation for the uniform purpose model is given by [45].

β(hkl)cosθ(hkl) = k × λ/Dv4ε sinθ(hkl)   (2)

where, β(hkl) s is the FWHM, θ is Bragg’s bending angle, k is the 
shape feature, λ is the wavelength of radioactivity, Dv is the volume-
weighted crystallite size, and ε is the lattice strain. The crystal-like size 
is obtained from the intercept value of the plot [46]. The crystal-like 
size of the manufactured CeO2 NPs by sol–gel was found to be 19.29 
nm and CeO2 pH-5. The lattice parameter calculated from the (111) 
reflection plane of the manufactured CeO2 NPs and CeO2 pH-5 is 
calculated by the formula [47].

Figure 2: Displays the XRD spectra of Pure CeO₂ and CeO₂ pH-5 calcined 
at 600°C. The diffraction peaks correspond to the (111), (200), (220), and 
(311) planes, confirming the crystalline fluorite structure of CeO₂. Changes 
in peak intensity suggest variations in crystallinity and particle size between 
the samples.

Table 1: Calculated element size of Pure CeO2 and CeO2pH-5. The table 
shows that CeO₂ pH-5 has larger crystallite sizes (average: 25.43 nm) and 
higher crystallinity (lower FWHM) compared to pure CeO₂ (average: 19.29 
nm).
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                                                               (3)

The calculated lattice parameters of the CeO₂ nanoparticles 
synthesized by the sol–gel method is shown in Table 1, where d 
represents the spacing and (h k l) are the Miller indices.

The average crystallite size of synthesized CeO2 was calculated 
by using Debye- Scherer’s formula and the Williamson–Hall (W–H) 
method [47,48].

Debye sherrer formula used to determine crystal size 

                            (4)

Where k = 0.9 is constant and = 0.154nm is constant. D-spacing 
found by the Bragg’s law equation which is 

FTIR Spectroscopy

To analyze the surface properties of the samples, Fourier 
Transform Infrared (FTIR) spectroscopy was used to provide detailed 
information about their chemical composition, functional groups, and 
molecular characteristics. Figure 3 displays the FTIR spectra of the 
four samples. The FTIR spectrum of the CeO₂ gel dried at 75°C shows 
five distinct absorption bands at 1341, 1066, 851, 834, and 716 cm⁻¹. 
The band at 1341 cm⁻¹ corresponds to O-H group vibrations, while 
the band at 1066 cm⁻¹ is linked to bending vibrations of bound water. 
The peak at 851 cm⁻¹ is associated with C-N stretching vibrations 
from urea, and the band at 834 cm⁻¹ reflects the deformation mode of 
ammonium ions formed during the breakdown of urea. The band at 
716 cm⁻¹ is related to Ce-O-C stretching vibrations in the precursor 
gel. At 600°C, the spectrum retains the bands at 1341 cm⁻¹ and 1066 
cm⁻¹, indicating the persistence of hydroxyl groups and bound water, 
as shown in Figure 3a. The FTIR spectrum of CeO₂ gel synthesized 
at pH 5 and dried at 75°C exhibited a consistent pattern, with five 
prominent bands at 1341, 1066, 851, 834, and 716 cm⁻¹. These bands 
align with previously reported results for CeO₂ gels. The band at 1341 
cm⁻¹ is attributed to O-H stretching vibrations, while the 1066 cm⁻¹ 
band corresponds to the bending vibrations of bound water. The 834 

cm⁻¹ band is associated with C-N stretching vibrations from urea, 
and the 716 cm⁻¹ band is linked to Ce-O-C stretching vibrations. 
Even after heating the sample to 600°C, the bands at 1341 cm⁻¹ and 
1066 cm⁻¹ remain, confirming the persistence of hydroxyl groups and 
bound water, as shown in Figure 3b.

Raman Spectroscopy

Figure 4 illustrates the Raman spectra of CeO₂ nanoparticles, 
comparing two samples: (a) Pure CeO₂ and (b) CeO₂ synthesized 
at pH 5. The Raman shift range spans from 200 to 1000 cm⁻¹, with 
key peaks providing insights into the structural characteristics of the 
nanoparticles.

For the Pure CeO₂ sample Figure 4a, a dominant and sharp Raman 
peak is observed at 466.5 cm⁻¹, attributed to the F₂g vibrational mode, 
which is characteristic of the fluorite-type cubic structure of CeO₂. This 
mode corresponds to the symmetric stretching vibration of the Ce–O 
bond, confirming the crystallinity of the material. Additional minor 

Table 2: Time series Dye Degradation Percentage. Table shows the percentage of dye degradation over time for samples at pH-1, pH-3, and pH-5: Dye 
degradation improves over time, with pH-5 showing the highest efficiency (96% at 50 minutes) compared to pH-3 (91%) and pH-1 (88%).

Figure 3: illustrates the FTIR spectra of CeO₂ (a) and CeO₂ pH-5 (b), 
highlighting notable differences in surface chemistry and structure. In graph 
(a), CeO₂ exhibits a strong Ce-O stretching peak between 500–700 cm⁻¹ and 
a broad O-H stretching band around 3400 cm⁻¹, indicating a higher presence 
of surface hydroxyl groups and a more hydrated or less crystalline structure. 
In contrast, graph (b) for CeO₂ pH-5 shows sharper and more distinct Ce-O 
peaks with reduced O-H intensity, suggesting improved crystallinity and 
fewer surface hydroxyl groups due to the pH-adjusted synthesis. These 
variations imply potential differences in catalytic or adsorption properties 
between the two samples.

BA
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Figure 4: shows the Raman spectra of Pure CeO₂ (a) and CeO₂ pH-5 (b) nanoparticles. Both samples exhibit a strong peak around 465 cm⁻¹, characteristic of 
the F2g mode of CeO₂ fluorite structure. In graph (a), Pure CeO₂ shows higher intensity, suggesting better crystallinity. In graph (b), CeO₂ pH-5 exhibits slightly 
lower intensity and broader peaks, indicating structural defects or smaller particle size due to pH-modified synthesis. These differences reflect variations in 
crystallinity and defect density, which can influence the material’s functional properties.

BA

Figure 5a & 5b: presents the SEM analysis of CeO₂ calcined at 600°C, revealing the morphology of the nanoparticles. The images demonstrate a uniform 
distribution of spherical and agglomerated nanoparticles with porous structures, suggesting high surface area. These features indicate potential suitability for 
catalytic and adsorption applications.

BA
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Figure 6a & 6b: shows the SEM analysis of CeO₂ pH-5 calcined at 600°C, revealing a porous and agglomerated structure with smaller, less-defined nanoparticles 
compared to pure CeO₂. The morphology suggests increased surface defects and higher surface area, which may enhance catalytic and adsorption properties.

Figure 7: presents the UV-Vis analysis of CeO₂ nanoparticles at pH levels 1, 3, 5, and 7. The absorption intensity increases with decreasing pH, peaking 
around 300–400 nm, indicating higher light absorption at lower pH. The photocatalytic activity (pH 5) under sunlight exposure shows a significant degradation of 
absorbance over 120 minutes, demonstrating effective photocatalytic performance influenced by pH.

BA

B

A
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Figure 8a & 8b: highlights the impact of pH on the degradation efficiency of methylene blue. In graph (a), the initial pH of the solution significantly affects 
degradation, with the highest efficiency observed at pH 5 (72.97%), while lower efficiencies are recorded at pH 3 (63.33%) and pH 7 (60.45%), indicating that 
mildly acidic conditions are optimal. In graph (b), the pH during catalyst synthesis plays a crucial role, as catalysts synthesized at pH 5 achieve the highest 
degradation efficiency (78.00%) compared to those synthesized at pH 3 (65.00%) and pH 7 (70.00%). These findings emphasize the critical influence of pH in 
both the reaction environment and catalyst preparation on the overall photocatalytic performance.

peaks appear at lower intensities, likely due to structural imperfections 
or secondary vibrational modes. In the CeO₂ synthesized at pH 
5 Figure 4b, a similar sharp peak is present at approximately 468.9 
cm⁻¹, indicating that the fluorite-type crystal structure is maintained. 
However, slight shifts in the peak position and intensity suggest subtle 
changes in the lattice environment, potentially caused by variations 
in synthesis conditions, such as pH. Minor peaks, including those at 
281 and 725.2 cm⁻¹, may be related to defects or additional vibrational 
modes introduced during synthesis under acidic conditions. These 
observations confirm the structural integrity of CeO₂ nanoparticles 
and highlight the sensitivity of the F₂g mode to synthesis parameters, 
making it a critical feature for analyzing the structural properties of 
CeO₂.

Surface Morphology (SEM)

To examine the surface morphology of Pure CeO₂ and CeO₂ 
synthesized at pH 5, scanning electron microscopy (SEM) was 
employed. The SEM micrographs of both Pure CeO₂ and CeO₂ 
synthesized at pH 5, calcined at 600°C, are displayed in Figure 5a & 
5b. The images clearly demonstrate that all samples exhibit a spherical 
morphology. A notable variation in particle size is observed, which is 
influenced by changes in the pH during the synthesis of the nanosols. 
Specifically, CeO₂ synthesized at pH 5 tends to form larger particles 
compared to Pure CeO₂, which exhibits smaller, more uniform 
particles. The average particle size of the CeO₂ nanoparticles, as 
evidenced by the SEM micrographs, correlates with the crystallite 

size derived from X-ray diffraction (XRD) analysis using the Debye-
Scherrer equation. Although the particles primarily maintain a 
spherical shape, some degree of agglomeration is evident, especially in 
Pure CeO₂, where particles tend to aggregate, leading to the formation 
of larger particle clusters, as shown in Figure 6a & 6b.

Uv-Ultraviolet visible spectroscopy

Photocatalytic Activity Evaluation: The photocatalytic activity 
of the synthesized cerium oxide nanomaterials was methodically 
appraised by investigative key limitations, including the initial pH of 
the methyl Blue (MB) explanation, the photocatalyst's pH, the initial 
attentiveness of MB, exposure time, and photocatalyst dosage. Direct 
and indirect valuations were conducted, preliminary with testing the 
materials on methyl blue under numerous pH conditions (acidic, 
neutral, and basic). For this, 2 mg of the nanoparticles were dispersed 
in 10 mL of methyl blue solution and unprotected to sunlight for 2 
hours. Results revealed effective photocatalytic degradation across 
pH-1, pH-3, pH-5, and pH-7, with optimal performance observed 
in a basic medium, importance the material's improved effectiveness 
under alkaline situations as show in Figure 7.

Effect of Initial pH of Methyl Blue Solution: The pH of 
wastewater in the textile industry is influenced by the chemical 
additives used in dye processing, as well as the type of dyes employed 
[49]. In this study, the pH of the methyl Blue (MB) dye solution 
was adjusted using NaOH and HCl, while the substance dosage was 

BA
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Figure 9: Illustrates the effect of time exposure on the photocatalytic 
degradation of a solution. The absorbance peak at around 600 nm decreases 
progressively with increased exposure time (20, 30, 40, and 50 minutes), 
indicating continuous degradation of the target compound over time. This 
demonstrates the effectiveness of the photocatalytic process with extended 
exposure.

maintained at 2 mg/10 mL, the dye concentration at 20 mg/L, light 
intensity at a constant level, and contact time set to 1 hour. Figure 
8a presents the photocatalytic consequences, illustrating the effect of 
solution pH on dye degradation.

The results show that the degradation efficiency of cerium oxide 
(CeO₂) nanoparticles varies with the pH of the MB solution. The 
catalyst particles were found to be sensitive in acidic (pH 5), basic 
(pH 3), and neutral (pH 7) conditions, reliable with preceding studies 
on other metal oxides [50]. The highest degradation efficiency was 
experiential in acid media, as the manufacture of hydroxyl radicals 
(OH⁻) is improved in acidic circumstances, thereby indorsing 
photocatalytic activity [51]. In acid surroundings, the substance 
surface becomes protonated (H⁺), which enhances the electrostatic 
magnetism between the destructively emotional methyl orange 
molecules and the substance surface. This communication facilitates 
the development of electron-hole pairs, important to the following 
degradation of the dye [52,53]. As shown in Figure 8b, the highest 
dilapidation efficiency, 72.92%, was achieved in acidic media (pH 5).

Effect of Catalyst pH: The influence of catalyst pH on the 
photocatalytic action for the poverty of methylene blue dye is shown 
in Figure 8b. It was experimental that the degradation efficiency mixed 
with changes in the pH of the catalyst. The photocatalytic experiments 
were conducted under conditions of a 2 mg/10 mL catalyst dose, a 
dye solution pH of 5, and 60 minutes of sunlight experience. The 
experiential disparity in degradation productivity can be credited to 
the variations in the particle size of CeO₂ [54,55]. Ceria synthesized 
at pH 5 confirmed the highest degradation effectiveness, likely due to 
its smaller particle size associated to ceria nanoparticles synthesized at 
other pH values, as established by XRD and SEM analysis. The smaller 
particle size increases the number of energetic sites on the substance 
surface, thereby enhancing the superficial area and, accordingly, the 
photocatalytic action [56]. The better availability of vigorous sites 
facilitates the group of free extremists, which play a critical role in the 
poverty of organic pollutants [57]. Photocatalytic developments are 
essential for the actual photodegradation of organic compounds [2]. 
Figure 8b shows the degradation efficiency, where methylene blue dye 
was degraded by approximately 76% using CeO₂ synthesized at pH 5 
under direct sunlight exposure. This catalyst is mentioned to as the 
optimized CeO₂ nanoparticles (NPs) in succeeding discussions.

Effect of Exposure Time: The absorption spectra of a 20 ppm dye 
solution after each 20-minute interval of sunlight exposure are shown 
in Figure 9. The results demonstrate that the degradation efficiency 
is directly proportional to the exposure time [58]. The dye solution 
exhibited the most rapid degradation within the first 20 minutes of 
exposure, with the degradation rate gradually cumulative thereafter. 
The maximum dye degradation efficiency was achieved after 50 
minutes of sunlight contact, using the optimized CeO₂ nanoparticles 
(2 mg/10 mL dose) as the photocatalyst.

Figure 9 presents the degradation efficiency at each time interval, 
with a maximum degradation of approximately 75% experiential after 
50 minutes of exposure. Initially, the photocatalytic response proceeds 
rapidly due to the high availability of active sites on the substance 
surface, which improves the development rate of electron-hole pairs 
[2]. However, over extended exposure periods, by products may 
accumulate on the active sites of the photocatalyst, leading to surface 
deactivation. As a result, the photocatalytic activity diminishes due to 
increased recombination of electron-hole pairs during longer contact 
times [59]. The decrease in dye solution absorbance and the consistent 
increase in dilapidation productivity over time are depicted in Figure 
9.

Effect of Catalyst Dosage on Photocatalytic Degradation: The 
impact of CeO₂ nanoparticle dosage on the degradation of a 10 ppm 
methylene blue (MB) solution was measured by varying the catalyst 
dosage from 0.5 mg to 6 mg per 10 mL of solution. To evaluate 
the efficiency of the synthesized nanoparticles, the photocatalytic 
degradation of methylene blue at concentrations of 10, 20, 40, 
and 60 ppm was performed under ultraviolet (UV) radiation and 
sunlight, with varying power and wavelengths on sunny days. In 
one experiment, 2 mg of catalyst was added to 10 mL of methylene 
blue solution, and the sample was exposed to direct sunlight for 120 
minutes. After exposure, UV-Visible spectroscopy was conducted 
to analyze the degradation efficacy. The results indicated that the 
deprivation efficiency amplified with the catalyst dosage, reaching 
an optimum at 2 mg. Beyond this dosage, the degradation efficiency 
plateaued, indicating that increasing the catalyst amount further does 
not significantly enhance degradation. This plateau in efficiency can 
be attributed to the saturation of active catalytic sites and scattering 
effects caused by the excess catalyst, which limit photon preoccupation 
and reduce the overall effectiveness of the photocatalytic process. 
These findings highlight the importance of enhancing catalyst dosage 
to achieve efficient degradation while avoiding unnecessary material 
usage in Figure 10.

Time-Dependent Photocatalytic Degradation: The degradation 
of a 20 ppm MB solution was monitored over time intervals of 20, 30, 
40, and 50 minutes under direct sunlight exposure. The degradation 
efficiency increased with exposure time, with significant dye 
degradation occurring within the first 30 minutes. After 50 minutes, 
the MB degradation efficiency reached approximately 80%, indicating 
that prolonged exposure to sunlight enhances the degradation 
process. The degradation of a 20 ppm MB solution was monitored 
over time intervals of 20, 30, 40, and 50 minutes under direct sunlight 
exposure. The degradation efficiency increased with exposure 
time, with significant dye degradation occurring within the first 30 
minutes. After 50 minutes, the MB degradation efficiency reached 
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Figure 10: Illustrates the UV-Vis spectra for photocatalytic degradation at different concentrations of the degrader: 10 ppm, 20 ppm, 40 ppm, and 60 ppm. The peak 
around 600 nm, representing the target compound, decreases significantly at 10 ppm, indicating high degradation efficiency. As the concentration increases to 20 
ppm, 40 ppm, and 60 ppm, the peak intensity reduces more gradually, reflecting a decline in photocatalytic performance due to limited active sites and saturation 
effects at higher concentrations. This highlights the inverse relationship between degrader concentration and photocatalytic efficiency.

approximately 80%, indicating that prolonged exposure to sunlight 
enhances the degradation process in Figure 11.

Mechanism of Photocatalysis: CeO2 nanoparticles disruption 
down methyl blue (MB) through a multi-layered process that 
syndicates corporeal and catalytic adsorption actions. CeO2 
nanoparticles professionally adsorb MB molecules through a range 
of interactions, including electrostatic bonding and van der Waals 
forces, thanks to their large external area. Following adsorption, 
CeO2 nanoparticles act as catalysts, promoting the generation of 
superoxide activists and ROS like hydroxyl [60]. It is critical that 

CeO2 be able to cycle between the oxidation states of Ce (III) and Ce 
(IV). Oxygen situations on the CeO2 surface facilitate redox events, 
which aid in degradation [61]. By responding directly with MB 
particles, the resultant ROS (very reactive substances) liquefy them 
into less destructive byproducts. Furthermore, CeO2 nanoparticles 
might be photocatalytic, which would boost the rate of degradation 
when visible to light [62]. Additionally, CeO2 nanoparticles might be 
photocatalytic, which would increase the rate of degradation when 
visible to light. The mutual effects of adsorption, catalysis, and redox 
responses account for the general efficacy of CeO2 nanoparticles in 
eradicating organic pollutants like MB in Figure 11.

Dye Degradation Percentage:

                            Dye Degradation (%) = 

Where; Co= Initial Conc. Of MB and Ct= Conc. After time “t”. 
(Table 2)

Conclusions
In this study, ceria (CeO₂) nanoparticles were effectively 

synthesized using the sol-gel technique. The resultant nanoparticles 
showed sphere-shaped morphology, good crystallinity, and element 
sizes in the range of 22 to 27 nm. These nanoparticles established 
photocatalytic movement under both acidic and basic conditions. 
The photocatalytic show of the CeO₂ nanoparticles was originate to 
be influenced by several factors, including catalyst loading, initial 
methyl blue (MB) concentration, pH of the MB wastewater, and 
revelation time. Among the many CeO₂ samples, the nanoparticles 
manufactured at pH 5 displayed the peak photocatalytic efficiency. 
This superior performance was accredited to the smaller particle size 
and a greater number of lively sites on the catalyst surface. Under 

Figure 11: Illustrates the UV-Vis analysis of photocatalytic degradation over 
time, showing a distinct absorbance peak around 600 nm, corresponding 
to the target compound. The peak intensity decreases progressively with 
time—starting from the reference (R) to 20, 30, 40, and 50 minutes—
indicating continuous breakdown of the compound. The reduction in peak 
height reflects the effectiveness of the photocatalytic process, with longer 
exposure leading to greater degradation.
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enhanced conditions, a maximum of 75% degradation of MB was 
realized within 50 minutes of sunlight revelation. Kinetic studies 
revealed that the degradation process followed both first- and second-
order models, with the first-order kinetic model providing a better fit 
for the optimized system.
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