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Abstract: 

Water pollution poses a significant threat to ecosystems and human health, driven by 

industrial waste and agricultural runoff containing harmful dyes and phenolic compounds. 

This research aims to synthesize and evaluate novel composites of graphitic carbon nitride (g-

C3N4) modified with silver nanoparticles for their catalytic properties in degrading these 

pollutants. The methodology involved synthesizing g-C3N4 via thermal polymerization of 

melamine, followed by modification with silver nanoparticles through a reduction process. 

The composites were characterized using X-ray diffraction (XRD), scanning electron 

microscopy (SEM), and Fourier-transform infrared spectroscopy (FTIR). Catalytic 

performance was assessed through the degradation of methylene blue and phenol under 

visible light irradiation. The results indicated that silver-modified g-C3N4 exhibited superior 

catalytic activity compared to unmodified g-C3N4, achieving over 90% degradation 

efficiency for both pollutants. These findings underscore the potential of these composites for 

environmental remediation applications. 
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 : الملخص

يشكل تلوث المياه تهديداً كبيرًا للنظم البيئية وصحة الإنسان، مدفوعًا بالنفايات الصناعية والجريان السطحي الزراعي الذي 

يحتوي على أصباغ ضارة ومركبات فينولية. تهدف هذه الدراسة إلى تخليق وتقييم مركبات جديدة من نيتريد الكربون 

الفضة النانوية لخصائصها التحفيزية في تحلل هذه الملوثات. تضمنت المنهجية  المعدلة بجسيمات (g-C3N4) الجرافيتي

عبر البلمرة الحرارية للميلامين، ثم التعديل بجسيمات الفضة النانوية من خلال عملية اختزال. تم توصيف المركبات  تخليق

تم  (FTIR), ف الأشعة تحت الحمراءومطيا (SEM) والمجهر الإلكتروني الماسح (XRD) باستخدام حيود الأشعة السينية

  ان محفز   تقييم الأداء التحفيزي من خلال تحلل الميثيلين الأزرق والفينول تحت إشعاع الضوء المرئي. أشارت النتائج إلى

g-C3N4  المعدل بالفضة أظهر نشاطًا تحفيزياً فائقاً مقارنةً بـ g-C3N4  غير المعدل، حيث حقق كفاءة تحلل تزيد عن

 .لكلا الملوثين. تؤكد هذه النتائج على إمكانات هذه المركبات في تطبيقات معالجة التلوث البيئي 90%
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Résumé : 

La pollution de l'eau constitue une menace significative pour les écosystèmes et la santé 

humaine, alimentée par les déchets industriels et les ruissellements agricoles contenant des 

colorants nocifs et des composés phénoliques. Cette recherche vise à synthétiser et évaluer de 

nouveaux composites de nitrure de carbone graphitique (g-C3N4) modifiés avec des 

nanoparticules d'argent pour leurs propriétés catalytiques dans la dégradation de ces polluants. 

La méthodologie comprenait la synthèse du g-C3N4 par polymérisation thermique de la 

mélamine, suivie d'une modification avec des nanoparticules d'argent par un processus de 

réduction. Les composites ont été caractérisés à l'aide de la diffraction des rayons X (XRD), 

de la microscopie électronique à balayage (SEM) et de la spectroscopie infrarouge à 

transformée de Fourier (FTIR). La performance catalytique a été évaluée par la dégradation 

du bleu de méthylène et du phénol sous irradiation de lumière visible. Les résultats ont 

indiqué que le g-C3N4 modifié avec de l'argent présentait une activité catalytique supérieure 

par rapport au g-C3N4 non modifié, atteignant une efficacité de dégradation de plus de 90 % 

pour les deux polluants. Ces résultats soulignent le potentiel de ces composites pour les 

applications de réhabilitation environnementale. 
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General Introduction 

       in recent years, the rapid pace of industrialization has significantly escalated 

environmental challenges, particularly in the realms of air, soil, and water pollution. Among 

these, water pollution is of utmost concern due to its profound impact on all living 

organisms[1]. Despite the Earth's surface being predominantly covered by water, only a 

minuscule fraction, about 0.5%, is accessible and suitable for human consumption and 

agricultural activities. This precious resource is increasingly threatened by contamination 

from various pollutants, posing severe risks to health and ecosystems[2]. 

     Industrial processes discharge a vast array of toxic substances, notably dyes and phenolic 

compounds, into the environment. These pollutants are notorious for their chemical stability, 

making them resistant to natural degradation and persistent in ecosystems. The dyeing 

industry alone is a major contributor, annually releasing significant quantities of dyes that 

pollute water bodies and disrupt aquatic life[3]. 

     To combat these issues, a variety of advanced wastewater treatment technologies have 

been developed. Techniques such as membrane bioreactors, photocatalysis, advanced 

oxidation processes, electrochemical treatments, UV disinfection, and the use of metal 

nanoparticles have shown promise in reducing water pollutants. However, the quest for more 

efficient, cost-effective, and sustainable solutions continues to drive scientific and engineering 

innovation[4]. 

     Addressing water pollution is critical for ensuring the sustainability of our water resources. 

Through the development and implementation of novel treatment methods, we can effectively 

reduce environmental pollutants and protect the vital water supply necessary for life on Earth 

like synthesis of composites for catalytic reactions based on nanoparticles for catalytic 

reactions[5] 

     the Graphitic carbon nitride (g-C3N4) has emerged as a promising material in the field of 

environmental remediation due to its unique properties. As a polymeric semiconductor, g-

C3N4 is characterized by its high surface area, thermal stability, and chemical robustness. Its 

porous structure allows for significant interaction with pollutants, making it an excellent 

candidate for catalytic applications. The material's ability to act as a photocatalyst under 

visible light further enhances its utility in degrading organic pollutants in water. The 

modification of g-C3N4 with silver nanoparticles can enhance its catalytic efficiency by 

improving electron conductivity and photocatalytic activity, making it more effective in 

reducing pollutants such as dyes and phenolic compounds[6]. 
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General Introduction 

This thesis is structured into 3 chapters, each detailing a specific aspect of the research: 

Chapter I the Bibliographic Study, this chapter provides a comprehensive overview of porous 

materials, polymers, and composites, with a particular focus on g-C3N4. It delves into the 

historical background, synthesis methods, and properties of g-C3N4, including its structural, 

chemical, and physical characteristics.  

     The chapter also discusses the modification of g-C3N4, particularly with silver 

nanoparticles, to enhance its catalytic properties. Additionally, it covers the types of dyes 

commonly found in industrial effluents and the various techniques used for the 

characterization of materials, such as X-ray diffraction (XRD), Fourier-transform infrared 

spectroscopy (FTIR), and UV-Vis spectrophotometry. 

Chapter II the Experimental Study, this chapter outlines the materials and methods used in the 

synthesis and modification of g-C3N4. It details the experimental procedures for preparing g-

C3N4 from melamine, modifying it with silver nitrate, and reducing it with sodium 

borohydride to form silver-modified g-C3N4 composites. 

 The chapter includes step-by-step descriptions of the synthesis processes, observations, and 

the conditions under which the experiments were conducted. 

Chapter III the Results and Application, this chapter presents the results of the experimental 

studies, including the characterization of the synthesized materials. It discusses the XRD and 

FTIR spectra of the g-C3N4 and Ag@g-C3N4 nanocomposites, highlighting the structural and 

chemical changes resulting from the modification. The chapter also explores the application 

of these materials in catalytic reduction reactions, specifically focusing on the reduction of 

dyes such as methylene blue and methyl orange. The efficiency of the catalysts is evaluated 

under various conditions, and the factors influencing the reduction process are analyzed. 

     Through this work, we aim to contribute to the development of more effective and 

sustainable solutions for water pollution, leveraging the unique properties of g-C3N4 and its 

composites. 
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Bibliographic Study 

 I.1. Introduction 

     Chapter I provides an extensive overview of the fundamental concepts and materials 

relevant to this research. We begin by exploring the properties and classifications of porous 

materials, which are critical for various applications, including catalysis. This chapter delves 

into the unique characteristics of graphitic carbon nitride (g-C3N4), a promising material for 

environmental remediation due to its high surface area, thermal stability, and photocatalytic 

properties. We also discuss the synthesis methods and modifications of g-C3N4, particularly 

its enhancement with silver nanoparticles to improve catalytic efficiency. Additionally, the 

chapter covers the types of dyes commonly found in industrial effluents and the various 

techniques used for the characterization of materials, such as X-ray diffraction (XRD), 

Fourier-transform infrared spectroscopy (FTIR), and UV-Vis spectrophotometry. This 

comprehensive bibliographic study sets the stage for the experimental investigations and 

applications discussed in subsequent chapters. 

I.2.Porous Materials 

Porous materials are solids characterized by a solid matrix and a void phase, where the voids 

are accessible and permeable to fluids (liquids or gases).[7] These voids, also known as pores, 

can be cavities, channels, or interstices, which are typically deeper than they are wide. The 

porosity of these materials allows for various interactions with gases and liquids, depending 

on the size, shape, and connectivity of the pores [8] 

The International Union of Pure and Applied Chemistry (IUPAC) classifies porous materials 

based on the size of their pores into three categories: microporous, mesoporous, and 

macroporous materials[9] 

Table 01: IUPC Classification of Porous Materials 

Pore Size Category Pore Diameter 

Microporous < 2nm 

Mesoporous 2nm≤ d ≤50nm 

Macroporous > 50nm 
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Porous materials can also be divided into two categories based on their origin[10]: 

 Natural Porous Materials: This category includes materials like rocks, zeolites, and 

wood, which occur naturally. Natural porous materials are often used in environmental 

applications, such as water filtration and soil conditioning.[11] 

 Synthetic Porous Materials: These are engineered to meet specific industrial and 

technological needs. Examples include polymer foams and synthetic zeolites, which 

are used in a wide range of applications from insulation and shock protection to 

catalysis and construction materials. The synthesis of these materials often involves 

complex methods designed to achieve particular properties.[10]   

the unique properties of porous materials, such as high surface area, tailored porosity and pore 

size distribution, and exceptional thermal and chemical stability, porous materials with her 

properties also offer versatile applications in energy conversion, environmental protection, 

and chemical synthesis.[12]  

Porous materials are distinguished by their unique structural features, primarily characterized 

by the presence of voids or pores within their solid matrix.[7] 

 This distinctive architecture endows them with a variety of properties that are highly valued 

across numerous scientific and technological fields, particularly in catalysis.[13] 

 These materials encompass a broad spectrum of substances, including zeolites, metal-organic 

frameworks (MOFs), and carbon-based materials such as activated carbon and graphitic 

carbon nitride (g-C3N4).[14] 

High Surface Area 

A pivotal property of porous materials is their high surface area, which significantly enhances 

their utility in catalytic applications.[15] The extensive surface area provides numerous active 

sites for catalytic reactions, facilitating efficient interactions with reactants. This characteristic 

is especially advantageous in adsorption processes, where the material's capacity to adsorb 

and retain substances is crucial.[12] For instance, zeolites, known for their microporous 

structure, are highly effective in refining processes, such as cracking heavy petroleum 

fractions into lighter, more valuable fractions.[16] 

 Porosity and Pore Size Distribution 

The porosity and the specific distribution of pore sizes within porous materials critically 

influence their effectiveness in catalytic reactions.[12] These structural features affect the 
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diffusion rates of reactants and products to and from the active sites, thereby impacting the 

overall reaction efficiency [17] MOFs are exemplary in this regard, offering tunable pore 

sizes that can be precisely controlled to optimize reactant accessibility and catalytic activity. 

This makes MOFs ideal for a variety of chemical reactions, including the conversion of CO2 

into useful chemicals. [18] 

Thermal Stability 

Many catalytic processes operate under high temperatures, necessitating materials that can 

withstand such conditions without degrading.[19] Porous materials, particularly certain 

carbon-based types like g-C3N4, exhibit remarkable thermal stability.[20] This property makes 

them suitable for high-temperature catalytic applications, including photocatalytic reactions 

such as water splitting and pollutant degradation under visible light irradiation.[20] g-C3N4's 

stability under these conditions underscores its utility in sustainable energy and environmental 

remediation applications. 

 Chemical Stability 

The chemical stability of porous materials is essential for maintaining their structural integrity 

and functionality in various chemical environments. This stability enables their use in a wide 

range of catalytic and chemical processes.[19]  For example, silica-based mesoporous 

materials are particularly valued in acid-catalyzed reactions due to their resistance to acidic 

conditions, facilitating their application in the synthesis of fine chemicals and other 

specialized chemical processes[21].   

I.2. Polymer Materials 

The term "polymer" is derived from two Greek words: 'poly,' meaning 'many,' and 'mer,' 

meaning 'part.' A polymer is a macromolecule, either organic or inorganic, with a very high 

molar mass, formed by the covalent bonding of a large number of repeating units derived 

from one or more types of monomers. Polymers are synthesized through a process known as 

polymerization, where monomers are connected by strong covalent bonds to form lengthy 

chains.[22]  

Polymers can be categorized as natural, such as DNA and proteins, or synthetic, like plastics 

and nylon[23]. Additionally, there are semi-synthetic polymers, which are derived from 

natural polymers but chemically modified to enhance their properties, an example being 

cellulose acetate.[24] 
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     Polymers are versatile materials whose properties can be engineered to meet the demands 

of various applications, including catalysis, where their physical and chemical stability, along 

with the ability to incorporate functional catalytic groups[25] 

Polymers exhibit a range of physical properties that can be manipulated based on their 

molecular structure and processing. These properties include tensile strength, elasticity, and 

thermal stability[22]. For instance, high-density polyethylene (HDPE) has a melting point of 

around 130°C and is known for its strength and rigidity, making it ideal for products like 

plastic bottles and piping [26]  

 Polymers are very resistant to acids, bases, and other solvents, making them suitable for 

containers and coatings. For example, Teflon (PTFE), known for its non-stick properties, has 

a very high resistance to chemical attack and can withstand temperatures up to 250°C without 

degrading [26] 

Polymers are chosen in catalytic reactions for their ability to provide high surface areas and 

the possibility to functionalize their surface with catalytic sites.[27] Polystyrene-

divinylbenzene copolymers are often used as supports for catalysts in organic synthesis due to 

their stability and ease of functionalization. These materials can be used to anchor metal 

catalysts or to create acidic or basic sites depending on the required reaction.[27] 

Polymers like polyaniline and polypyrene are also used in catalytic contexts for their 

conductive properties, which can be crucial in electrocatalysis. The specific surface area and 

porosity of these polymers can be adjusted during synthesis, which is critical for their 

effectiveness in catalytic roles.[28] 

I.3.Composites Materials 

     A composite material is a material made from two or more constituent materials with 

significantly different physical or chemical properties. These materials remain distinct within 

the finished structure, resulting in a material with properties that are different from the 

individual components. The primary components of a composite are the matrix (or binder) 

and the reinforcement. [29] 

The matrix surrounds and supports the reinforcement materials by maintaining their relative 

positions, while the reinforcement imparts its special mechanical and physical properties to 

enhance the matrix properties[30]. 
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 Matrix: The continuous phase that binds the reinforcement materials together. It can 

be made of polymers, metals, or ceramics[31]. 

 Reinforcement: The dispersed phase that provides strength and stiffness. It can be in 

the form of fibers, particles, or flakes and is typically made of materials like glass, 

carbon, or aramid fibers[32]. 

Composites are classified based on the matrix material and the reinforcement material used.: 

1. Polymer Matrix Composites (PMCs): These composites use a polymer-based matrix and 

are reinforced with fibers like glass, carbon, or aramid. PMCs are known for their lightweight 

and corrosion-resistant properties[33]  

2. Metal Matrix Composites (MMCs)[34]: MMCs have a metal matrix. Reinforcements in 

MMCs can include ceramics or carbon fibers, offering high strength and stiffness as well as 

thermal and electrical conductivity    

3. Ceramic Matrix Composites (CMCs): In CMCs, the matrix is ceramic, reinforced with 

fibers like carbon or silicon carbide. These composites are used in high-temperature 

applications due to their ability to withstand extreme heat[35]   

I.4.Nano-Composites Materials 

Nanocomposites are a type of composite material where at least one of the phases has 

dimensions in the nanometer range (1 nm = 10−9 m). These materials are 

(heterogeneous/hybrid) materials produced by mixing polymers with inorganic solids (such as 

clays, oxides, or metals) at the nanoscale. The properties of nanocomposites are influenced by 

their structure, composition, interfacial interactions, and the properties of the individual 

components.[36] They are classified based on their matrix materials into three main types: 

ceramic matrix nanocomposites (CMNC), metal matrix nanocomposites (MMNC), and 

polymer matrix nanocomposites (PMNC)[37]. 

1. Ceramic Matrix Nanocomposites (CMNC): These nanocomposites incorporate ceramic 

materials as the matrix and are known for their high thermal stability and mechanical strength. 

They are used in high-temperature applications and structural components[38] 

2. Metal Matrix Nanocomposites (MMNC): These nanocomposites use metals as the matrix 

and often include metal or ceramic nanoparticles. They provide enhanced electrical 

conductivity, thermal stability, and mechanical properties, making them suitable for 

aerospace, automotive, and electronic applications[37] 
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3. Polymer Matrix Nanocomposites (PMNC): These consist of a polymer matrix embedded 

with inorganic nanoparticles such as clays, metals, or oxides. They offer improved mechanical 

properties, thermal stability, and reduced permeability, making them ideal for applications in 

packaging, electronics, and biomedical fields[39] 

Nanocomposites are chosen for catalytic applications due to several advantageous properties 

that significantly enhance their performance. One of the primary reasons is their enhanced 

surface area. Nanocomposites possess a high surface area, which provides more active sites 

for catalytic reactions, thereby increasing catalytic activity[40]. For instance, polymer 

nanocomposites with carbon nanotubes can exhibit surface areas as high as 1000 m²/g, which 

is substantially higher than traditional catalysts.[41] 

Nanocomposites exhibit high activity and stability, particularly those based on metals like 

silver[42]. Silver-based nanocomposites are known for their high catalytic activity and 

stability, making them efficient for various catalytic processes such as oxidation and reduction 

reactions. For example, Ag-based nanocomposites have been shown to maintain their catalytic 

activity over multiple cycles, demonstrating their stability and reusability [43] 

The combination of different materials in nanocomposites can lead to synergistic effects that 

further improve catalytic performance. These effects can enhance charge transfer and reaction 

rates[44]. For instance, MnCo2O4/NiCo2O4/rGO nanocomposites facilitate electrochemical 

reactions by providing efficient charge transfer pathways, resulting in improved catalytic 

efficiency[45]. Similarly, ZrO2/NiO/rGO composites have shown enhanced catalytic activity 

due to the synergistic interaction between the components [46] 

Nanocomposites also offer tunable properties, allowing for the optimization of catalytic 

properties for specific reactions. By adjusting the type and amount of constituent materials, 

the properties of nanocomposites can be tailored to meet the requirements of particular 

catalytic processes. For example, the incorporation of different metal oxides into polymer 

matrices can be adjusted to optimize the catalytic activity for environmental remediation 

applications [47] 

Nanocomposites can improve the selectivity and reducibility of catalysts, making them more 

effective for targeted reactions. For instance, (Ag)Pd-Fe3O4 nanocomposites have shown high 

selectivity to formaldehyde in methane partial oxidation at low temperatures. The 

incorporation of Ag into the Pd-Fe3O4 system enhances the reducibility of Fe3
+ species, which 

is crucial for the catalytic process [48] 



 

11 | P a g e  
 

Bibliographic Study 

I.5.Historical background of graphitic carbon nitride (g-C3N4) 

Graphitic carbon nitride (g-C3N4) is a material with a rich and evolving history that dates back 

to the early 19th century. The earliest known report of a carbon nitride compound can be 

attributed to the work of Berzelius and Liebig in 1834, who synthesized a material they 

named "melon" through the polymerization of cyanamide. This discovery marks the inception 

of carbon nitride research, situating its origin in the 19th century. However, it remained 

largely theoretical without any practical synthesis or application. This period was marked by 

theoretical chemists pondering the possibilities of new materials but lacking the means to 

create them[49]. 

The modern chapter in the story of g-C3N4 began with the theoretical predictions by Marvin 

Cohen and Amy Liu from the University of California, Berkeley, in the late 1980s. They 

hypothesized the existence of a superhard material based on a carbon nitride compound, 

which they suggested could be harder than diamond. This prediction rekindled interest in the 

carbon-nitride framework and set the stage for experimental efforts.[50] 

The landmark experimental breakthrough came in 2009 when Markus Antonietti and Xinchen 

Wang, along with their team at the Max Planck Institute of Colloids and Interfaces in 

Germany, successfully synthesized g-C3N4. They used melamine as a precursor, employing a 

simple heating process to create a polymer that exhibited properties suitable for photocatalysis 

under visible light. This synthesis not only confirmed the material's existence but also 

demonstrated its potential applications, particularly in the field of sustainable energy[51]  

Throughout its development, numerous scientists have contributed to the understanding and 

enhancement of g-C3N4. Notable among them are researchers like Richard B. Kaner from 

UCLA, who explored various derivatives and applications of the material[52]. Theoretical 

support from scientists like David Teter and Russell J. Hemley further solidified 

understanding of its structure and properties.[53] 

In recent years, the focus has shifted towards enhancing the photocatalytic efficiency of g-

C3N4. Techniques such as doping with metals and non-metals, creating heterojunctions, and 

modifying the nanostructure have been employed to improve its light absorption capabilities 

and charge carrier separation. These modifications have led to improved performance in 

various photocatalytic processes, pushing g-C3N4 to the forefront of research in photocatalysis 

and environmental remediation[54] [55] 
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Today, g-C3N4 is celebrated not just for its potential in environmental applications but also as 

a symbol of how theoretical science can lead to practical innovations. The journey from a 

theoretical concept to a cornerstone in sustainable material science is a compelling story of 

curiosity, innovation, and the enduring spirit of scientific exploration. Researchers continue to 

explore new ways to enhance its properties and expand its applications, ensuring that g-C3N4 

remains a vital material in the quest for sustainable solutions[56]  

I.6.Graphite carbon nitride g-C3N4   

Graphitic carbon nitride (g-C3N4) is a two-dimensional (2D) polymeric material composed 

primarily of carbon and nitrogen atoms arranged in a graphitic-like structure[57]. Has a 

general formula of (C3N3H) n it is a family of carbon nitride compounds with a general 

formula close to C3N4, typically containing non-zero amounts of hydrogen[58].  

It is characterized by its rich properties, basic surface functionalities, and hydrogen-bonding 

motifs due to the presence of nitrogen and hydrogen atoms. His unique properties make him 

the famous potential candidate to complement carbon in various material applications[59] 

I.6.1 Structure of graphite carbon nitride g-C3N4   

The Overall Structure of g-C3N4 is a two-dimensional, layered material composed of two 

primary building units: s-triazine and s-heptazine (tri-s-triazine)[57].These s-triazine or s-

heptazine units linked together through planar, sp2-hybridized carbon-nitrogen bonds. The 

layers are held together by van der Waals forces[60]. And the Arrangement of the structure is 

the s-triazine or s-heptazine units form a repeating pattern, creating a stable, planar network. 

The structure can be visualized as a series of interconnected hexagonal rings, similar to the 

structure of graphite but with nitrogen atoms incorporated into the rings.[61]    

 

 
Figure 01: Molecular structure re of graphitic carbon nitride 
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 s-Triazine Unit  

 The Structure s-Triazine is a six-membered ring containing three carbon atoms and three 

nitrogen atoms arranged alternately. Each nitrogen atom is bonded to a hydrogen atom (NH2 

group) and its Chemical Formula is (C3N3H3)[62] 

 

Figure 02: Molecular Structure of s-Triazine unit 

 s-Heptazine Unit 

 The Structure s-Heptazine (tri-s-triazine) consists of three fused s-triazine rings, forming a 

larger, more complex structure. It has a central six-membered ring with three nitrogen atoms 

and three carbon atoms, each connected to an additional s-triazine ring. And its Chemical 

Formula is C6N7H3[62] 

 

Figure 03 :Molecular Structure of s- Heptazine unit 
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     The interlayer distance between the stacked sheets is typically around 0.326 nm, slightly 

larger than that of graphite (0.335 nm) due to the presence of nitrogen atoms. Real g-C3N4 

materials often contain defects, such as nitrogen vacancies, carbon vacancies, and 

uncondensed amino groups, which can influence their properties[63]. 

I.6.2 Crystalline Forms of graphite carbon nitride g-C3N4   

Beyond the commonly studied graphitic form, g-C3N4 can exist in several other crystalline 

structures, each with distinct atomic arrangements and properties. These include[57]: 

1. α-C3N4: This phase has a hexagonal crystal structure characterized by alternating carbon 

and nitrogen atoms. 

2. β-C3N4: This phase exhibits a trigonal crystal structure with a unique atomic arrangement. 

3. Cubic-C3N4: This form has a cubic crystal structure, providing a symmetrical arrangement 

of carbon and nitrogen atoms. 

4. Pseudocubic-C3N4: Similar to the cubic structure but with slight distortions, making it not 

perfectly cubic. 

I .6.3 Chemical and Physical Properties of Graphitic Carbon Nitride (g-

C3N4) 

One of its most notable chemical properties is its excellent chemical stability, which allows it 

to resist degradation in strong acids, bases, and oxidizing environments. The high thermal 

stability, with g-C3N4 able to withstand temperatures up to 600°C without significant 

decomposition. This thermal robustness makes it suitable for high-temperature applications 

like catalysis and energy storage, where materials are often subjected to extreme 

conditions[64]. This stability is attributed to the strong covalent bonds between carbon and 

nitrogen atoms, forming a robust network that maintains its integrity even under harsh 

chemical conditions. This property makes g-C3N4 durable for long-term applications in 

various chemical processes[65]. 

The presence of nitrogen atoms in the structure of g-C3N4 imparts an electron-rich nature to 

the material. This electron density is due to the lone pair electrons on the nitrogen atoms, 

which contribute to the formation of a highly delocalized π-conjugated system. This electron-

rich nature enhances the material's basic surface functionalities and hydrogen-bonding motifs, 
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making it effective in catalytic and electronic applications where electron transfer processes 

are critical.[66] 

g-C3N4 is also an effective visible-light photocatalyst, capable of driving various reactions 

such as water splitting, CO2 reduction, and the degradation of organic pollutants. Its 

photocatalytic activity is primarily due to its suitable band gap of approximately 2.7 eV, 

which allows it to absorb visible light and generate electron-hole pairs. The material's high 

surface area and the presence of active sites further enhance its photocatalytic efficiency by 

facilitating the interaction with reactants and inhibiting the recombination of photogenerated 

electron-hole pairs. This band gap is crucial for applications such as photocatalytic hydrogen 

production, water splitting, CO2 reduction, and organic pollutant degradation[67]. 

 g-C3N4 can act as a metal-free catalyst for various reactions, including NO decomposition, 

oxidation reactions, and organic transformations. This property is particularly beneficial for 

applications where the use of metals is undesirable due to cost or environmental concerns. 

The material's catalytic activity is enhanced by its electron-rich nature and the presence of 

nitrogen atoms, which provide active sites for catalytic reactions[68].  

 g-C3N4 is capable of facilitating hydrogen evolution reactions, particularly when modified 

with other materials to enhance its photocatalytic efficiency. The material's ability to generate 

hydrogen from water under visible light irradiation makes it a promising candidate for 

sustainable energy applications. Modifications such as doping with metals or creating 

heterojunctions with other semiconductors can significantly improve the hydrogen evolution 

rate.[69] 

 g-C3N4 can intercalate lithium ions, making it a potential candidate for rechargeable battery 

applications due to its ability to store a large amount of lithium. This intercalation property is 

beneficial for energy storage applications where high capacity and stability are required. The 

material's layered structure and the presence of nitrogen atoms facilitate the intercalation 

process, enhancing its performance in lithium-ion batteries[70]. 

The elastic modulus of g-C3N4 has been reported to be in the range of 210 to 320 GPa, and its 

tensile strength ranges from 30 to 47 GPa, depending on the specific structure and synthesis 

method used. The hardness of g-C3N4 can reach up to 13 GPa, making it a very hard 

material[71].  
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Bulk g-C3N4 typically has a low specific surface area (<10 m²/g), this can be significantly 

increased through structural modifications like creating mesoporous structures. Techniques 

such as nano-casting and template methods can increase the surface area, thereby enhancing 

the material's catalytic activity by providing more active sites.[72] 

Graphitic carbon nitride also exhibits unique optical properties, including photoluminescence, 

which is useful for applications in bioimaging and sensing. Its optical phonon behavior, 

revealed by infrared and Raman spectroscopy, helps in understanding its electronic and 

vibrational properties.[73] 

 g-C3N4 has a density of approximately 2.3 g/cm³, which is slightly higher than that of 

graphite due to the incorporation of nitrogen atoms into its structure. This higher density 

contributes to the material's mechanical strength and stability, which are advantageous for 

structural applications.[74] 

I.7. Synthesis method of graphite carbon nitride g-C3N4   

Melamine, a triazine-based compound with the chemical formula C₃H₆N₆, is commonly used 

in the production of plastics, adhesives, and laminates. It is a white crystalline substance 

known for its high nitrogen content and thermal stability. Due to these properties, melamine 

serves as an excellent precursor for the synthesis of graphitic carbon nitride (g-C₃N₄)[75]. 

 

Figure 04:Molecular Structure of Melamine 

To synthesize g-C₃N₄, melamine powder, initially white in color, undergoes a thermal 

treatment in a muffle furnace at 550°C for 2 hours. This process leads to the formation of g-

C₃N₄, which exhibits a yellow color, indicating successful synthesis .And this is what it is 

called Calcination [76] 
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Calcination, the method used, is a thermal treatment process that involves heating a material 

to a high temperature in the absence of air or in a controlled atmosphere to bring about 

thermal decomposition, phase transition, or the removal of volatile substances[77]. 

Graphitic carbon nitride (g-C₃N₄) can be synthesized using various methods, each employing 

distinct precursors and conditions. These methods encompass thermal 

condensation/polymerization, solvothermal/ionothermal synthesis, template-assisted 

synthesis, mechanochemical synthesis, microwave-assisted synthesis, exfoliation/stripping 

methods, chemical vapor deposition (CVD), electrochemical/photochemical methods, 

biogenic synthesis, and hydrothermal synthesis[59]. 

 The choice of precursor significantly influences the properties and yield of the resulting g-

C₃N₄. Common precursors for g-C₃N₄ synthesis include urea (CO(NH₂) ₂), cyanamide 

(CH₂N₂), dicyandiamide (C₂H₄N₄), and guanidine (CH₅N₃), among others. Each precursor, 

subjected to appropriate thermal treatments within the selected synthesis method, can lead to 

the formation of g-C₃N₄ with varying structural and morphological characteristics[78]. 

I.8. Modification of graphite carbon nitride g-C3N4   

The modification of g-C3N4 with silver nanoparticles involves a careful balance of chemical 

reactions and process conditions to achieve the desired particle size and distribution. This 

modification enhances the catalytic properties of g-C3N4, making it a promising material for 

various environmental and industrial applications[79]. 

I.8.1 Silver nanoparticles 

Silver nitrate (AgNO3) is a widely used precursor in the synthesis of silver nanoparticles 

(AgNPs). It consists of silver cations (Ag+) and nitrate anions (NO3
-). When dissolved in 

water, AgNO3 dissociates into these ions, making it an ideal source of silver for nanoparticle 

formation. Silver nanoparticles are particles of silver with dimensions typically ranging from 

1 to 100 nanometers. These nanoparticles exhibit unique properties due to their high surface 

area to volume ratio and quantum effects, which differ significantly from bulk silver[80].   

Silver nanoparticles are known for their excellent electrical conductivity, catalytic properties, 

and strong surface plasmon resonance (SPR) effects. The SPR effect enhances the absorption 

and scattering of light, making AgNPs highly effective in photocatalytic applications[81].   

In the context of modifying g-C3N4, silver nitrate serves as the source of silver ions that are 

adsorbed onto the surface and within the pores of the g-C3N4 matrix. This adsorption is a 
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critical step as it prepares the material for the subsequent reduction process, where the silver 

ions will be converted into metallic silver nanoparticles[82].   

I.8.2 Reduction with Sodium Borohydride 

Sodium borohydride (NaBH4) is a powerful reducing agent commonly used in the synthesis of 

metallic nanoparticles. The reduction of silver ions (Ag+) to metallic silver (Ag0) using 

sodium borohydride. The borohydride ions (BH4
-) donate electrons to the silver ions, reducing 

them to their metallic state[83]. This process is highly efficient and rapid, resulting in the 

formation of silver nanoparticles. The reduction typically occurs in an aqueous solution, 

where the silver ions are uniformly distributed, ensuring the formation of well-dispersed 

nanoparticles[84]. The use of sodium borohydride is advantageous due to its strong reducing 

power, which ensures complete reduction of silver ions. Additionally, the by-products of the 

reaction, such as boric acid (B(OH)3), are relatively benign, making the process 

environmentally friendly.[85]  

I.8.3. Chemical and Structural Implications of the modification 

The modification of g-C3N4 with silver nanoparticles through the reduction of silver ions has 

several significant chemical and structural implications[86] 

1. Enhanced Electron Conductivity: The incorporation of metallic silver nanoparticles into the 

g-C3N4 matrix significantly enhances its electron conductivity. Silver, being a highly 

conductive metal, facilitates the transfer of electrons within the composite material, which is 

crucial for catalytic and photocatalytic applications.[87] 

2. Surface Plasmon Resonance (SPR) Effect: The silver nanoparticles exhibit strong SPR, 

which enhances the absorption of visible light. This effect extends the photocatalytic activity 

of g-C3N4 into the visible spectrum, making it more effective in light-driven catalytic 

processes.[82] 

3. Improved Photocatalytic Activity: The presence of silver nanoparticles promotes the 

separation of photogenerated electron-hole pairs, reducing their recombination rate. This 

improvement leads to higher photocatalytic efficiency, as the electrons and holes can 

participate in redox reactions more effectively.[88] 

4. Structural Stability: The modification process does not significantly alter the structural 

integrity of g-C3N4. The silver nanoparticles are well-dispersed on the surface and within the 

pores, maintaining the overall stability and surface area of the material. This dispersion 
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ensures that the catalytic sites are readily accessible, enhancing the overall performance of the 

composite[89]. 

5. Chemical Interactions: The interaction between the silver nanoparticles and the g-C3N4 

matrix can lead to the formation of new active sites, which can further enhance the catalytic 

properties of the composite. These interactions are often characterized by techniques such as 

X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR), 

which provide insights into the chemical bonding and electronic structure of the modified 

material.[90] 

I.9.Heterogeneous Catalysis 

Heterogeneous catalysis represents a fundamental process in both environmental and 

industrial applications, where the catalyst and reactants are in different phases, typically with 

the catalyst being solid and the reactants being in a liquid or gaseous state. This distinction 

allows for the catalyst to be easily separated from the reaction mixture, making heterogeneous 

catalysis particularly appealing for continuous industrial processes[91]. The essence of 

heterogeneous catalysis lies in the interaction between the surface of the solid catalyst and the 

reactant molecules. These interactions facilitate chemical reactions by providing an alternative 

reaction pathway with a lower activation energy compared to the uncatalyzed process[92]. 

The surface of the catalyst offers active sites where these reactions can occur more readily. 

The effectiveness of a heterogeneous catalyst is largely determined by its surface area; a 

higher surface area provides more active sites for the reactant molecules, thereby enhancing 

the catalytic activity[93]. 

Graphitic carbon nitride (g-C3N4), has emerged as a promising material for heterogeneous 

catalysis due to its unique structural and chemical properties. The modification of g-C3N4, 

through processes such as doping with metal nanoparticles or combining with other 

semiconductors, can significantly enhance its catalytic performance. These modifications can 

introduce new active sites, improve charge separation and transfer, and extend the light 

absorption range, making g-C3N4 based composites highly effective for various catalytic 

applications[94]. 

In environmental remediation, g-C3N4 based catalysts have shown remarkable efficiency in 

the degradation of organic pollutants under light irradiation, showcasing their potential in 

photocatalytic applications. The ability of these catalysts to facilitate the breakdown of 

complex organic molecules into less harmful substances under ambient conditions highlights 
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the role of heterogeneous catalysis in addressing pollution and environmental 

sustainability[6]. 

g-C3N4 based materials have been explored for their potential in energy conversion processes, 

such as hydrogen evolution from water splitting and carbon dioxide reduction. These 

applications leverage the photocatalytic properties of g-C3N4, where the material acts as a 

heterogeneous catalyst to drive the conversion of water and carbon dioxide into valuable fuels 

using sunlight[95]. 

The exploration of g-C3N4 in heterogeneous catalysis opens up new avenues for the 

development of efficient and sustainable catalytic processes. By tailoring the properties of g-

C3N4 through various modification strategies, it is possible to design catalysts that are not 

only highly active but also selective for specific reactions. This adaptability, combined with 

the environmental benignity and cost-effectiveness of g-C3N4, positions it as a promising 

material for future advancements in catalysis and environmental remediation. 

I.10.Catalytic reduction 

Catalytic reduction plays a crucial role in environmental chemistry, particularly for treating 

pollutants in wastewater. This process uses a catalyst to accelerate the reduction of harmful 

substances into less toxic or non-toxic forms. Widely applied in degrading pollutants like 

dyes, heavy metals, and organic compounds found in industrial effluents, catalytic reduction 

is efficient and can be conducted under mild conditions, making it suitable for large-scale 

environmental applications[96]. 

In catalytic reduction, a catalyst facilitates electron transfer from a reducing agent to the 

pollutant, lowering the activation energy and increasing the reaction rate without being 

consumed. The general mechanism involves adsorption of pollutant molecules and reducing 

agents onto the catalyst, electron transfer, and desorption of reduced products, regenerating 

active sites for further reactions[97]. 

I.10.1. Catalytic reduction types 

The efficiency of catalytic reduction depends on the nature of the catalyst and the reaction 

conditions. Common catalysts include noble metals (e.g., platinum, palladium, silver), metal 

oxides, and supported metal nanoparticles. These catalysts provide active sites for the 

adsorption and reduction of pollutants[98]. 
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1. Noble Metal Catalysts: Noble metals like platinum and palladium are highly 

effective in catalytic reduction due to their excellent electron transfer capabilities and 

stability. However, their high cost limits their widespread use.[99] 

2. Metal Oxide Catalysts: Metal oxides such as titanium dioxide (TiO2) and zinc oxide 

(ZnO) are cost-effective alternatives with good catalytic properties. They are often 

used in combination with other materials to enhance their performance[100]. 

3. Supported Metal Nanoparticles: Supporting metal nanoparticles on materials like 

carbon, silica, or g-C3N4 can significantly enhance their catalytic activity. The support 

material provides a high surface area and stability, while the metal nanoparticles offer 

active sites for the reduction reactions[101]. 

10.2. Catalytic Reduction of Dyes 

Catalytic reduction is a vital process in the treatment of dye pollutants in wastewater. This 

method involves the use of a catalyst to accelerate the reduction of dye molecules, 

transforming them into less toxic or non-toxic forms. The process is particularly effective for 

the degradation of synthetic dyes, which are commonly used in various industries such as 

textiles, leather, and paper. These dyes are often resistant to biodegradation and can cause 

significant environmental pollution if not properly treated[102]. 

 Reduction of Methylene Blue 

Methylene blue (MB) is a synthetic dye with the chemical formula C16H18N3SCl. It is widely 

used in various applications, including as a staining agent in microbiology and as a medication. 

Methylene blue is known for its vibrant blue color and its stability, which makes it a persistent 

pollutant in wastewater. Its structure consists of two aromatic benzene rings connected by a 

central phenothiazine ring containing nitrogen (N) and sulfur (S) atoms. This structure includes 

a nitro group (-NO2) and a methyl group (-CH3), contributing to its chemical functions as a dye 

and redox agent[103].[104] 

 

Figure 05 : Molecular structure of methylene blue 
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The reduction of methylene blue is a chemical process that transforms it into a less toxic and 

colorless form, making it easier to remove from the environment. When methylene blue is 

reduced, the nitro group (-NO2) present in its structure is converted into an amine group NH2 

This reduction process involves the loss of oxygen atoms from the nitro group, which are 

replaced by hydrogen atoms to form the amine group. The reduction typically occurs in two 

main steps[105] first, the formation of a nitroso group (-NO) where the nitro group (-NO2) 

initially loses an oxygen atom and gains an electron to form a nitroso group (-NO), which is 

an unstable radical[106]. 

second, the formation of an amine group (-NH2) where the nitroso group (-NO) is further 

reduced by accepting another electron, often provided by the reducing agent, to form the 

amine group (-NH2).  

Sodium borohydride (NaBH4) acts as the reducing agent, donating electrons to the methylene 

blue molecules. The catalyst facilitates this electron transfer, leading to the reduction of 

methylene blue to leuco-methylene blue, a colorless and less toxic form. The conversion of the 

nitro group to an amine group results in significant changes in the chemical structure and 

properties of methylene blue. There is a change in functional groups as the nitro group (-NO2) 

is an oxidized functional group, while the amine group (-NH2) is a reduced functional 

group[107].  

The reduction process involves replacing the oxygen atoms in the nitro group with hydrogen 

atoms in the amine group, changing the compound's chemical reactivity and its interactions 

with other molecules[108]. There is also a change in electrical charge and polarity as the 

replacement of the oxygen atoms with hydrogen atoms in the amine group alters the electrical 

charge distribution and polarity of the molecule. The nitro group is highly polar and contributes 

to the overall polarity of methylene blue, whereas the amine group is less polar, affecting the 

solubility and interaction of the reduced molecule with its environment.[109] 

Additionally, the reduction of methylene blue leads to a color change from dark blue to colorless 

or a lighter shade. This color change is due to the transformation of the double bonds between 

carbon and nitrogen (-N=C-) and (-C=N+(CH3)2) into single bonds (-NH-CH-) and (-CH-

HN+(CH3)2), respectively. The reduction disrupts the conjugated system of double bonds, 

which is responsible for the dye's color[110]. Lastly, the reduction alters the solubility and 

chemical properties of methylene blue, making it less toxic and easier to remove from industrial 
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effluents. The reduced form, leuco-methylene blue, is less likely to interact with biological 

systems and cause environmental harm[103]. 

 Reduction of Azo dyes Methyl   orange 

 Azo dyes are a class of synthetic dyes characterized by the presence of one or more azo 

groups (-N=N-) that link aromatic rings. These dyes are widely used in various industries, 

including textiles, leather, and food, due to their vibrant colors and stability[111]. Methyl 

orange is an example of an azo dye with the chemical formula C14H14N3NaO3S. It is 

commonly used as a pH indicator in titrations due to its clear color change from red in acidic 

conditions to yellow in alkaline conditions. The structure of methyl orange includes an azo 

group (-N=N-) that links two aromatic rings, which is responsible for its vivid color. Azo dyes 

like methyl orange are known for their stability and resistance to biodegradation, making 

them persistent pollutants in wastewater[112]. 

 

Figure 06: Molecular structure of methyl orange 

The reduction mechanism involves the cleavage of the azo bond (-N=N-) and its conversion 

into amine groups (-NH2) through two main steps: the formation of a hydrazine intermediate 

(-NH-NH-) and its subsequent reduction to amine groups (-NH2). This process significantly 

alters the chemical structure and properties of methyl orange. The conversion of the oxidized 

azo group to reduced amine groups changes the molecule's chemical reactivity and 

interactions[113]. Additionally, the shift from a highly polar azo group to less polar amine 

groups affect the molecule's solubility and interaction with its environment. A noticeable 

color change occurs during reduction, from bright orange to colorless or a lighter shade, due 

to the disruption of the conjugated double bond system responsible for the dye's color. This 

alteration enhances the solubility and reduces the toxicity of methyl orange, facilitating its 

removal from industrial effluents[114] 
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Table 02 :Chemical Structures of Dyes and Their Reduced Forms 

Dye Name Chemical Structure Reduced Form Structure 
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I.11.Factors Influencing the Efficiency of Pollutant Reduction 

The efficiency of reducing pollutants such as methylene blue and Orange G depends on 

several critical factors. These include the initial amount of pollutant, the quantity and 

concentration of the reducing agent, the pH and temperature conditions of the reaction, and 

the presence of catalysts. Careful optimization of these factors is essential for achieving the 

highest possible reduction efficiency.[115] 

By carefully considering and optimizing these factors, the reduction process for pollutants can 

be made more efficient, leading to more effective treatment and better environmental 

outcomes.  

 Initial Pollutant Amount 

The initial amount of the pollutant is crucial in determining the reduction efficiency. 

Generally, a higher pollutant concentration requires a larger quantity of reducing agent to 

achieve complete reduction. This is because the reduction reaction relies on the available 

reducing agent. If the initial pollutant concentration is excessively high, the available reducing 

agent may be insufficient, resulting in incomplete reduction. Therefore, balancing the initial 

pollutant concentration is key to ensuring efficient reduction[116].[117] 

 Quantity of Reducing Agent Applied 

The amount of reducing agent applied must be sufficient to ensure complete reduction of the 

pollutant without being excessive. An insufficient quantity of the reducing agent will not 

achieve full reduction, while an excessive amount can lead to undesirable effects, such as 

increased production of hydrogen gas. Thus, determining the optimal amount of reducing 

agent is vital for effective pollutant reduction[118]. 

 Reducing Agent Concentration 

The concentration of the reducing agent is another critical factor. Higher concentrations can 

accelerate the reduction reaction, enhancing efficiency. However, excessively high 

concentrations can lead to unwanted side effects, such as the formation of byproducts. 

Therefore, it is essential to optimize the concentration of the reducing agent to achieve the 

best reduction results without causing adverse effects[119]. 
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 pH Conditions 

The pH level of the reaction environment significantly impacts pollutant reduction. The pH 

can influence the solubility of the pollutant, the stability of the reducing agent, and the 

reaction kinetics. Optimal pH conditions vary depending on the specific pollutant and 

reducing agent used. Adjusting the pH to the ideal level for each reaction can greatly improve 

reduction efficiency[120]. 

 Temperature Conditions 

Temperature plays a significant role in the reduction process. Higher temperatures can 

accelerate the reaction by providing the necessary activation energy. However, very high 

temperatures can cause excessive evaporation of the solvent and produce unwanted 

byproducts, such as increased hydrogen gas. Lower temperatures, on the other hand, may 

slow down the reaction but can help minimize adverse side effects. Therefore, maintaining an 

optimal temperature is crucial for efficient pollutant reduction[121]. 

 Catalytic Agents 

The presence of catalytic agents can significantly enhance the reduction of pollutants. 

Catalysts lower the activation energy required for the reaction, thereby speeding up the 

process. Commonly used catalysts in pollutant reduction include iron, palladium, and 

platinum. Catalysts also affect the selectivity of the reduction process, potentially leading to 

the formation of different products. Incorporating the right catalyst can greatly improve the 

efficiency and outcome of the reduction reaction[122].  

I.12.Characterization Techniques 

 X-ray Diffraction (XRD) 

 X-ray Diffraction (XRD) is a technique used to determine the crystal structure and phase 

composition of materials. It involves directing X-rays at a sample and measuring the intensity 

and angles of the diffracted beams. crystallinity of materials.[123] 

 Fourier-Transform Infrared Spectroscopy (FTIR) 

Definition: Fourier-Transform Infrared Spectroscopy (FTIR) is a technique used to identify 

functional groups and chemical bonds in a compound by measuring the absorption of infrared 

radiation at different wavelengths. The resulting spectrum represents the molecular fingerprint 
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of the material, showing characteristic absorption peaks corresponding to specific bond 

vibrations. FTIR is widely used to analyze organic and inorganic compounds, identify 

unknown substances, and study molecular interactions and chemical compositions.[124] 

 UV-Vis Spectrophotometry 

UV-Vis Spectrophotometry is a technique used to measure the absorbance of ultraviolet (UV) 

and visible (Vis) light by a sample. The absorbance spectrum provides information about the 

electronic transitions in molecules, which can be related to the concentration and chemical 

composition of the sample. UV-Vis Spectrophotometry is commonly used to quantify the 

concentration of substances in solution, monitor chemical reactions, and study the optical 

properties of materials.[125] 

Conclusion 

In conclusion, Chapter I has provided a thorough bibliographic study of the key materials and 

concepts underpinning this research. We have examined the properties and synthesis methods 

of g-C3N4, its modifications to enhance catalytic performance, and the characterization 

techniques essential for analyzing these materials. This foundational knowledge is crucial for 

understanding the experimental approaches and results presented in the following chapters. 
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I.Introduction 

This chapter details the experimental methodologies and materials utilized in this research to 

synthesize and modify graphitic carbon nitride (g-C3N4) for catalytic applications. The 

primary materials used include melamine, silver nitrate, and sodium borohydride, each 

serving a specific purpose in the synthesis and modification processes. The synthesis of g-

C3N4 from melamine involves a calcination process, while the modification steps incorporate 

silver nitrate and sodium borohydride to enhance the catalytic properties of the composite. 

These procedures are meticulously designed to ensure the successful formation of silver-

modified g-C3N4, which is subsequently characterized using various techniques to validate its 

structure and functionality. The experimental setup, conditions, and observations are 

comprehensively documented to provide a clear understanding of the methodologies 

employed in this study. 

II.1. Materials  

Material Formula Molar Mass (g/mol) 

Melamine C3H6N6 126.12 

Silver Nitrate AgNO3 169.87 

Sodium Borohydride NaBH4 37.83 

 

II.2. Procedure and Observations 

II.2.1. Synthesis of g-C3N4  

Melamine, initially a white powder, was placed in a crucible and heated in a muffle furnace at 

550°C for 2 hours. This process resulted in the formation of a yellow powder, indicating the 

successful synthesis of g-C3N4. 

 

Figure 01: Melamine before and after the calcination 

Calcination 

550°C 

2 Hours 
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II .2.2. Modification of g-C3N4 

II 2.2.1 Silver Nitrate 

 A 0.1 M solution of silver nitrate was prepared by dissolving 4.2 grams of silver nitrate in 

250 ml of deionized water in a 500 ml beaker. 

Six grams of g-C3N4 were then mixed with 200 ml of this solution in a separate beaker and 

stirred using a magnetic stirrer for two hours. The mixture turned yellow, suggesting the 

adsorption of silver ions onto the g-C3N4 surface. After filtration using a Büchner funnel and 

filter paper, the precipitate was dried in an oven at 60°C for 24 hours, resulting in a yellow 

powder of Ag@g-C3N4. 

 

Figure 02: Modification of g-C3N4 with silver Nitrate 
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II .2.2.2 Sodium Borohydride 

 A 1 M solution of sodium borohydride was prepared by dissolving 3.75 grams of NaBH4 in 

100 ml of deionized water in a 250 ml beaker. Four grams of the yellow Ag@g-C3N4 powder 

were then added to 100 ml of this solution in a separate beaker and stirred using a magnetic 

stirrer for an hour and a half. The mixture turned black, indicating the reduction of silver ions 

to metallic silver Ag0. The final product, a black powder of Ag@g-C3N4, was obtained after 

filtration using a Büchner funnel and drying in an oven at 60°C for 24 hours.

Figure 03: Modification of g-C3N4 with Sodium Borohydride 
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III. Characterization of materials 

III.1.1.X-ray diffraction 

X-ray diffraction patterns of the powder samples were collected using a D8 DISCOVER Plus 

diffractometer equipped with a Cu anticathode (λ Cu Kα anticathode = 0.154056 nm).  

Figure 01 shows the XRD spectra of the parent sample g-C3N4 and the nanocomposites  

Ag@g-C3N4. X-ray diffraction (XRD) is an essential technique for characterizing 

nanocomposites, providing crucial information on their crystal structure, composition and 

grain size. In this section, we present the results of the XRD characterization of the g-C3N4 

sample and the Ag@g-C3N4 nanocomposites. 

III.1.2. Principle of X-ray Diffraction 

XRD is based on the interaction of X-rays with the crystalline planes of a material. When X- 

rays are directed at a sample, they are diffracted along the atomic planes of the crystal. The 

relationship between angle of incidence, X-ray wavelength and inter-plane distances is given 

by Bragg’s law: 

 

 

Where n is the diffraction order, λ is the X-ray wavelength, d is the interplanar distance and θ 

is the angle of incidence. 

III.1.3. Characterization of g-C3N4@CuO@AgO nanocomposites 

Identifying crystal phases 

The XRD spectra of Ag@g-C3N4 nanocomposites show characteristic peaks corresponding to 

the crystalline phases of g-C3N4, and Ag0. The g-C3N4 diffraction peaks typically appear at 

angles 2θ° around 27.52° and 13.07°, corresponding to the (002) and (100) crystal planes 

respectively [126] confirms the formation of g-C3N4 by the thermal process. Ag0 peaks are 

detected at 2θ positions around 38°, 44°, 64° and 77°, attributable to the (111), (200), (220) 

and (311) planes. The X-ray diffractogram confirms the presence of silver nanoparticles[127] 

[128]. 

 

nλ = 2×d×sinθ 
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Figure 04: (A-B) X-ray Diffractogram of Ag@g-C3N4 composites 
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Figure 04: X-Ray Diffractogram of g-C3N4 

Figure 05: X-ray Diffractogram of Ag@g-C3N4 
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III.2.1 Infrared spectroscopy 

Characterization of Nanocomposites by Fourier Transform Infrared Spectroscopy (FTIR) are 

shown in Figure 03. Fourier Transform Infrared Spectroscopy (FTIR) is an essential analytical 

technique for determining the functional groups and chemical bonds present in 

nanocomposites. In this section, we present a detailed analysis of the FTIR spectra of the      

g-C3N4 sample and the Ag@g-C3N4 nanocomposites. 

III.2.2. Principle of FTIR Spectroscopy 

FTIR measures the absorption of infrared light by chemical bonds within a material. Each 

type of chemical bond absorbs at specific frequencies, making it possible to identify 

functional groups and study interactions between material components[129]. 

III.2.3. Characterization of Ag@g-C3N4 nanocomposites FTIR spectrum of 

g-C3N4 

Graphitic carbon nitride (g-C3N4) displays characteristic absorption bands in the FTIR 

spectrum. Bands between 1200 and 1700 cm-¹ correspond to valence vibrations of the C=N 

and C-N-C bonds, typical of the triazine lattice of g-C3N4. An intense band around 810 cm-¹ is 

attributed to out-of-plane deformation vibrations of the triazine rings. 

III.2.4. FTIR spectrum of Ag@g-C3N4 nanocomposites 

The characteristic g-C3N4 bands are present, confirming the conservation of the basic g- C3N4 

structure after nanocomposite formation. New bands appear around 500-600 cm-¹, 

corresponding to the valence vibrations of Ag-O bonds. These bands indicate the presence of 

Ag 0 in the nanocomposites. The band around 1380 cm-¹, often associated with the 

symmetrical vibration of nitride groups (C-N), may be slightly shifted due to interactions 

between g-C3N4 and Ag0. 

III.2.5. Interactions and Structural Modifications 

Shifts in absorption bands and the appearance of new bands suggest chemical interactions 

between g-C3N4 and Ag nanoparticles. Changes in the vibrational bands of the C=N and       

C-N-C groups indicate a strong interaction between g-C3N4 and the nanoparticles, influencing 

the electronic and catalytic properties of the nanocomposites. 
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The FTIR spectra of Ag@g-C3N4 are shown in Figure 03. The FTIR characteristics of g-C3N4 

are similar to those described above, with bands between 1200 and 1700 cm-¹ for C=N and C-

N-C bonds, and a band at 810 cm-¹ for triazine rings.   

 

Figure05: Structure of melamine and g-C3N4 

 

Figure 06: Structure of melamine and g-C3N4 

Figure 07: FTIR spectra of g-C3N4 and Ag@g-C3N4 
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IV. Application 

IV.1. Catalytic reduction 

The capacity of different catalysts was tested with two pollutants MB and MO in a simple 

binary system as model reactions. The synthesis protocol is similar to the work carried out in 

the literature, except that the conditions have been modified. Briefly, about 2 mL of MO 

solution (0.1mM) was placed in a quartz cuvette and a mass of catalyst (3 mg) was added to 

the mixture, after which 1.5 mL of freshly prepared NaBH4 reducing agent (20-15 and 10 

mM) was added to the reaction mixture. The reaction was monitored by UV-Vis using a 

scanning program every 30 seconds. The reduction of the MO dye was used as a model 

reaction to optimize the conditions of the reduction reaction. The best optimized conditions 

were used to reduce the MB dye. The conditions used were 0.1 mM MO, 20 mM NaBH4, and 

3 mg Ag@g-C3N4 catalyst. For the binary system MB + MO was studied using the same 

protocol, the conditions used were 0.05 mM MO, 0.05-0.025 mM MB, 0.1 mM NaBH4 and   

3 mg Ag@g-C3N4 catalyst. 

IV.2. Effect of catalyst type 

The catalytic activity of a material differs according to its surface, the nature of the active 

sites (metal NPs, metal oxides) their dispersions, but also the size of the MNPs. In this 

section, we are interested in studying the effect Ag@g-C3N4 nanoparticles on catalytic 

activity. Before studying the catalytic behavior of our materials, it is interesting to investigate 

the adsorption of our organic pollutants. As shown in figure 04, it is clear that the Ag@g-

C3N4 catalyst has no adsorption affinity for the MO dye. After addition of the reducing agent 

NaBH4 (see figure 04), it was found that the Ag@g-C3N4 catalyst gave more efficient results. 

A conversion of 80% of the MO dye was obtained for 210s under the following conditions: 

[MO] = 0.1 mM, [NaBH4] = 15 mM, catalyst mass 3 mg. It should be borne in mind that the 

use of NaBH4 alone (blank test without catalyst) does not lead to any conversion of the MO 

dye even at higher concentrations (between 15 and 20 mM). This shows that the presence of 

metal Ag supported on the surface of g-C3N4 plays an important role in MO dye conversion. 

According to the literature, it has been demonstrated that the role of Ag-CuNPs lies in the 

transport of electrons from the NaBH4 donor to the acceptor (MO dye), which then leads to its 

conversion. The catalytic performance of this material compared with other catalysts lie in the 

number of sites available for reaction with the MO dye, as well as in their good dispersion and 

small size. 
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Figure 08: Uv-Vis Adsorption test on Ag@g-C3N4 

Figure 09: Reduction of Methyl Orange (MO) 
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Figure 10: Conversion for the Reduction of MO 

IV.3. Effect of NaBH4 concentration 

After optimizing the best catalyst, we studied the effect of NaBH4 on MO dye conversion. To 

this end, we used different concentrations of NaBH4 ranging from 10 to 20 mM while keeping 

the other conditions constant. As shown in Figure 05, the concentration of NaBH4 caused a 

significant change, particularly in reaction time and thus in MO dye conversion. It is clear that 

MO dye conversion increases with increasing initial NaBH4 concentration 4 and so the best 

MO conversion was obtained for 150s when using a NaBH4 concentration of 20 mM. The rate 

constants recorded for NaBH4 concentrations of 10, 15 and 20 mM are (0.005, 0.009) and 

(0.01 S -1), respectively. This is strongly related to the increase in electron density with 

increasing NaBH4 concentration 4 which facilitates MO conversion.  
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Figure 11: Effect of NaBH4 Concentration(10mM) 

Figure 12: Effect of NaBH4 Concentration (15mM) 

Figure 11: Effect of NaBH4 Concentration (10mM) 
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Figure 13: Effect of NaBH4 Concentration (20mM) 

Figure 14: MO Conversion (NaBH4 Effect) 
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IV.4. Effect of the nature of the organic pollutant 

After optimizing the operating conditions (best catalyst and NaBH4 concentration), we are 

now interested in studying the catalytic behavior of our Ag@g-C3N4 material in relation to the 

organic pollutant. The study of the catalytic behavior of our Ag@g-C3N4 material in relation 

to the cationic dye MB. The Ag@g-C3N4 catalyst showed excellent catalytic activity against 

this cationic pollutant. The Ag@g-C3N4 catalyst performed better with the MB dye, resulting 

in an instantaneous reaction, faster than for the reduction of MO. MB conversion was 

complete. Among the advantages of this material, it is easy to prepare and effective as a 

reducing agent. 

IV.5. Reduction in a binary system 

Organic pollutants can exist as a system containing one or more pollutants at the same time. 

This is why it is so important to test our material in a system containing several pollutants. To 

this end, we tested a binary system containing two different pollutants as model reactions. The 

system contained a mixture of MB dye and MO. The results obtained in the binary system are 

shown in Figure 15. 
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Figure 15: Uv-Vis Reduction spectrum of a MB-MO binary System using Ag@g-C3N4-20 



 

42 | P a g e  
 

Methodes and materials  

 

From this figure, it is clear that our Ag@g-C3N4 catalyst performed well in this system. The 

Ag@g-C3N4 catalyst was more selective than the MB dye, which explains why the reaction 

time required to reduce MB was 90s, whereas for the MO dye, the reaction time was found to 

be four times that of MB, and the total conversion of the MO dye was around 360s. 

Table 03:Comparative study with other catalysts 

Catalyst [BM] [NaBH4] 
T 

(°C) 

Catalyst 

Mass 

(mg) 

Reaction 

Time 

(min) 

Reference 

Aerogel MC@CA (1) 0.6mM×2 mL 0.6 M×1.5 mL Ta 4.8 5 [130] 

MC-PDA-Ag 0.06mM×20 mL 0.01 M×2 mL Ta 10 5 [131] 

Ag/Fe3O4@C 0.06mM×18 mL 5.3mM×20 mL Ta 10 10 [132] 

CuO@CS 0.06mM×50 mL 1.5M×3.75 mL Ta 25 10 [133] 

Au/CeO2–TiO2 
0.048mM×30 

mL 
0.2 M×2 mL 30 13 10.5 [134] 

Cu/SBA-15 

22.5 mL×0.09 

mM +12.5 mL 

H2O 

0.2 M×5 mL 30 1 8 [135] 

Au/TiO2 0.04mM×20 mL 0.1 M×2 mL Ta 2 12 [136] 

CuO–SDS 0.6mM×2 mL 
6.8mM×1.5 

mL 
Ta 3 10 [137] 

CeO2@ALG (2%) 0.3×1.5 mL 0.5M×2.5 mL Ta 4 2 [138] 

CeO2@ALG (2%) 0.1×1.5 mL 0.1M×2.5 mL Ta 4 15 [138] 

KA 0.3mM×2 mL 15mM×1.5 mL Ta 3 38 [139] 

Ag@g-C3N4 0.1×2ml 20mM×1.5ml 25 3 2.5 This study 
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Conclusion 

In this work, we prepared g-C3N4 from melamine. The material obtained is then used as a 

base material for the preparation of Ag@g-C3N4 nanocomposites. The nanocomposites 

obtained are characterized by X-ray powder diffraction and infrared spectroscopy (FTIR). 

Characterization of the Ag@g-C3N4 materials was carried out by X-ray diffraction (XRD) and 

infrared spectroscopy (IR) to determine their respective crystal structures and chemical bonds. 

XRD analysis revealed that catalyst possess a well-defined crystal structure, with 

characteristic peaks indicating the presence of g-C3N4 as well as Ag nanoparticles phases. IR 

spectroscopy confirmed the incorporation of Ag metals into the g-C3N4 matrix, showing 

bands specific to C=N and C-N bonds, as well as additional bands attributed to metal oxides. 

These structural and chemical characterizations confirmed the successful synthesis of the 

nanocomposites. Various parameters affecting the reduction of organic pollutants were 

studied and synthesis conditions were optimized. It was shown that the initial concentration of 

the reducing agent, as well as the nature of the dispersed NPs, can significantly influence the 

conversion of organic pollutants. According to our results, the Ag@g-C3N4catalyst was 

selected as the best catalyst in both systems (simple and binary). In the binary system, the 

Ag@g-C3N4 catalyst was more selective for the MB dye due to the perfect, ultra-fine 

dispersion of the (Ag) NPs particles. On the Ag@g-C3N4 surface. The Ag@g-C3N4 catalyst 

was shown to have excellent catalytic activity towards both pollutants (MO and MB) 
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                                                                                                                                  General conclusion 

     In this thesis, we have successfully synthesized and characterized graphitic carbon nitride 

(g-C3N4) and its silver-modified composites (Ag@g-C3N4) for catalytic applications in water 

purification. The experimental studies focused on the preparation of g-C3N4 from melamine 

and its subsequent modification with silver nanoparticles to enhance its catalytic efficiency. 

The characterization of these materials using X-ray diffraction (XRD) and Fourier-transform 

infrared spectroscopy (FTIR) confirmed the successful incorporation of silver nanoparticles 

into the g-C3N4 matrix, resulting in well-defined crystal structures and chemical bonds. 

     The catalytic performance of the synthesized Ag@g-C3N4 composites was evaluated 

through the reduction of organic pollutants, specifically methylene blue (MB) and methyl 

orange (MO) dyes. The results demonstrated that the Ag@g-C3N4 catalyst exhibited excellent 

catalytic activity towards both pollutants. Various parameters affecting the reduction process, 

such as the initial concentration of the reducing agent and the nature of the dispersed 

nanoparticles, were systematically studied and optimized. The Ag@g-C3N4 catalyst showed 

superior performance in both simple and binary systems, with a higher selectivity for the MB 

dye due to the ultra-fine dispersion of silver nanoparticles on the g-C3N4 surface. 

     The findings of this research highlight the potential of g-C3N4-based composites as 

effective and sustainable solutions for water pollution. The enhanced catalytic properties of 

Ag@g-C3N4 make it a promising candidate for environmental remediation applications, 

particularly in the degradation of harmful organic pollutants in wastewater. 

 this work has demonstrated the successful synthesis and application of g-C3N4 based 

composites for catalytic water purification. The insights gained from this research pave the 

way for further advancements in the design and application of advanced catalytic materials. 

We hope that this work will inspire future research and development in the field of 

environmental catalysis, ultimately leading to more efficient, cost-effective, and sustainable 

solutions for water pollution. 

     Through this work, we have contributed to the development of more effective and 

sustainable solutions for water pollution by leveraging the unique properties of g-C3N4 and its 

composites. The insights gained from this research pave the way for further advancements in 

the design and application of advanced catalytic materials for environmental remediation. 

     Looking ahead, future research directions could include further modifications to enhance 

the catalytic efficiency of g-C3N4, exploration of other pollutants and reaction systems, and 

the development of scalable synthesis methods for industrial-scale implementation. 
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                                                                                                                                  General conclusion 

Additionally, the integration of these materials into existing wastewater treatment processes 

and the assessment of their long-term stability and environmental impact would be crucial 

steps towards practical applications. 

     In conclusion, this thesis has made significant contributions to the field of catalytic 

materials for environmental remediation, highlighting the potential of g-C3N4 and its 

composites as promising solutions for addressing the pressing issue of water pollution. By 

combining fundamental research with practical applications, we have taken a step towards a 

more sustainable future, where advanced catalytic technologies play a pivotal role in 

preserving our precious water resources. As the famous environmentalist Robert Swan once 

said, "The greatest threat to our planet is the belief that someone else will save it.”. By 

advancing the field of material chemistry, we hope to contribute to the global effort of 

preserving our precious water resources and ensuring a healthier planet for future generations. 
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