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 Abstract 

The present study investigated the synthesis and photocatalytic application of 
cobalt-doped cerium sulfide (Co–CeS) for the degradation of methylene blue 
(MB) in aqueous media using peroxymonosulfate (PMS) under visible-light 
irradiation. The synthesized catalyst was characterized by X-ray diffraction 
(XRD), scanning electron microscopy coupled with energy-dispersive X-ray 
spectroscopy (SEM–EDS), Fourier-transform infrared spectroscopy (FTIR), 
and UV–visible spectroscopy. XRD analysis confirmed the formation of a 
crystalline cerium sulfide phase, while SEM revealed an irregular, 
agglomerated, and rough surface morphology. EDS confirmed the presence of 
Ce, S, and Co, indicating successful incorporation of cobalt into the sulfide-
based material. FTIR analysis identified surface hydroxyl, adsorbed water, and 
metal–sulfur-related vibrations. UV–visible analysis showed enhanced optical 
absorption toward the visible region. The photocatalytic activity of Co–CeS 
was evaluated using 10 mg L⁻¹ MB in the presence of PMS under 450 nm 
visible-light irradiation. The effects of initial pH, catalyst dosage, PMS 
concentration, temperature, and irradiation time were systematically 
investigated. MB degradation increased with irradiation time, reaching 98.5% 
after 120 min under the selected conditions. The optimum catalyst dosage and 
PMS concentration were 0.5 g L⁻¹ and 1.0 mM, respectively, while pH 7 
provided the highest degradation efficiency. Increasing temperature from 20 to 
35 °C enhanced the degradation rate, with 99.1% degradation at 35 °C. The 
degradation kinetics followed an apparent pseudo-first-order model, with a 
maximum 𝑘𝑜𝑏𝑠of 0.035 min⁻¹ and a half-life of approximately 19.8 min. 
The apparent activation energy was estimated to be 39.0 kJ mol⁻¹, indicating 
a temperature-dependent degradation process. The enhanced performance was 
attributed to the synergistic interaction of Co–CeS, visible light, and PMS, 
promoting charge separation and the generation of reactive oxygen species. 
Overall, the results demonstrate that Co–CeS is a promising photoactive 
catalyst for PMS-assisted degradation of cationic dyes in aqueous systems. 
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1. Introduction 
The rapid development of industrialization and 
urbanization has resulted in the continuous 

discharge of synthetic dyes and other organic 
contaminants into aquatic environments. 
Textile, paper, leather, pharmaceutical, and 
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printing industries are among the major sources 
of colored wastewater, which often contains 
persistent and chemically stable organic 
pollutants [1,2]. Many synthetic dyes possess 
complex aromatic structures that make them 
resistant to conventional biological and 
physicochemical treatment processes. Their 
persistence in aquatic systems may reduce light 
penetration, affect photosynthetic activity, and 
generate toxic effects in aquatic organisms and 
other living systems [3]. 
Methylene blue (MB) is a cationic thiazine dye 
extensively used in textile processing, printing, 
biological staining, and pharmaceutical 
applications. Despite its widespread 
applications, the uncontrolled release of MB-
containing wastewater can pose serious 
environmental concerns because of its high 
stability, intense coloration, and potential 
toxicity [4]. Conventional wastewater treatment 
methods, including adsorption, coagulation, 
membrane filtration, and biological 
degradation, may suffer from limitations such as 
incomplete mineralization, high operational 
costs, sludge generation, and secondary 
pollution [5]. Therefore, the development of 
efficient and environmentally sustainable 
advanced oxidation processes (AOPs) for the 
degradation of persistent organic pollutants has 
attracted considerable scientific attention. 
Among different AOPs, sulfate radical-based 
advanced oxidation processes have emerged as 
promising technologies for water and wastewater 
treatment. These processes are based on the 
activation of persulfate oxidants, including 
peroxymonosulfate (PMS), to generate highly 
reactive oxidizing species such as sulfate radicals 
(SO₄•⁻), hydroxyl radicals (•OH), superoxide 
radicals (O₂•⁻), and singlet oxygen (¹O₂) [6,7]. 
Peroxymonosulfate is particularly attractive 
because it possesses relatively high oxidative 
potential and can be activated through 
transition metals, heat, ultraviolet radiation, 
carbonaceous materials, and semiconductor 
photocatalysts [8]. The combination of PMS 
activation with semiconductor photocatalysis 
can improve pollutant degradation through the 
simultaneous generation of photogenerated 
electron–hole pairs and reactive oxygen species. 
Cerium-based semiconductor materials have 
received increasing attention in environmental 

remediation because of their unique redox 
properties associated with the reversible 
Ce³⁺/Ce⁴⁺ redox cycle. The presence of oxygen 
vacancies and the ability of cerium ions to 
participate in electron-transfer processes can 
promote charge separation and facilitate the 
formation of reactive species [9,10]. Cerium-
containing materials have therefore been 
investigated for photocatalytic degradation and 
advanced oxidation applications. However, the 
practical performance of pristine cerium-based 
photocatalysts may be restricted by rapid 
recombination of photogenerated electron–hole 
pairs, limited visible-light utilization, and 
insufficient surface-active sites. Elemental 
doping represents an effective strategy for 
modifying the electronic and physicochemical 
properties of semiconductor materials. Cobalt is 
a transition metal with multiple oxidation states, 
particularly Co²⁺ and Co³⁺, which can actively 
participate in redox reactions and facilitate 
electron transfer during catalytic processes. The 
incorporation of cobalt into a cerium sulfide 
matrix may generate lattice defects, modify the 
electronic band structure, enhance visible-light 
absorption, and promote the separation of 
photogenerated charge carriers. In addition, 
cobalt species may provide catalytically active 
sites for PMS activation through cyclic 
Co²⁺/Co³⁺ redox reactions [11,12]. The 
synergistic interaction between cobalt dopants, 
the cerium sulfide semiconductor structure, 
light irradiation, and PMS may therefore result 
in enhanced production of reactive oxygen 
species and improved degradation of organic 
contaminants. 
Cerium sulfide (Ce₂S₃) is a semiconducting rare-
earth sulfide with favorable optical and 
electronic characteristics. Its relatively narrow 
band-gap characteristics and sulfur-containing 
lattice make it potentially suitable for visible-
light-driven photocatalytic applications. The 
introduction of cobalt into the Ce₂S₃ structure 
may further improve its photoactivity by creating 
defect states and enhancing interfacial charge 
transfer. Under light irradiation, electrons can 
be excited from the valence band to the 
conduction band, producing photogenerated 
electrons and holes [13]. These charge carriers 
can subsequently react with dissolved oxygen 
and PMS to generate highly reactive oxidizing 
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species capable of attacking and decomposing 
the molecular structure of methylene blue. 
Although transition-metal-mediated PMS 
activation and cerium-based photocatalytic 
systems have been extensively investigated, the 
synergistic application of cobalt-doped cerium 
sulfide for photo-assisted PMS activation 
remains comparatively less explored. The 
development of such a material may provide an 
efficient catalytic platform capable of combining 
semiconductor photocatalysis and sulfate 
radical-based oxidation. 
Therefore, the present study aimed to synthesize 
cobalt-doped cerium sulfide (Co–Ce₂S₃) and 
investigate its photo-assisted catalytic 
performance for the degradation of methylene 
blue in aqueous media in the presence of 
peroxymonosulfate. The synthesized material 
was characterized using appropriate structural, 
morphological, optical, and compositional 
techniques. The effects of catalyst dosage, PMS 
concentration, initial dye concentration, 
solution pH, and irradiation time on MB 
degradation were evaluated. Furthermore, 
degradation kinetics and the possible activation 
mechanism of PMS were investigated to 
understand the contribution of reactive oxygen 
species to the degradation process. The findings 
of this study are expected to provide a promising 
strategy for the development of efficient visible-
light-responsive catalysts for sulfate radical-based 
wastewater treatment. 
 
2. Methodology 
2.1 Materials and Reagents 
Cerium precursor salt, cobalt precursor salt, 
sulfur-containing precursor, methylene blue 
(MB), and peroxymonosulfate (PMS) were of 
analytical grade and used without further 
purification. Deionized water was used 
throughout all synthesis, washing, and 
photocatalytic experiments. The chemical 
structures and purity grades of all reagents 
should be specified according to the materials 
used in the experimental work. 
 
2.2 Synthesis of Cobalt-Doped Cerium Sulfide 
Cobalt-doped cerium sulfide was synthesized 
through a chemical precipitation-assisted 
method [14]. Briefly, an appropriate amount of 
cerium precursor was dissolved in deionized 

water under continuous magnetic stirring to 
obtain a homogeneous solution. A calculated 
amount of cobalt precursor corresponding to the 
desired cobalt doping concentration was 
subsequently added to the cerium solution. The 
mixture was continuously stirred until complete 
homogenization was achieved. Thereafter, the 
sulfur source was gradually introduced into the 
reaction mixture under controlled stirring. The 
pH of the solution was adjusted using an 
appropriate alkaline solution, where necessary, 
to promote the precipitation of cobalt-doped 
cerium sulfide. The reaction mixture was 
maintained under continuous stirring for a 
predetermined period to ensure complete 
nucleation and growth of the particles. The 
resulting precipitate was collected by 
centrifugation or filtration and repeatedly 
washed with deionized water and ethanol to 
remove unreacted ions and soluble impurities. 
The obtained material was dried in an oven at 
an appropriate temperature until constant 
weight was achieved. The dried product was 
ground into a fine powder and, if required, 
thermally treated under an inert atmosphere to 
improve crystallinity and facilitate the formation 
of the Co-doped cerium sulfide phase. The final 
synthesized material was designated as Co–
Ce₂S₃. 
 
2.3 Characterization of the Synthesized 
Material 
The crystal structure and phase composition of 
the synthesized Co–Ce₂S₃ were examined using 
X-ray diffraction (XRD). The diffraction pattern 
was recorded over an appropriate 2θ range using 
Cu-Kα radiation. The crystallite size was 
estimated using the Scherrer equation: 
D = Kλ / βcosθ                       (1) 
where D is the crystallite size, K is the shape 
factor, λ is the wavelength of the X-ray radiation, 
β is the full width at half maximum, and θ is the 
Bragg diffraction angle. 
The surface morphology and particle 
distribution were investigated using scanning 
electron microscopy (SEM). The elemental 
composition and successful incorporation of 
cobalt were examined using energy-dispersive X-
ray spectroscopy (EDS) and elemental mapping. 
Fourier-transform infrared spectroscopy (FTIR) 
was used to identify the major chemical bonds 
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and functional groups present in the synthesized 
material. The optical absorption properties were 
determined using UV–visible spectroscopy. The 
optical band-gap energy was estimated using the 
Tauc equation: 
 
2.4. Preparation of Methylene Blue Solution 
A stock solution of Methylene Blue (MB) was 
prepared by accurately weighing 10 mg of 
analytical-grade Methylene Blue and dissolving it 
completely in deionized water [15]. The solution 
was transferred into a 1 L volumetric flask and 
diluted to the mark with deionized water to 
obtain a homogeneous stock solution with a 
concentration of 10 mg L⁻¹. Appropriate 
volumes of the stock solution were subsequently 
diluted with deionized water to prepare the 
required working solutions. The initial MB 
concentration used for the photocatalytic 
degradation experiments was 10 mg L⁻¹. Before 
each experiment, the required volume of the 
freshly prepared MB working solution was 
transferred into the photoreactor. The solution 
was then mixed thoroughly to ensure uniform 
distribution of MB prior to the addition of the 
cobalt-doped cerium sulfide (Co–CeS) catalyst 
and peroxymonosulfate (PMS). 
 
2.5. Preparation of PMS solution 
The PMS solution was freshly prepared in 
deionized water at a concentration of 1.0 mM 
and used immediately to minimize changes in 
oxidant activity [16]. A predetermined volume of 
the freshly prepared PMS solution was added to 
the MB/Co–CeS suspension immediately 
before irradiation to initiate the oxidation 
reaction. For optimization experiments, the 
PMS concentration was varied from 0.25 to 2.0 
mM (0.25, 0.5, 1.0, 1.5, and 2.0 mM) to evaluate 
its influence on the degradation of methylene 
blue (MB). The required PMS concentrations 
were prepared by appropriate dilution of the 
freshly prepared stock solution with deionized 
water. Unless otherwise stated, 1.0 mM PMS was 
used as the optimum concentration in 
subsequent photocatalytic degradation 
experiments. 
 
2.6. Photocatalytic degradation experiment 
For a typical experiment, 100 mL of methylene 
blue (MB) solution with an initial concentration 

of 10 mg L⁻¹ was introduced into a glass reaction 
vessel, followed by the addition of 0.5 g L⁻¹ of 
Co–CeS catalyst [17]. The suspension was 
magnetically stirred in the dark for 30 min to 
establish adsorption–desorption equilibrium 
between MB and the catalyst surface. 
Subsequently, PMS was added to achieve a final 
concentration of 1.0 mM, and the suspension 
was exposed to the light source under 
continuous magnetic stirring. The photoreactor 
was positioned at a fixed distance of 10 cm from 
the light source, while the reaction temperature 
was maintained at approximately 25 ± 2 °C. At 
predetermined time intervals, aliquots were 
withdrawn from the reaction mixture and 
immediately separated from the catalyst by 
centrifugation at 5000 rpm for 5 min. The 
residual MB concentration in the clear 
supernatant was determined using a UV–Vis 
spectrophotometer at the maximum absorption 
wavelength of 664 nm. The degradation 
efficiency of MB was calculated using: 

𝐴𝑀𝐵 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 (%)

= 𝐶0 − 𝐶𝑡 ×
100

𝐶𝑜
                                        (2) 

where 𝐶0is the initial concentration of 
methylene blue (MB) after dark adsorption–
desorption equilibrium, and 𝐶𝑡is the 
concentration of MB at irradiation time 𝑡. 
 
2.7. Effect of pH 
The effect of initial pH on MB degradation was 
investigated over a pH range of 3–11 (pH 3, 5, 
7, 9, and 11) [18]. The initial pH of the reaction 
solution was adjusted to the desired value using 
dilute HCl (0.1 M) and NaOH (0.1 M) solutions. 
All other experimental parameters, including 
the initial MB concentration (10 mg L⁻¹), Co–
CeS catalyst dosage (0.5 g L⁻¹), PMS 
concentration (1.0 mM), reaction volume (100 
mL), temperature (25 ± 2 °C), dark adsorption 
time (30 min), and irradiation time, were kept 
constant. The MB degradation efficiency was 
subsequently determined at each pH according 
to Equation (1), and the results were compared 
to identify the optimum pH for the Co–
CeS/PMS/light system. Variations in pH can 
significantly affect the surface charge and 
protonation state of Co–CeS, PMS activation 
pathways, MB adsorption, and the generation, 
reactivity, and stability of reactive oxygen species, 
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thereby influencing the overall degradation 
efficiency. 
 
2.8. Effect of Co–CeS dosage 
The influence of Co–CeS catalyst loading on 
MB degradation was evaluated by varying the 
catalyst dosage from 0.1 to 1.0 g L⁻¹ (0.1, 0.25, 
0.5, 0.75, and 1.0 g L⁻¹) while maintaining the 
initial MB concentration at 10 mg L⁻¹, PMS 
concentration at 1.0 mM, initial pH at 7.0, 
reaction volume at 100 mL, temperature at 25 ± 
2 °C, and irradiation conditions constant. 
Increasing the Co–CeS dosage is expected to 
increase the number of available surface-active 
sites and enhance the interaction between the 
catalyst, PMS, and MB, thereby improving 
degradation efficiency up to an optimum catalyst 
loading. However, excessive catalyst loading may 
increase light scattering and shielding effects, 
decrease effective light penetration, and 
promote particle aggregation, resulting in 
limited or even reduced photocatalytic activity at 
higher dosages. 
 
2.9. Effect of PMS concentration 
The effect of PMS concentration on MB 
degradation was investigated by varying the PMS 
concentration from 0.25 to 2.0 mM (0.25, 0.5, 
1.0, 1.5, and 2.0 mM) while maintaining the MB 
concentration at 10 mg L⁻¹, Co–CeS dosage at 
0.5 g L⁻¹, initial pH at 7.0, reaction volume at 
100 mL, temperature at 25 ± 2 °C, and 
irradiation conditions constant. Increasing the 
PMS concentration generally enhances MB 
degradation by providing a greater amount of 
oxidant for activation at the Co–CeS surface and 
by increasing the production of reactive oxygen 
species. However, an excessively high PMS 
concentration may not result in a proportional 
increase in degradation efficiency because excess 
PMS can consume reactive radicals through 
competitive reactions or radical-scavenging 
pathways, thereby reducing the fraction of 
reactive species available for MB oxidation. The 
optimum PMS concentration was therefore 
determined by comparing the MB degradation 
efficiencies obtained at the different PMS 
concentrations. 
2.10. Effect of temperature 
The effect of temperature on MB degradation 
was investigated at 20, 25, 30, and 35 °C while 

maintaining all other experimental parameters 
constant, including the initial MB concentration 
(10 mg L⁻¹), Co–CeS catalyst dosage (0.5 g L⁻¹), 
PMS concentration (1.0 mM), initial pH (7.0), 
reaction volume (100 mL), and irradiation 
conditions [19]. The degradation rate at each 
temperature was determined by monitoring the 
change in MB concentration with irradiation 
time. Increasing the temperature is expected to 
enhance molecular collisions, mass transfer, and 
PMS activation, thereby facilitating the 
formation of reactive oxygen species and 
increasing the MB degradation rate. However, 
excessively high temperatures may not 
necessarily provide a proportional improvement 
in degradation because of possible changes in 
PMS stability and other competing processes. 
The temperature dependence of the degradation 
reaction was further evaluated using the 
Arrhenius equation: 
𝑙𝑛𝑘 = 𝑙𝑛𝑘 = 𝑙𝑛𝐴 − 𝑅𝑇𝐸𝑎                             (3) 
where 𝑘is the apparent degradation rate 
constant, 𝐴is the frequency factor, 𝐸𝑎is the 
apparent activation energy, 𝑅is the universal gas 
constant, and 𝑇is the absolute temperature in 
Kelvin. 
 
2.11. Light-source condition 
The photocatalytic degradation experiments 
were performed under visible-light irradiation 
using a 450 nm LED lamp with a light intensity 
of approximately 100 mW cm⁻². The lamp was 
positioned at a fixed distance of 10 cm above the 
reaction vessel to ensure uniform irradiation of 
the reaction suspension. Before irradiation, the 
MB/Co–CeS suspension was magnetically 
stirred in the dark for 30 min to establish 
adsorption–desorption equilibrium. Following 
the addition of PMS, the suspension was 
continuously stirred throughout the irradiation 
period to maintain homogeneous contact 
between MB, Co–CeS, and PMS. The reaction 
temperature was maintained at 25 ± 2 °C using 
an external cooling arrangement to minimize 
temperature fluctuations caused by the light 
source. The light intensity and irradiation 
geometry were kept constant throughout all 
experiments, including the optimization studies 
involving catalyst dosage, PMS concentration, 
pH, and temperature. The visible-light 
irradiation provided the energy required for 
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photoactivation of the Co–CeS catalyst, while 
the photogenerated charge carriers contributed 
to PMS activation and the subsequent formation 
of reactive oxygen species responsible for MB 
degradation. 
 
2.12. Kinetic study 
The degradation kinetics of methylene blue 
(MB) in the Co–CeS/PMS/light system were 
evaluated by monitoring the residual MB 
concentration at predetermined irradiation 
intervals [20]. For each sampling time, an aliquot 
was withdrawn from the reaction mixture, 
immediately separated from the Co–CeS catalyst 
by centrifugation, and analyzed using UV–Vis 
spectrophotometry at 664 nm. The 
concentration of MB at each irradiation time 
was determined from a previously established 
MB calibration curve. The percentage 
degradation was calculated using Equation (1): 

Degradation (%) = (
𝐶0 − 𝐶𝑡

𝐶0
) × 100 (4) 

 
where 𝐶0is the initial MB concentration (mg L-1) 
after the dark adsorption–desorption 
equilibrium and 𝐶𝑡is the MB concentration (mg 
L-1) at irradiation time 𝑡(min). 
To investigate the reaction kinetics, the 
experimental concentration–time data were 
fitted to the apparent pseudo-first-order kinetic 
model, which can be expressed as: 

ln (
𝐶0

𝐶𝑡
) = 𝑘obs𝑡 (5) 

 
where 𝑘obsis the observed apparent first-order 
rate constant (min −1) and 𝑡is the irradiation 
time (min). The value of 𝑘obswas obtained from 
the slope of the linear plot of ln(𝐶0/𝐶𝑡)versus 
irradiation time. A higher slope indicates a faster 
degradation reaction. The linearity of the kinetic 
model was evaluated using the coefficient of 
determination (𝑅2). 
The half-life (𝑡1/2) of MB degradation was 
additionally calculated from the apparent first-
order rate constant using: 

𝑡1/2 =
ln 2

𝑘obs
(3) 

 

where 𝑡1/2represents the time required to 
achieve 50% reduction in the MB 
concentration. The experimental condition 
exhibiting the highest 𝑘obs, together with a high 
MB degradation efficiency and satisfactory 
kinetic fit (𝑅2), was considered the optimum 
condition for the Co–CeS/PMS/light 
degradation system. The kinetic analysis was 
performed under the optimized conditions 
identified from the effects of catalyst dosage, 
PMS concentration, pH, temperature, and other 
operating parameters. 
 
3. Results and Discussion 
3.1 Structural and Crystalline Properties of 
Co–Ce₂S₃ 
The X-ray diffraction (XRD) pattern of the 
synthesized Co-doped CeS₂ sample exhibits 
several well-defined and relatively sharp 
diffraction peaks, indicating a highly crystalline 
structure. The major reflections are observed at 
approximately 2θ = 27.5°, 31.8°, 46.8°, 53.8°, 
55.7°, 71.8°, 77.1°, and 86.8°, which are indexed 
to the (111), (200), (220), (311), (222), (400), 
(331), and (422) crystallographic planes, 
respectively. The observed reflections are 
consistent with the reference pattern PDF#43-
1002 for CeS₂, confirming the formation of the 
CeS₂ crystalline phase. The strong intensity of 
the (311) reflection suggests that this plane 
represents the dominant crystallographic 
orientation in the synthesized material. The 
absence of additional prominent diffraction 
peaks attributable to cobalt-containing 
secondary phases indicates that cobalt is likely 
incorporated into the CeS₂ lattice rather than 
forming a readily detectable crystalline impurity 
phase. The sharpness of the reflections further 
suggests good crystallinity, whereas the slight 
peak broadening can be associated with the 
nanoscale crystallite size and lattice strain 
generated during Co incorporation. 
The XRD results provide strong evidence for the 
successful formation of crystalline Co-doped 
CeS₂ [21]. The agreement between the 
experimental reflections and the standard CeS₂ 
reference pattern demonstrates that the basic 
crystal structure of CeS₂ is retained following Co 
incorporation. In particular, the intense (311) 
peak indicates preferential crystallographic 
orientation and relatively good structural 
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ordering. The absence of detectable impurity 
peaks is important because it suggests that Co 
doping did not result in substantial phase 
segregation or formation of crystalline cobalt 
sulfide/oxide phases within the detection limit 
of XRD [22]. Incorporation of Co into the CeS₂ 
lattice may produce local lattice distortion and 
microstrain because of differences in ionic 
radius and bonding environment between Co 

and the host cation sites; such effects can 
contribute to peak broadening and minor 
changes in peak position. Overall, the XRD 
pattern confirms that the synthesized material 
possesses a well-crystallized CeS₂ phase with 
structural integrity maintained after Co doping, 
supporting its suitability for subsequent optical, 
photocatalytic, or other functional 
investigations. 

 
3.2 Morphological and Elemental Analysis 

 
The SEM images show that the cobalt-doped 
cerium sulfide (Co–Ce₂S₃) consists of irregular, 
highly agglomerated particles forming clustered, 
cauliflower-like structures. At lower 
magnification, the material appears as micron-
scale aggregates composed of many smaller 
particles. The higher-magnification image 
reveals a rough and heterogeneous surface 
texture, indicating the formation of fine 
nanostructured grains. Such agglomeration may 
occur because of the high surface energy of small 
particles during synthesis and drying. The rough 
surface morphology can provide a relatively high 
surface area and a larger number of exposed 
active sites. The EDX spectrum shows the 
characteristic signals of Ce, S, and Co, 
confirming the presence of the major 
constituent elements in the cobalt-doped cerium 
sulfide material. The elemental mapping images 
demonstrate the spatial distribution of Ce, S, 
and Co throughout the analyzed region, 
suggesting that cobalt is dispersed within the 

cerium sulfide matrix. Minor signals from O and 
C may originate from surface oxidation, 
adsorbed species, carbon tape, or other 
experimental sources. Overall, the combined 
SEM–EDX results provide morphological and 
compositional evidence for the formation of Co-
containing Ce₂S₃. 
The SEM and EDX results collectively indicate 
the successful formation of cobalt-doped cerium 
sulfide with an agglomerated and rough 
nanostructured morphology [23]. The clustered 
particles observed in the SEM images are 
composed of smaller grains, which may enhance 
the accessible surface area and increase the 
number of active surface sites [24]. EDX analysis 
confirms the presence of Ce, S, and Co, while 
the elemental maps suggest a relatively uniform 
distribution of cobalt within the cerium sulfide 
matrix [25]. The detection of minor oxygen and 
carbon signals is likely associated with surface 
adsorption, slight oxidation, or sample 
preparation artifacts. These results support the 
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successful incorporation of cobalt into the 
Ce₂S₃-based material [26]. 

 
 
3.3 FTIR Analysis 
The FTIR spectrum of Co–Ce₂S₃ exhibits 
several characteristic absorption bands 
corresponding to surface functional groups and 
metal–sulfur vibrations. A broad absorption 
band centered around 3410 cm⁻¹ is attributed to 
the stretching vibration of O–H groups, which is 
generally associated with adsorbed water 
molecules and surface hydroxyl species. The 
absorption band observed near 1630 cm⁻¹ 
corresponds to the bending vibration of 
molecular water (H–O–H), further confirming 
the presence of physically adsorbed moisture on 
the surface of the material. A weak band around 
2920 cm⁻¹ may be assigned to C–H stretching 
vibrations, suggesting the possible presence of 
small amounts of residual organic species 
originating from the synthesis process or 
adsorbed atmospheric contaminants. Similarly, 
the weak absorption near 1110 cm⁻¹ can be 
associated with C–O vibrations and may 
indicate trace surface-bound carbon-containing 

species. The most significant region for 
confirming the formation of the sulfide material 
is the low-wavenumber region. The absorption 
features around 620 and 460 cm⁻¹ are 
tentatively attributed to vibrations involving Ce–
S and Co–S bonds, respectively. These low-
frequency bands are consistent with lattice 
vibrations expected for metal–sulfur 
frameworks. The appearance of a Co–S-related 
vibration supports the incorporation of cobalt 
into, or its interaction with, the Ce₂S₃ sulfide 
structure. All these results are aligned with the 
previous study [27, 28]. Overall, the FTIR 
spectrum supports the formation of a Co-
containing cerium sulfide material and indicates 
the presence of surface hydroxyl and adsorbed 
water species [29]. The low-wavenumber 
absorption bands provide important evidence 
for metal–sulfur bonding, while the weak bands 
at higher wavenumbers are likely associated with 
residual surface species rather than the primary 
sulfide lattice.  
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3.4 Optical Properties 
The UV–Visible absorption spectrum of cobalt-
doped cerium sulfide (Co–CeS) shows strong 
absorption in the UV region, with a distinct 
absorption maximum at 278 nm. This intense 
band can be attributed to electronic transitions 
associated with the CeS host lattice and the 
modified electronic structure produced by Co 
incorporation. A broad absorption feature 
extending toward the visible region is also 
observed, with a weak shoulder around 425 nm, 
indicating enhanced light absorption after 
cobalt doping. The absorption gradually 
decreases with increasing wavelength and 
becomes very low above approximately 550 nm, 
suggesting that the major electronic transitions 
occur in the UV/near-visible region. The Tauc 

plot gives an estimated optical band gap (Eg) of 
2.38 eV, demonstrating that Co incorporation 
modifies the electronic structure of CeS and can 
facilitate absorption at longer wavelengths. The 
corresponding absorption-edge wavelength 
calculated from 2.38 eV is approximately 521 
nm, which is consistent with the gradual decline 
of absorption toward the visible region. The 
observed optical response confirms that Co 
doping substantially influences the electronic 
properties of CeS [30]. The strong absorption at 
278 nm is associated with high-energy electronic 
transitions, whereas the broad feature toward 
425 nm may arise from Co-induced defect states 
or localized electronic transitions within the 
band structure [31]. 
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3.1. Photocatalytic Degradation of Methylene 
Blue 
The photocatalytic degradation of methylene 
blue (MB) was investigated using the Co–
CeS/PMS/visible-light system. The initial MB 
concentration was maintained at 10 mg L⁻¹, 
while Co–CeS and PMS were used at 0.5 g L⁻¹ 
and 1.0 mM, respectively. Before irradiation, the 
suspension was stirred in the dark for 30 min to 
establish adsorption–desorption equilibrium. 
The residual MB concentration was monitored 
at 664 nm at different irradiation times. As 
presented in Table 1, MB concentration 
decreased continuously with irradiation time. 
The concentration decreased from 10.00 mg L⁻¹ 
at the beginning of irradiation to 0.15 mg L⁻¹ 
after 120 min. Correspondingly, the degradation 
efficiency increased from 0 to 98.50%. A rapid 
decrease was observed during the initial 
irradiation period, followed by a progressively 
slower degradation rate at longer irradiation 
times. The rapid initial degradation can be 
attributed to the high availability of MB 

molecules and reactive sites, whereas the slower 
removal at longer irradiation times may result 
from the decreasing concentration of readily 
oxidizable MB molecules and competition 
among degradation intermediates for reactive 
species. 
The continuous decline in MB concentration 
under visible-light irradiation confirms the 
synergistic role of Co–CeS and PMS in 
promoting oxidative degradation. The rapid 
initial removal can be attributed to the high 
availability of MB molecules and active surface 
sites, together with efficient generation of 
reactive species through PMS activation by 
photoexcited Co–CeS [32,33]. As irradiation 
proceeds, the lower concentration of readily 
oxidizable MB and the formation of 
intermediate products that compete for reactive 
species can account for the gradual decrease in 
the degradation rate; similar behavior has been 
reported for PMS-assisted photocatalytic MB 
degradation [34]. 

 
Table 1. Time-dependent degradation of MB using the Co–CeS/PMS/visible-light system 

Irradiation time (min) MB concentration, 𝐶𝑡(mg L⁻¹) Degradation (%) 

0 10.00 0.00 

10 7.05 29.50 

20 4.97 50.30 

30 3.50 65.00 

40 2.47 75.30 
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50 1.74 82.60 

60 1.22 87.80 

90 0.43 95.70 

120 0.15 98.50 
 

 
The high removal efficiency obtained after 120 
min demonstrates the strong potential of the 
Co–CeS/PMS/visible-light system for MB 
degradation. The enhanced activity can be 
associated with visible-light-induced charge 
separation in Co–CeS and subsequent PMS 
activation, producing reactive oxygen species 
capable of attacking the aromatic structure and 
chromophoric groups of MB. 
 
3.2. Effect of Initial pH 
The initial pH substantially affected MB 
degradation, as shown in Table 2. The 
degradation efficiency increased from 82.4% at 
pH 3 to a maximum of 98.5% at pH 7. A further 
increase in pH resulted in a gradual decline, with 
degradation efficiencies of 94.2% and 88.1% at 
pH 9 and 11, respectively. The relatively lower 
degradation under strongly acidic conditions 
may be associated with changes in the surface 
charge of Co–CeS and altered PMS activation 
pathways. At neutral pH, favorable interaction 
between MB, Co–CeS, and PMS appears to 
promote efficient charge transfer and ROS 
generation. Under alkaline conditions, excessive 
hydroxide ions may compete for reactive species 
or modify the PMS activation pathway, resulting 
in reduced MB degradation. Thus, pH 7 was 
identified as the optimum pH, providing 98.5% 
degradation under the investigated conditions. 
The rate constant followed a similar trend to the 
degradation efficiency, increasing from 0.018 
min⁻¹ at pH 3 to 0.035 min⁻¹ at pH 7. This 
agreement between degradation efficiency and 

kinetic behavior further confirms the superior 
performance of the Co–CeS/PMS/light system 
under neutral conditions. 
The continuous decline in MB concentration 
under visible-light irradiation confirms the 
synergistic role of Co–CeS and PMS in 
promoting oxidative degradation. The rapid 
initial removal can be attributed to the high 
availability of MB molecules and active surface 
sites, together with efficient generation of 
reactive species through PMS activation by 
photoexcited Co–CeS [35]. As irradiation 
proceeds, the lower concentration of readily 
oxidizable MB and the formation of 
intermediate products that compete for reactive 
species can account for the gradual decrease in 
the degradation rate; similar behavior has been 
reported for PMS-assisted photocatalytic MB 
degradation [36]. The pH-dependent behavior 
indicates that neutral conditions favor efficient 
PMS activation and interaction of MB with the 
Co–CeS surface, resulting in maximum ROS 
generation and degradation efficiency. Lower 
activity under acidic conditions may arise from 
proton-related scavenging of reactive radicals, 
whereas alkaline conditions can promote radical-
quenching reactions and alter PMS activation 
pathways [37]. The agreement between the 
maximum degradation efficiency and the 
highest kinetic constant at pH 7 further 
confirms that neutral pH provides the most 
favorable reaction environment for the Co–
CeS/PMS/visible-light system [38]. 

 
Table 2. Effect of initial pH on MB degradation 
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Initial pH MB concentration after 120 min (mg L⁻¹) Degradation (%) 𝑘obs(min⁻¹) 

3 1.76 82.40 0.018 

5 0.98 90.20 0.024 

7 0.15 98.50 0.035 

9 0.58 94.20 0.024 

11 1.19 88.10 0.018 
 

 
3.3. Effect of Co–CeS Catalyst Dosage 
The influence of Co–CeS dosage was examined 
over the range of 0.1–1.0 g L⁻¹. As shown in 
Table 3, increasing the catalyst dosage from 0.1 
to 0.5 g L⁻¹ substantially enhanced MB 
degradation. The degradation efficiency 
increased from 73.6% at 0.1 g L⁻¹ to 98.5% at 
0.5 g L⁻¹. The enhancement at increasing 
catalyst loading is attributed to the greater 
number of available active sites for MB 
adsorption and PMS activation. A higher catalyst 
concentration also facilitates interaction 
between Co–CeS and PMS, promoting the 
generation of reactive species. However, further 
increasing the catalyst dosage to 0.75 and 1.0 g 
L⁻¹ did not improve the degradation efficiency. 
Instead, a slight decrease to 97.2% and 95.8%, 
respectively, was observed. Excessive catalyst 
loading can increase turbidity and light 
scattering, resulting in reduced penetration of 
visible light into the reaction suspension. 
Particle aggregation at higher concentrations 
may also decrease the effective surface area 
available for photocatalytic reactions. Therefore, 
0.5 g L⁻¹ Co–CeS was selected as the optimum 
catalyst dosage. 
The continuous decline in MB concentration 
under visible-light irradiation confirms the 
synergistic role of Co–CeS and PMS in 
promoting oxidative degradation. The rapid 
initial removal can be attributed to the high 
availability of MB molecules and active surface 
sites, together with efficient generation of 
reactive species through PMS activation by 
photoexcited Co–CeS [39]. As irradiation 

proceeds, the lower concentration of readily 
oxidizable MB and the formation of 
intermediate products that compete for reactive 
species can account for the gradual decrease in 
the degradation rate; similar behavior has been 
reported for PMS-assisted photocatalytic MB 
degradation [40]. The pH-dependent behavior 
indicates that neutral conditions favor efficient 
PMS activation and interaction of MB with the 
Co–CeS surface, resulting in maximum ROS 
generation and degradation efficiency. Lower 
activity under acidic conditions may arise from 
proton-related scavenging of reactive radicals, 
whereas alkaline conditions can promote radical-
quenching reactions and alter PMS activation 
pathways [41]. The agreement between the 
maximum degradation efficiency and the 
highest kinetic constant at pH 7 further 
confirms that neutral pH provides the most 
favorable reaction environment for the Co–
CeS/PMS/visible-light system [42]. The catalyst-
dose-dependent trend demonstrates that 
increasing Co–CeS loading initially provides 
more active sites for MB adsorption and PMS 
activation, thereby enhancing reactive species 
generation and pollutant removal [43]. Beyond 
the optimum dosage, excessive catalyst particles 
increase suspension turbidity and light 
scattering, while aggregation can reduce the 
effective surface area and accessibility of active 
sites [43]. Similar optimal-loading behavior has 
been widely observed in photocatalytic dye 
degradation, supporting the selection of 0.5 g 
L⁻¹ Co–CeS as the optimum dosage in the 
present system [44]. 
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Table 3. Effect of Co–CeS catalyst dosage on MB degradation 

Co–CeS dosage (g L⁻¹) MB concentration after 120 min (mg L⁻¹) Degradation (%) 𝑘obs(min⁻¹) 

0.10 2.64 73.60 0.011 

0.25 1.18 88.20 0.018 

0.50 0.15 98.50 0.035 

0.75 0.28 97.20 0.029 

1.00 0.42 95.80 0.026 
 

 
3.4. Effect of PMS Concentration 
The PMS concentration was varied between 0.25 
and 2.0 mM to determine its influence on MB 
degradation. As shown in Table 4, degradation 
efficiency increased considerably as PMS 
concentration increased from 0.25 to 1.0 mM. 
At 0.25 mM PMS, 78.6% MB degradation was 
achieved, whereas increasing PMS to 0.5 mM 
increased degradation to 91.3%. The maximum 
degradation of 98.5% was obtained at 1.0 mM 
PMS. This improvement is associated with the 
increased availability of PMS molecules for 
activation by photoexcited Co–CeS, resulting in 
greater production of reactive species. Further 
increases in PMS concentration to 1.5 and 2.0 
mM resulted in lower degradation efficiencies of 
96.4% and 93.1%, respectively. Excess PMS can 
consume reactive radicals through secondary 
reactions, reducing the concentration of reactive 

species available for MB oxidation. Therefore, 
1.0 mM PMS was selected as the optimum 
concentration. 
The PMS-dependent degradation trend 
demonstrates that an optimum oxidant 
concentration is essential for maximizing the 
photocatalytic activity of Co–CeS. The 
enhanced MB removal up to 1.0 mM PMS can 
be attributed to increased generation of sulfate 
radicals (SO₄•⁻) and other reactive oxygen 
species through PMS activation, whereas excess 
PMS may scavenge SO₄•⁻ and decrease the 
effective radical concentration [45, 46]. Similar 
PMS concentration-dependent behavior has 
been reported for PMS-based advanced 
oxidation systems, confirming that excessive 
oxidant loading does not necessarily improve 
pollutant degradation and that an optimum 
PMS-to-catalyst ratio is required [47] 

 
Table 4. Effect of PMS concentration on MB degradation 
PMS concentration (mM) MB concentration after 120 min (mg L⁻¹) Degradation (%) 𝑘obs(min⁻¹) 

0.25 2.14 78.60 0.013 

0.50 0.87 91.30 0.021 

1.00 0.15 98.50 0.035 

1.50 0.36 96.40 0.028 

2.00 0.69 93.10 0.023 
 
3.5. Effect of Reaction Temperature 
Temperature strongly influenced the 
degradation rate of MB. Experiments were 
conducted at 20, 25, 30, and 35 °C while 
maintaining the other operating parameters 
constant. As shown in Table 5, increasing 
temperature from 20 to 35 °C enhanced MB 

degradation. The degradation efficiency 
increased from 94.1% at 20 °C to 99.1% at 35 
°C. The apparent rate constant increased 
progressively from 0.022 to 0.037 min⁻¹. The 
enhanced reaction rate at elevated temperature 
can be attributed to increased molecular 
movement, improved mass transfer, and 
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accelerated PMS activation. Higher temperature 
increases the frequency of effective interactions 
among MB, PMS, and Co–CeS, thereby 
facilitating ROS generation and MB oxidation. 
Although 35 °C provided the highest 
degradation efficiency, the relatively small 
improvement compared with 30 °C should be 
considered when selecting the operating 

temperature because higher temperature 
increases energy requirements. For practical 
applications, 30 °C may provide a favorable 
compromise between degradation efficiency and 
operating energy demand. All these results are 
aligned with the studies of previous scientists 
[49, 50]. 

 
Table 5. Effect of temperature on MB degradation 
Temperature 
(°C) 

Temperature 
(K) 

MB concentration after 120 min 
(mg L⁻¹) 

Degradation 
(%) 

𝑘obs(min⁻¹) 

20 293.15 0.59 94.10 0.022 

25 298.15 0.35 96.50 0.028 

30 303.15 0.22 97.80 0.033 

35 308.15 0.09 99.10 0.037 
 
3.6. Kinetic Analysis of MB Degradation 
The kinetic behavior of MB degradation was 
evaluated using the apparent pseudo-first-order 
model: 

ln (
𝐶0

𝐶𝑡
) = 𝑘obs𝑡 

where 𝑘obsis the apparent pseudo-first-order rate 
constant (min⁻¹). 
The experimental data showed a strong linear 
relationship between ln(𝐶0/𝐶𝑡)and irradiation 
time. The high coefficient of determination 
indicated that the pseudo-first-order model 
satisfactorily described the degradation 
behavior. Under the optimum Co–
CeS/PMS/light condition, the apparent rate 
constant was approximately 0.035 min⁻¹, while 
the half-life was approximately 19.8 min. The 
half-life was calculated using: 

𝑡1/2 =
ln 2

𝑘obs
 

For 𝑘obs = 0.035min⁻¹: 

𝑡1/2 =
0.693

0.035
= 19.8 min 

The relatively short half-life demonstrates the 
rapid degradation of MB in the optimized 
system. Overall, the Co–CeS/PMS/visible-light 
system demonstrated highly efficient MB 
degradation, achieving maximum removal 
under optimized conditions of 0.5 g L⁻¹ catalyst, 
1.0 mM PMS, and pH 7. The enhanced 
performance was attributed to efficient PMS 
activation and generation of reactive species, 
while excessive catalyst loading or non-optimal 
pH reduced degradation because of radical 
scavenging, light scattering, and particle 
aggregation [32, 40]. The degradation followed 
apparent pseudo-first-order kinetics with a rate 
constant of 0.035 min⁻¹ and a short half-life of 
19.8 min, confirming the rapid and effective 
photocatalytic performance of the optimized 
system [41–43]. 

 
Table 6. Pseudo-first-order kinetic parameters for MB degradation 

Condition 𝑘obs(min⁻¹) 𝑅2 𝑡1/2(min) Degradation (%) 

pH 3 0.018 0.965 38.5 82.40 

pH 5 0.024 0.974 28.9 90.20 

pH 7 0.035 0.993 19.8 98.50 

pH 9 0.024 0.978 28.9 94.20 

pH 11 0.018 0.967 38.5 88.10 
The highest 𝑘obsand 𝑅2were obtained at pH 7, confirming this condition as the most favorable among 
the investigated pH values. 
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3.8. Overall Optimization of the Co–
CeS/PMS/Visible-Light System 
The combined results demonstrate that MB 
degradation was strongly influenced by the 
operational parameters (Table 7). The most 
favorable performance was obtained using a Co–
CeS dosage of 0.5 g L⁻¹, PMS concentration of 
1.0 mM, and neutral pH. Increasing 
temperature enhanced the degradation rate, 
with 35 °C producing the highest removal 

efficiency; however, 30 °C provided a more 
practical operating condition because the 
improvement at 35 °C was relatively small. 
Under the selected optimum conditions, the 
system achieved approximately 98.5% MB 
degradation within 120 min, accompanied by an 
apparent pseudo-first-order rate constant of 
0.035 min⁻¹ and a calculated half-life of 19.8 
min. 

 
Table 7. Summary of optimum operating conditions for MB degradation 
Parameter Investigated range Optimum condition Degradation (%) 

Initial MB concentration 10 mg L⁻¹ 10 mg L⁻¹ 98.50 

Initial pH 3–11 7.0 98.50 

Co–CeS dosage 0.1–1.0 g L⁻¹ 0.5 g L⁻¹ 98.50 

PMS concentration 0.25–2.0 mM 1.0 mM 98.50 

Temperature 20–35 °C 35 °C* 99.10 

Light source 450 nm LED 450 nm — 

Light intensity ~100 mW cm⁻² ~100 mW cm⁻² — 

Irradiation distance 10 cm 10 cm — 

Dark adsorption time 30 min 30 min — 

Reaction volume 100 mL 100 mL — 

Optimum irradiation time 0–120 min 120 min 98.50 

𝑘obs — 0.035 min⁻¹ — 

𝑡1/2 — 19.8 min — 

*35 °C gave the highest degradation efficiency, whereas 30 °C may be considered a practical 
compromise between degradation performance and energy consumption. 
 
3.9. Overall Mechanistic Interpretation 
The enhanced MB degradation can be attributed 
to the synergistic operation of Co–CeS, PMS, 
and visible light. Upon irradiation with the 450 
nm LED, Co–CeS undergoes photoactivation, 
generating photogenerated electrons and holes. 
These charge carriers participate in interfacial 
reactions with PMS and dissolved oxygen, 
resulting in the formation of reactive oxygen 
species. The generated reactive species attack the 
conjugated structure and chromophoric groups 
of MB, progressively converting the dye into 
smaller intermediate products and ultimately 
facilitating deeper oxidative degradation. The 
optimum catalyst and PMS concentrations 
indicate that efficient degradation requires a 
balance between active surface availability and 

oxidant concentration. Similarly, the strong pH 
dependence demonstrates that surface charge, 
PMS activation, and ROS chemistry collectively 
control the degradation process. The kinetic 
results further confirm that the optimized Co–
CeS/PMS/visible-light system provides rapid 
MB removal, with a high apparent first-order 
rate constant and short degradation half-life. 
 
4. Conclusion 
The present study demonstrated the successful 
preparation of cobalt-doped cerium sulfide (Co–
CeS) and its effective application as a visible-
light-responsive catalyst for PMS-assisted 
degradation of methylene blue in aqueous 
media. Structural and morphological 
characterization confirmed the formation of a 
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crystalline cerium sulfide-based material 
containing Ce, S, and Co, while the optical 
analysis indicated an estimated band gap of 2.38 
eV, supporting its potential for visible-light-
driven photocatalytic applications. The SEM–
EDS results further indicated a rough, 
agglomerated morphology with the presence and 
distribution of cobalt within the sulfide matrix. 
The photocatalytic experiments demonstrated 
that degradation efficiency was strongly 
dependent on the operating conditions. The 
optimum conditions were identified as 0.5 g L⁻¹ 
Co–CeS, 1.0 mM PMS, and pH 7 under 450 nm 
visible-light irradiation. Under these conditions, 
approximately 98.5% of MB was degraded 
within 120 min, demonstrating the high activity 
of the Co–CeS/PMS/visible-light system. The 
degradation process followed apparent pseudo-
first-order kinetics, with a maximum rate 
constant of 0.035 min⁻¹ and a corresponding 
half-life of 19.8 min. Increasing temperature 
enhanced the degradation rate, and an apparent 
activation energy of approximately 39.0 kJ mol⁻¹ 
was obtained from the Arrhenius relationship. 
The enhanced degradation performance is 
attributed to the synergistic interaction between 
the Co–CeS semiconductor, visible-light 
irradiation, and PMS. Photoexcitation of Co–
CeS promotes charge-carrier generation, while 
cobalt redox cycling facilitates PMS activation 
and reactive oxygen species production. These 
reactive species subsequently attack the 
chromophoric and aromatic structures of MB, 
resulting in progressive oxidative degradation. 
The study therefore demonstrates that Co–
CeS/PMS/visible light provides an effective 
approach for the removal of methylene blue 
from aqueous media and has potential for 
application in advanced oxidation-based 
wastewater treatment. Further work should 
focus on identifying the individual reactive 
species through scavenger and electron-
paramagnetic-resonance studies, evaluating 
catalyst stability and recyclability, identifying 
degradation intermediates, and assessing 
performance using real industrial wastewater. 
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