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Abstract  

In the present study, the investigation into the photodegradation of methylene blue dye was 

conducted utilizing synthesized cobalt sulfide (CoS), silver nanoparticles, and a silver-cobalt 

sulfide (Ag/CoS) composite, all subjected to visible light irradiation. The morphological 

characteristics were examined through XRD, SEM, and Mott-Schottky analyses. XRD analysis 

revealed a hexagonal structure for cobalt sulfide, while the composite displayed rectangular and 

polygonal forms. Mott-Schottky analysis showed that the presence of a p-n heterojunction, with 

the semiconductor flat band potentials measured at -1.2 V for the n-type and 1.5 V for the p-

type. The composite's bandgap was identified as 2.4 eV through DRS analysis. Various factors, 

including temperature, pH, and the percentage of silver doping, significantly influenced the 

degradation rate. While both Cobalt Sulfide and Ag alone could degrade methylene blue, the 

silver-cobalt sulfide composite demonstrated superior performance, achieving a 92% 

degradation rate. The Sips and Khan models demonstrated the superior alignment with the 

degradation data, exhibiting the most elevated correlation coefficients and the minimal error 

functions (0.008, 0.057) and (0.01, 0.078), respectively. 
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1. Introduction 

 

Water pollution remains a critical issue as it directly 

impacts both living organisms and the environment 

[1,2]. The presence of organic pollutants in water is a 

major concern for the water industry, environmental 

advocates, and the public, given its detrimental effects 

on human, animal, and wildlife health, including pets, 

birds, and aquatic species. One of the primary 

environmental pollutants is textile wastewater. Dyes 

such as methylene blue, which possess complex 

aromatic molecular structures, are highly stable and 

resistant to degradation, making them significant 

contributors to water pollution and harmful to living 

organisms [3,4,5]. To address this, various methods, 

including filtration [6], chemical oxidation[7], 

coagulation [8], and biological treatment [9], have been 

explored for removing organic contaminants. Among 

the available physical, chemical, and biological 

wastewater treatment techniques, heterogeneous 
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photocatalysis stands out as a cost-effective approach 

due to its rapid oxidation capabilities without forming 

polycyclic byproducts and its effectiveness at low 

pollutant concentrations [10,11,12]. 

Recently, cobalt sulfides characterized by various 

chemical compositions (CoS2, CoS, Co9S8, Co3S4, 

Co1−xSx) [13-21] have attracted significant scholarly 

interest due to their extensive array of applications, 

including their utility as electrocatalysts in oxygen 

evolution reactions, as electrode materials in 

rechargeable lithium [22-24] and alkaline battery 

systems, as magnetic materials, in solar cells [25-30], for 

hydrogen storage, and as photocatalysts under visible 

light conditions. Prior research on cobalt sulfide 

synthesis and composites for degrading dyes like 

methylene blue highlights its potential as a highly 

efficient catalyst[31-36]. Furthermore, semiconductor 

photocatalysts doped with silver nanoparticles have 

proven effective for breaking down pollutants. The 

addition of silver nanoparticles significantly enhances 

pollutant removal and improves decontamination in 

aqueous environments due to silver's high plasmonic 

properties and its strong interaction with light, as well as 

shifting the spectral absorption range toward the visible 

light spectrum in silver-based composites[37-43]. 

A heterojunction refers to the interface between two 

dissimilar semiconductor materials, which have 

different bandgaps compared to homojunctions. 

Combining different semiconductor layers forms a 

heterogeneous structure[44-47]. In p-n heterojunctions, 

the contact between two semiconductors creates a 

junction that facilitates the transport of electrons and 

holes in opposite directions. These semiconductors are 

categorized as type p or n based on their donor and 

acceptor properties. In the present study, CoS 

nanoparticles were synthesized, and methylene blue 

degradation was performed in a tube reactor using 

visible light. Silver nanoparticles were also synthesized, 

each degrading a portion of the pollutant individually. 

However, when silver was deposited onto cobalt sulfide, 

a highly efficient composite was formed, significantly 

increasing the degradation rate. Various tests on the 

composite identified optimal conditions for temperature, 

pH, and silver dopant percentage. 

2. Experimental Section 

Co(NO₃)₂·6H₂O, surfactants including acetyl trimethyl 

ammonium bromide (C₁₆H₃₃N(CH₃)₃Br), sodium 

dodecyl sulfate (NaC₁₂H₂₅SO₄), polyethylene glycol 

(C₂nH₄n+₂Oₙ+₁), silver nitrate (AgNO₃), glucose 

(C₆H₁₂O₆), methylene blue (C₁₆H₁₈N₃SCl), and ethanol 

(C₂H₅OH) were obtained from Sigma-Aldrich Co. These 

chemicals were used as received without any further 

purification. 

3. Photoreactor Design 

The photoreactor used in this experiment is a batch-type 

system, consisting of a cylindrical Pyrex tube. A white 

LED strip, 7 meters in length, is wrapped around the 

tube. The system operates at 220 volts and 50 watts, 

ensuring uniform light exposure across the sample. A 

magnetic stirrer was employed to keep the sample 

continuously agitated. Fig 1 provides a schematic of the 

photoreactor setup. 

 

Figure 1. Photocatalytic Reactor 

4. Synthesis of CoS 

1 mole of cobalt nitrate, alongside 1 mole of thiourea, 

was introduced into 20 ml of deionized water, in 

conjunction with 10 ml of polyethylene glycol and 

surfactants, specifically SDS at a concentration of 0.02 

g and CTAB at a concentration of 0.003 g, and 

subsequently subjected to a stirrer heater for a duration 

of 4 hours to facilitate the transition to a black 

precipitate. Thereafter, the resultant precipitate 

underwent multiple centrifugation cycles and was rinsed 

with ethanol+deionized water solution before being 

placed in an oven maintained at 220 oC for the purpose 

of desiccation. The X-ray diffraction (XRD) analysis 

conclusively identified the presence of cobalt sulfide. 

(Fig 2)  

 

Figure 2. Diffraction pattern for CoS and Ag/CoS 
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5. Synthesis of silver 

to 1.0 g of synthesized CoS, 12 ml of silver nitrate of 

2000 mg/L were added with an emitter and placed on the 

stirrer for one hour. Then it was placed in an oven at 

160 °C to ensure complete solvent evaporation and to 

enhance surface interaction between cobalt sulfide 

(CoS) and silver ions (Ag⁺), after drying, it was washed 

ith ethanol and deionized water and put back in the oven. 

It was calcined at 500 oC for 3 hours. After calcining, 

silver oxide was formed on cobalt sulfide and 0.1 M 

glucose was added to the composite to reduce silver. (Fig 

2) 

6. Methylene Blue Degradation Tests 

In the degradation tests, 200 ml of a 10 mg/L MB 

solution was poured into the reactor. CoS was stirred for 

90 minutes, during which samples were taken at various 

time intervals for spectrophotometric analysis. Silver 

was deposited onto CoS at different doping percentages 

(2% and 4%). The percentage of degradation was 

calculated using equation 1: 

Degradation% = 
𝐶0−𝐶𝑡

𝐶0
 ×100                                                                              (1) 

Where: 

 C₀ is the initial and Cₜ is the concentration at time t. 

7. Photolysis 

To assess the effect of visible light irradiation on MB 

without the using catalyst, a 15 mg/L MB solution was 

prepared. The solution was exposed to visible LED light 

for 60 minutes without any catalyst present to evaluate 

the bleaching effect of light alone. 

8. Adsorption on catalyst surface 

To study the adsorption capacity of the silver-doped 

cobalt sulfide composite, an experiment was conducted 

in the absence of visible light. A 10 mg/L methylene blue 

solution was stirred magnetically in complete darkness 

for 60 minutes to assess adsorption behavior without 

light influence. 

9. Investigating the Effect of pH 

Based on prior research on cobalt sulfide adsorption at 

varying pH levels[48,49], experiments were conducted 

at pH values of 9, 7, and 4. The tests were carried out at 

a constant temperature of 30°C, using 0.4 g of catalyst 

for every 10 mg/L of methylene blue. For the purpose of 

isothermic investigations, a volume of 200 ml of 

methylene blue solution at differing concentrations (4, 6, 

8, 10, 12 mg/L) incorporating 0.4 g of the composite was 

subjected to illumination from LED light within a 

cylindrical reactor. 

10. Discussion & Conclusion 

10.1. Interpretation of diffraction pattern 

The X-ray diffraction analysis was performed to 

elucidate the  composition and crystalline architecture of 

the synthesized specimen. The diffraction maxima 

detected at 2θ angles of 29.9°, 34°, 47.1°, and 56° are 

attributable to the (100), (101), (102), and (110) 

crystallographic planes of cobalt sulfide (CoS), 

respectively. Additionally, the peaks detected at specific 

2θ values for silver are associated with the (111), (200), 

(220), and (311) planes (see Fig 2). 

10.2.  Calculating Crystallite Size Using the 

Williamson-Hall Method 

To determine the strain and crystallite size using X-ray 

diffraction data, peak information was extracted using 

Expert High Score software. Subsequently, the 

corresponding curves were plotted using Excel software 

to analyze the crystallite size. (Fig 3) 

 

Figure 3. The β CoS versus θ curve plotted against sin θ is presented for calculating the crystallite size of (A) CoS and (B) Ag
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𝛽𝐶𝑜𝑆𝜃 =
𝐾𝜆

𝐷
+ 4ℰ 𝑆𝑖𝑛𝜃 (2) 

In this particular context, D denotes the size of the 

crystallite measured in nanometers (nm), K represents a 

constant applicable to spherical particles (0.94), λ 

signifies the wavelength of the X-ray (Cu-Kα = 0.1541 

nm), β corresponds to the peak width at half maximum 

height (FWHM), and θ indicates the angle of diffraction. 

10.3. SEM and EDS results for CoS 

Fig 4 displays scanning electron microscopy (SEM) 

images of the synthesized cobalt sulfide, captured at 

magnifications of 200 nm, 1 μm, and 500 nm. The 

morphology and size of the nanoparticles were 

influenced by the synthesis conditions, including 

temperature, reaction time, and pH. The EDS analysis 

showed that the composition of the nanoparticles 

consisted of cobalt and sulfur, with weight percentages 

of 60.2% and 39.8%, respectively. 

10.4. SEM and EDS results for Ag/CoS Composite 

Fig 5 presents the scanning electron microscopy (SEM) 

results for the synthesized Ag/CoS composite. The 

images were captured at magnifications of 200 nm, 500 

nm, and 1 μm. The morphology reveals rectangular and 

polygonal structures, clearly indicating that cobalt 

sulfide and silver are effectively layered upon one 

another. The EDS analysis indicated that the composite 

is composed of cobalt, sulfur, and silver, with weight 

percentages of 63.1%, 31.9 %, and 5%, respectively. 

 

Figure 4. SEM images cobalt sulfide nanoparticles a) 200nm, b) 500nm, C) 1mm, d )EDS result 

10.5. Band Gap Determination for CoS and Ag/CoS 

Composite 

To determine the band gap of cobalt sulfide, the 

Kubelka-Munk method was employed: 

[
(1 − 𝑅∞)2

2𝑅∞

× ℎ𝜐]

𝑛

= 𝐴(ℎ𝜐 − 𝐸𝑔) (3) 

Where A = Constant related to the material, hn = Photon 

energy, Eg  = Optical bandgap, n = Exponent that 

depends on the nature of the electronic transition (n=1/2 

for direct allowed transitions and n=2 for indirect 

allowed transitions). Fig 6 illustrates the cobalt sulfide 

bond, with the diagram expressed as F(R) = (1-R)² / 2R 

in terms of energy (E in eV). From this diagram, the band 

gap for cobalt sulfide was found to be 2.6 eV, while for 

silver, it was determined to be 3 eV. The same method 

was applied to ascertain the band gap of the Ag/CoS 

composite, yielding a band gap of approximately 2.4 eV 

10.6. Mott–Schottky Analysis 

Mott-Schottky analysis is utilized to identify the 

semiconductor type and determine the flat band 

potential. The relationship is described by the equation: 

1

𝐶2
= 2(𝑁𝐷𝜀𝜀0)−1 × (𝐸 − 𝐸𝑓𝑏 − 𝑘𝑇

𝑒⁄ ) (4) 
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Figure 5. SEM images of a) 200nm, b) 500nm, c) 2µm, d) EDS results of Ag/CoS 

 

Figure 6. a) Cobalt sulfide bondage diagram. b) Silver Gap diagram c) Composite Gap diagram 
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In the aforementioned equation, C denotes the electric 

potential associated with the space charge, Ɛ signifies the 

dielectric constant inherent to the semiconductor, ND 

refers to the density of charge carriers, E represents the 

charge of an electron, Ɛ₀ indicates the permittivity of free 

space, E represents the applied electrode potential, Efb 

connotes the flat band potential, k is identified as the 

Boltzmann constant, and T represents the absolute 

temperature [50]. The Mott-Schottky plots 

corresponding to CoS and the Ag/CoS composite were 

generated by graphing 1/C² in relation to the potential. 

10.6.1. Analysis of Mott–Schottky Results 

As presented in Fig 7, the positive slope observed in the 

Mott-Schottky diagram for the n-type semiconductor 

cobalt sulfide confirms the similar positive slope for the 

p-type silver semiconductor. The surface bond potential 

for cobalt sulfide (V) was measured at -1.2 V. The 

relationship for the reference electrode is given by [51]: 

𝐸𝑁𝐻𝐸 = 𝐸 𝐴𝑔
𝐴𝑔𝐶𝑙

+ .197 𝑉(𝑃𝐻 = 7) 
(5) 

For cobalt sulfide, the flat band potential Efb relative to 

NHE is -1 V, while for silver, it is 1.69 V. Generally, the 

conduction band position of an n-type semiconductor is 

approximately 0.1 V lower than its Efb, whereas that of 

a p-type semiconductor is about 0.1 V higher than its Efb 

[52].  

The valence band (EVB) values for cobalt sulfide and 

silver were calculated to be 1.5 V and 1.21 V, 

respectively. The energy band gap is defined by the 

equation: 

𝐸𝑔 = 𝐸𝑉𝐵 − 𝐸𝐶𝐵  (6) 

where ECB represents the conduction band potential and 

EVB refers to the valence band potential [53]. Fig 8 

provides a schematic representation of the Ag/CoS 

heterojunction. 

 

Figure 7. Matt-Schottky analysis for a)CoS b) Ag/CoS

 

Figure 8. Schematic view of Ag/Cos heterojunction 

11. Isothermic Studies 

The preliminary phase in the majority of catalytic 

reactions entails the adsorption of the catalyst on the 

surface. In order to ascertain the most appropriate 

nonlinear isotherm model predicated on the 

minimization of error, a variety of isothermic models 

were utilized. This interval was regarded as the time 

required to achieve equilibrium. The ultimate 

concentration of the contaminant was quantified 

utilizing spectrophotometric technique.  The equilibrium 

adsorption capacity was determined by equation (7): 

𝑞𝑒 =
(𝐶0 − 𝐶𝑒)𝑉

𝑚
 (7) 
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In the aforementioned equation, C0 and Ce signify the 

initial and final concentrations (mg/L), respectively; V 

denotes the volume of the solution (L); m refers to the 

catalyst mass (g); and qe represents the mass of the 

pollutant absorbed per unit mass of the adsorbent (mg/g). 

The correlation coefficient (R²) and corresponding error 

functions were employed to evaluate the thermodynamic 

behavior of the reactions across all isotherm models. In 

order to assess the degree of conformity of the laboratory 

data to the isotherm equations, MATLAB ® was utilized 

for the purpose of error minimization to calculate the 

statistical parameters pertinent to the aforementioned 

models, including the average relative error (ARE) and 

Marquardt’s percentage standard deviation (MPSD) as 

two forms of error functions. Tables 1 and 2 delineate 

the relevant error functions and the resultant data 

obtained.  

The Sips and Khan models exhibited the highest 

correlation coefficients alongside the lowest error 

functions, thereby substantiating their suitability as the 

most appropriate models for characterizing the 

adsorption process. 

Table 1 Explanation of various error functions 

Error Function Abbreviation  

 

Average relative Error Function 

ARE 100√
1

𝑛 − 𝑝
∑ (

𝑞𝑒,exp − 𝑞𝑒,cal

𝑞𝑒,exp

)
𝑖

2𝑛

𝑖=1

 

Marquardt’s percent The standard deviation error function MPSD 
100

𝑛
∑ |

𝑞𝑒,cal − 𝑞𝑒,exp

𝑞𝑒,exp

|
𝑖

𝑛

𝑖=1

 

Table 2. Nonlinear Isotherm Equations with Related Error Functions and Correlation Coefficient for Methylene Blue Adsorption Process 

Using Composite 

Isotherm Nonlinear form Parameters (units) Parameter values R2 ARE% MPSD% 

khan 𝑞𝑒 =
𝑞𝑠. 𝑏𝐾 . 𝐶𝑒

(1 + 𝑏𝐾 . 𝐶𝑒)𝑎𝐾
 

qs 

bk 

ak 

0.055 

6.768 

-0.442 

0.982 0. 078 

 

0.01 

 

Freundlich 𝑞𝑒 = 𝑘𝑓 . 𝐶𝑒

1
𝑛⁄
 

𝑘𝑓 

𝑛 

0.915 

0.704 
0.915 0.0127 0.031 

Sips 𝑞𝑒 =
𝑘𝑠. 𝑎𝑠 . 𝐶𝑒

𝐵𝑠

1 + 𝑎𝑠. 𝐶𝑒
𝐵𝑠

 

Ks 

αS 

BS 

6.97 

0.1 

2.56 

 

0.986 

 

 

0.057 

 

 

0.008 

 

Radke_Prausnitz 𝑞𝑒 =
𝑎𝑅𝑃 . 𝑟𝑅𝑃 . 𝐶𝑒

1 + 𝑟𝑅𝑃 . 𝐶𝑒
𝐵𝑅𝑃

 

αRP 

rRP 

BRP 

0.04 

29 

-12 

 

0.996 

 

0.195 

 

0.139 

 

12. Reaction Kinetics and Thermodynamics 

According to the results presented in Table 3 & 4, the 

Langmuir-Hinshelwood model exhibited a high 

correlation coefficient across various concentrations 

[54-59]. 

12.1.Reaction Kinetics and Thermodynamics 

3 photocatalytic experiments were performed at 

temperatures of 30, 45, and 60 °C to determine 

thermodynamic parameters using Van't Hoff  (Eq. 8) and 

Gibbs (Eq. 9) equations:  

ln 𝐾 = −
∆𝐻°

𝑅
(

1

𝑇
) + 

∆𝑆°

𝑅
 (8) 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆° = −𝑅𝑇 ln 𝐾 (9) 

In these equations, ΔH° and ΔS° are the standard 

enthalpy change (kJ/mol) and standard entropy change 

(J/mol·K) respectively, K is the equilibrium constant, T 

is the absolute temperature in Kelvin, and R is the 

universal gas constant (8.3145 J/mol·K) [60]. The 

reaction equilibrium constant can be calculated using the 

following equation: 

https://doi.org/10.57647/j.ijic.2025.1602.11


8/11   IJIC16 (2025) -162511                                                                                                                        Alinezhad et al. 

2228-5970[https://doi.org/10.57647/j.ijic.2025.1602.11] 

𝐾 =
𝑚

𝑣
×

𝑞𝑒   

𝐶𝑒

 (10) 

where K is the reaction equilibrium constant, m is the 

catalyst mass (g), V is the total volume of the 

contaminant (L), qe is the amount of adsorbed 

contaminant per unit mass of adsorbent (mg/g), and Ce 

is the equilibrium concentration of the contaminant 

(mg/L). The activation energy for the process was 

determined using the Arrhenius equation: 

𝑙𝑛 𝑘 = −
𝐸𝑎

𝑅𝑇
+ 𝑙𝑛 𝐴 (11) 

where k is the rate constant (min⁻¹), Ea is the activation 

energy of the reaction (kJ/mol), R is the universal gas 

constant, A is the pre-exponential factor related to the 

probability of molecular collisions, and T is the 

temperature in Kelvin [61].  

Table 5 provides additional details. According to the 

results presented in Table 5, the negative value of ΔH 

sugests that the photodegradation process is exothermic, 

while the negative value of ΔG indicates that the reaction 

is spontaneous within the 

temperature range of 30 to 60 °C. 

Table 3. The Langmuir-Hinshelwood model 

Heterogeneous catalysis kinetic model Langmuir-Hinshelwood 
1

k
=

1

K
add
app

kL∙H

+
C0

kL∙H

 

Table 4. Measured L-H parameters for photocatalytic reaction 

Langmuir-Hinshelwood 

C0 (mg/L) 𝐾 (𝑚𝑖𝑛−1) 𝑘𝐿∙𝐻 (mg/L.min) 𝐾𝑎𝑑𝑑
𝑎𝑝𝑝

 (L/mg) 𝑅2 

4 0.075 

1.55 0.063 0.95 

6 0.074 

8 0.067 

10 0.06 

12 0.055 

 
Table 5. Calculated thermodynamic parameters 

∆G°(k. J

/mol) 

∆H°(kJ/mol) ∆S°(J/mol.K) Ea (kJ

/mol) 

-23.168 -10.292 40.489 2.52 

13. Investigation of Methylene Blue 

photodegradation Under Different Conditions 

The degradation of methylene blue using CoS was 

assessed at various time intervals. The optimal amount 

of silver was established by incorporating it into cobalt 

sulfide to form a composite. The degradation results for 

methylene blue are presented in Fig 9.The degradation 

percentage in visible light after 60 minutes was 1.45% 

without using a catalyst, indicating that photolysis had 

minimal impact on the degradation of methylene blue. 

Additionally, the degradation rate attributed to surface 

adsorption was reported to be 34% for methylene blue. 

In the experiments, the degradation rate of methylene 

blue using the composite at pH 9 was significant, while 

lower degradation rates were observed at pH levels 4 and 

7. The performance of the catalyst synthesized in this 

study was compared to similar catalysts, as shown in 

Table 6. Furthermore, upon evaluating the adsorption 

phenomena of methylene blue subsequent to multiple 

utilizations of the catalyst, as delineated in Table 7, it can 

be inferred that the proportion of methylene blue 

adsorption diminishes with each instance of catalyst 

reapplication. 

Table 6. Activity of Similar Photocatalysts in Methylene Blue Degradation 

 Irradiation Source Degradation efficiency Reaction Time (min.) Ref. 

rGO@CoS UV 100% 150 [62] 

CeO2/Co3O4/Ag/Ag3PO4 Visible 92.5% 80 [37] 

CoS/Ag2WO4 Visible 91.8% 220 [43] 

Ag/CoS Visible 92% 15 This work 
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Figure 9. Absorbance vs. wavelength for degradation of MB on a) CoS b) Ag/CoS 

Table 7. Methylene Blue degradation efficiency in consecutive cycles 

Cycle No. 1 2 3 4  5 

Degradation 

efficiency 
92% 87% 75% 62% 

 
52% 

14. Conclusion 

In conclusion, the Ag/CoS composite was successfully 

synthesized in a nanostructured form, achieving a 

degradation rate of 92% for methylene blue in just 15 

minutes using 0.4 g of the composite in 200 ml of 

solution. Various isothermic models were employed to 

identify the best nonlinear model through error 

minimization. The Sips and Khan models exhibited the 

highest correlation coefficients and the lowest error 

functions, confirming their suitability for describing the 

adsorption process. Among the kinetic models, the 

Langmuir-Hinshelwood model showed the highest 

correlation coefficient. The bandgaps for cobalt sulfide, 

silver, and the composite were determined to be 2.6 eV, 

3 eV, and 2.4 eV, respectively. The crystal sizes for 

cobalt sulfide and silver were found to be 49.5 nm and 

79.81 nm. Additionally, the reaction was exothermic, 

and the negative ΔG value indicated that the reaction 

was spontaneous. 
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