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Summary 

This study wanted to address the water pollution caused by textile azo dyes and synthesized 

advanced photocatalytic composite materials based on clay supported ZnO nano hybrids for 

enhanced photocatalytic degradation of azo dyes along with establishing their synergistic 

relationship. Due to limited visible-light activity of ZnO in photocatalysis, different pure, 

metal-doped and modified materials were synthesized and successfully ZnO nanoparticles 

were immobilized into them to form binary and ternary photocatalytic composite materials i.e. 

ZnO nano hybrids and tested for enhanced photocatalytic degradation of reactive black 5 (RB5) 

azo dyes in synthetic solution. Specifically, raw halloysite was modified by chemical treatment 

and an activated clay (AC) was produced. Then graphitic carbon nitride (g-C3N4) was 

synthesized and modified with Fe metal doping to form Fe/g-C3N4. After that ZnO nano 

particles were synthesized using precipitation process and 4 different composite materials were 

formed particularly [Fe/g-C3N4]/AC, ZnO/AC, [Fe/g-C3N4]/ZnO and [Fe/g-C3N4]/ZnO/AC. 

Then 6 different analytical tests were carried out namely SEM, XRD, DRS, Nitrogen 

adsorption-desorption, XPS and zeta potential for assessing the surface morphology, surface 

texture, crystal structure, optical properties and surface charge, etc. of 8 synthesized materials. 

To evaluate the photocatalytic performance of 8 sample materials, photocatalytic experiments 

were carried out in the photocatalytic reactor for degradation of RB5 azo dye under Visible 

light. The initial and residual concentrations of the dye were noted after 0, 2, 4, 6, and 8 h and 

RB5 degradation percentage was calculated. It was observed that, ternary composite [Fe/g-

C3N4]/ZnO/AC is the best sample, showing a removal of 70% within 2 h ending with the 

complete degradation of azo dye after 8 h. For this sample, the RB5 degradation kinetic law 

was also determined and a probable mechanism of RB5 dye degradation was proposed. To 

conclude, binary and ternary heterojunction composite materials like [Fe/g-C3N4]/ZnO and 

[Fe/g-C3N4]/ZnO/AC can enhance the photocatalytic performance of pure ZnO for degradation 

of azo dyes overcoming the barrier of limited visible light activity. 
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Chapter 1: Introduction 

1.1 Azo dyes 

Azo dyes are the most used synthetic dyes known for their brilliance colors and extensive 

applications across various industries. These dyes contain a common structural unit but form a 

very diverse family and their importance may increase in future due to their easy uses, chemical 

stability and cheapness. Usually, these types of dyes are synthesized using diazotization and 

coupling reaction methods [1]. Azo dyes represent over 60% of total commercial dyes 

production with around 70% of dyes used in industrial applications [1]. Common uses of azo 

dyes include leather, paper, textile, food, pharmaceuticals and cosmetics industries. 

Specifically, approximately 80% of azo dye is utilized in textile dyeing process [2]. 

In terms of definition, azo dyes are those synthetic dyes which have one or more azo linkages 

(–N=N–) connecting the aromatic rings. Their general structure is R₁–N=N–R₂, where R1 and 

R2 are typically benzene, naphthalene or heterocyclic groups along with auxochromes such as 

–OH, –NH₂, –SO₃H, and –COOH which imparts color and solubility [1-3]. A common 

chemical structure of an azo dye is shown in Figure 1.  

 Azo dyes are commonly classified following:  

➢ By number of azo groups: monoazo, disazo, trisazo and polyazo [1,2]. 

➢ By application (textile): acid, reactive, direct, disperse, vat and basic dyes [4]. 

➢ By ionic character: anionic (e.g., acid, reactive, direct), cationic and non-ionic; also 

classified based on hydrophobic or hydrophilic nature [3,5]. 

 

 

Figure 1: Chemical structure of an azo dye 

 

Some names of commonly used azo dyes and their application along with their structure are 

shown in Table 1 and Figure 2. 
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Table 1: Some names and uses of azo dyes 

Azo dye name / type Uses 

Tartrazine, Sunset Yellow, Allura Red, 

Amaranth etc. 

Food, drinks, pharmaceuticals etc. [3] 

Congo Red, Methyl Orange, Reactive 

Black 5, Orange II, Methyl Red etc. 

Textile, fabrics and wastewater model 

dyes etc. [5] 

Heterocyclic azo dye (pyrimidine, 

thiadiazole, quinoline based) etc. 

High-fastness textile dyes, sensors, solar 

cells and bioactive agents etc. [4] 

 

 

 

 

Figure 2: Common azo dyes names and structures [1,5] 

In this study, reactive black 5 (RB5) azo dye (Figure 2(b)) will be used. It is an anionic azo dye 

that has molecular weight equal to 991.8 g/mol 

 

1.2 Water pollution and environmental impact caused by azo dyes  

 

It is predicted that approximately 10-15% of dyes used during textile dyeing processes fail to 

bind to fibers and are consequently released into the environment [2]. Many textile industries 

discharge untreated dye-containing wastewater rich in colored compounds, particularly azo 

dyes, which constitute a major global source of persistent and toxic water pollution [6].  



 

3 
 

These dye laden effluents are commonly released into natural water bodies, including rivers, 

coastal areas and groundwater systems (Figure 3). As a result, a significant fraction of industrial 

wastewater worldwide contains high concentrations of azo dyes, which are regarded as major 

xenobiotic pollutants due to their harmful effects on aquatic ecosystems [7, 8]. 

 

Figure 3: Water pollution caused by azo dyes [9] 

The direct release of azo dye-contaminated water into environments can also disrupt soil 

ecosystems. These dyes may migrate into agricultural lands, where they can enter the food 

chain and ultimately accumulate in the human body as illustrated in Figure 4. 

 

  

Figure 4: Toxic effect of azo dyes in ecosystem [10] 
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Azo dyes are characterized by high chemical stability and strong resistance to biodegradation 

because of their complex molecular structures. As a result, they can remain in the environment 

for extended periods after discharge, leading to both immediate and long-term environmental 

impacts. Their low cost, ease of application and vibrant coloration have made azo dyes 

extensively used in the textile industry, which in turn has intensified environmental 

contamination through the continuous release of dye-containing effluents into aquatic 

environments [11,12]. 

Certain azo dyes, particularly those containing nitro functional groups, are considered 

mutagenic and their breakdown products may generate hazardous aromatic amines such as 1,4-

phenylenediamine and o-tolidine [13]. The accumulation of azo dyes in wastewater also 

contributes to increased biological oxygen demand (BOD) and chemical oxygen demand 

(COD), while simultaneously reducing light penetration in water bodies. This inhibits 

photosynthetic activity, disturbs pH conditions and alters the natural balance of organic and 

inorganic constituents within aquatic ecosystems [14]. Furthermore, owing to their automatic 

and xenobiotic nature, azo dyes are widely recognized as toxic and potentially carcinogenic 

substances that may adversely affect human health, including the reproductive and central 

nervous systems [15].  

 

1.3 Wastewater treatment techniques to remove azo dyes  

 

The removal of dyes from industrial effluents is considered both challenging and costly because 

dye molecules possess complex automatic structures that exhibit strong resistance to light, heat, 

oxidation and biodegradation [16]. Given the serious environmental impacts associated with 

azo dye contamination, effective wastewater treatment processes involving decolorization and 

detoxification are essential prior to the discharge of textile effluents into natural water bodies 

[17]. A variety of biological, physical, and chemical techniques (Figure 5 (a)) have been 

employed for the treatment of dye-containing wastewater, including coagulation/flocculation 

[18], membrane filtration technologies [19], enzymatic degradation [20], iron exchange [14], 

electrodialysis [14] and electrochemical methods [14]. Although these approaches can achieve 

high dye removal efficiencies, their practical implementation is often limited by high 

operational expenses, lengthy treatment duration and complex processing requirements, 

particularly for large scale applications [21]. In addition, several of these methods generate 

substantial amounts of sludge or produce secondary toxic by-products that require additional 

treatment, thereby increasing overall treatment costs and reducing economic feasibility [22]. 

Chemical oxidation processes, especially electrochemical treatments, also face limitations due 

to their high energy consumption, extensive chemical usage and the need for specialized 

equipment design [23]. 
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Figure 5: Pie-chart showing the percentage of literature available on dye removal for (a) 

various physico-chemical and biological techniques and (b) Adsorption techniques using 

different adsorbents [10]. 

Conventional biological treatment methods, such as those utilizing bacteria, fungi, algae and 

yeast are generally less effective for azo dye removal because synthetic dye possesses high 

chemical stability and resistance to biodegradation [14, 15]. Furthermore, biological processes 

are often time intensive and may not be sufficiently efficient for training large volumes of 

contaminated wastewater. Among the various wastewater treatment technologies discussed 

above, due to its low operational cost, simple design, flexibility, ease of operation, and relative 

tolerance toward toxic pollutants, adsorption process has become a highly efficient and 

commonly used technique [24, 25]. The growing significance of adsorption in dye removal is 

further reflected in the large proportion of published research focused on adsorption-based 

techniques, as illustrated in Figure 5 (b).  

In addition to adsorption, over the past decade advanced oxidation processes (AOPs) have 

attracted significant interest as promising alternatives for wastewater treatment. These 

processes are particularly attractive because of their capability to effectively degrade and 

mineralize dye molecules in aquatic environments [12]. The following sections provide a more 

detailed discussion of both important water treatment approaches.  
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1.3.1 Adsorption process 

 

Adsorption is one of the most employed techniques for the treatments and purification of 

industrial wastewater because of its cost effectiveness, operational simplicity and adaptability. 

This method is extensively applied in industries such as textiles, dyeing, lather, cosmetics, 

plastics, food processing and paper manufacturing, where efficient water treatment is essential. 

Adsorption can be defined as a mass transfer phenomenon in which dissolved substances 

present in an aqueous solution accumulate selectively on the surface of solid material. More 

specifically, it involves the diffusion and attachment of atoms, molecules and ions onto the 

surface of solid particles. The adhesion occurs due to the presence of unbalanced attractive 

forces between the solid surface and the contaminant species (Figure 6) [26]. In an adsorption 

process, the solid material that attracts and retains the molecules is referred to as the adsorbent, 

while the substances being retained on the surface are known as adsorbates. The overall 

adsorption interaction may be represented by the following equilibrium expression, where A 

denotes the adsorbate, B the adsorbent and AB the resulting adsorbed complex [14]: 

A + B ⇌ AB…………. (1.1) 

Usually there are two main types of adsorptions physical adsorption (physisorption) and 

chemical adsorption (chemisorption) [2, 26]. Chemisorption refers to the attachment of 

particles onto the solid surface through the formation of chemical bonds such as ionic, covalent 

and metallic interactions [27]. In contrast, physisorption involves the attachment of molecules 

to the surface through weaker physical interactions, mainly van der Waals forces [26]. A key 

distinction between both mechanisms lies in the strength and nature of the bonding, with 

chemisorption involving much stronger and more specific interactions than physisorption. The 

efficiency of adsorption processes is influenced by several parameters, including the properties 

of the aqueous medium, the nature of the adsorbate, the characteristics of the adsorbent, the 

chemical structure of the pollutants, operating conditions and aspects such as contaminant 

separation and adsorbent regeneration [26, 27]. For dye-contaminated wastewater, key 

operational parameters such as initial dye concentration, pH, temperature, adsorbent dosage, 

and contact time play a crucial role in determining the overall removal efficiency [10]. 

 



 

7 
 

 

Figure 6: Mechanisms of adsorption process [10]. 

Regarding adsorbent materials, a wide range of substances has been explored for the dye 

removal from wastewater. These include bio-sorbents, carbon-based nanomaterials, transition 

metal oxides, clay-based materials, metal-organic frameworks (MOFs) and polymer-based 

adsorbents, as illustrated in Figure 7.  

Figure 7: Application of different adsorbent materials in treating dyeing polluted water [10] 
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In recent years, soil-based clay materials have gained increasing attention as alternatives to 

chemically available adsorbents, due to their low cost, abundance, non-toxic nature, relatively 

high surface area and strong ion-exchange capabilities [28, 29]. In this work, clay materials are 

examined in detail, including their classification, structural characteristics and common 

applications. Special emphasis is placed on halloysite nano clay and clay-based composites, 

particularly their use as adsorbent materials and support matrix for the treatment of synthetic 

azo dye solutions.  

 

1.3.1.1 Clay materials and Halloysite nano clay adsorbent materials  

 

Clay is a naturally occurring material that exhibits soft and plastic behavior when wet but 

becomes rigid upon heating or calcination. Clay materials are classified as hydrous layer 

aluminosilicates and constitute an important group within the phyllosilicate family. They 

typically consist of very fine particles, with dimensions ranging from less than 2 mm up to 

about 4 mm in at least one direction [30]. A wide variety of clays exist (Figure 8), including 

ceramic clays, paper clays, earthenware and stoneware clays, ball clays fire clays, kaolin, 

bentonite, bleaching earth, fuller’s earth, China clay, common clay, flint clay, refractory clay, 

laponite and nano clays, among others [31].  

Structurally, clay materials are composed of stacked tetrahedral (T) and octahedral (O) sheets, 

which form either 1:1 (T–O) or 2:1 (T–O–T) layered arrangements, as illustrated in Figure 9. 

These layers are built from fundamental structural units: the silicon-oxygen tetrahedron 

(Si₂O₅)²⁻ and the aluminum octahedral (gibbsite-like) sheet. In the tetrahedral sheet, each 

tetrahedron shares three of its four oxygen atoms with neighboring units, forming a hexagonal 

network with basal oxygens like together while apical oxygens extend upward or downward. 

The octahedral sheet consists of edge-sharing octahedra formed by oxygen and hydroxyl 

groups, with central cations such as Al³⁺, Mg²⁺, or Fe²⁺. These octahedra are also arranged in a 

hexagonal pattern, while the tetrahedral framework is typically coordinated by cations such as 

Al³⁺, Fe³⁺, or Si⁴⁺ [32]. 
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Clay materials, which form the primary constituents of natural clays, are generated in aqueous 

environments and include several major types such as montmorillonite, halloysite, vermiculite, 

kaolinite, illite, chlorite, sepiolite, and palygorskite [30].  

 

 

 

Figure 8: Classification of clay minerals [30] 

 

 

 

 

Figure 9: Two structural sheets of clay minerals [30] 
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A wide range of clay types and clay minerals are available, each with specific industrial 

applications, as illustrated in Figure 10. Clay minerals are considered environmentally friendly 

materials due to their low cost, natural abundance and generally non-toxic nature. Their 

suitability for environmental applications is largely attributed to their high specific surface area, 

significant porosity, surface charge characteristics and the presence of various surface 

functional groups. These features make them effective as adsorbents, flocculants and filtration 

media [33, 34]. In some cases, clay has been reported to exhibit adsorption capacities that can 

exceed those of activated carbon under comparable conditions of temperature and pH [35].  

The adsorption and desorption behavior of organic compounds on clay surfaces is mainly 

governed by interfacial properties of clay minerals as well as the chemical nature of the 

adsorbate molecules [36]. Because clay surfaces typically carry a net negative charge, they 

show strong affinity for positively charged species, particularly cationic dyes and heavy metal 

ions, resulting in high adsorption efficiency for these contaminants. 

 

 

Figure 10: Applications of clay minerals [37] 
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1.3.1.2 Halloysite nano clay  

 

Halloysite is a clay mineral belonging to the kaolin group which also includes kaolinite, dickite 

and nacrite [38]. It shares many similarities with kaolinite, in terms of structure, composition 

and origin. Both are dioctahedral 1:1 layered aluminosilicates and commonly occur together as 

hydrated aluminium silicate minerals [39]. Although halloysite has the same ideal chemical 

composition as kaolinite, it contains a higher amount of water. This is because its structural 

layers are separated by a single layer of water molecules, as shown in Figure 11. Halloysite 

exist in two main forms: a hydrated form with a basal spacing of approximately 10 Å, 

represented by the formula Al₂Si₂O₅(OH)₄·2H₂O and an anhydrous form with a reduced 

interlayer spacing of about 7 Å, represented by Al₂Si₂O₅(OH)₄ [39]. Halloysite typically forms 

through hydrothermal alteration of rocks or via surface weathering processes [40]. In nature, it 

can occur in various morphologies, including tubular platy or spherical structures, depending 

on geological conditions, location and crystallization pathways. Among these, nanotubular 

morphology (Figure 12) is the most notable and widely studied [41]. This tubular structure 

arises from the rolling of layered sheets, where the silicon- oxygen tetrahedral layer forms the 

outer surface and the aluminum- oxygen octahedral layer forms the inner surface. These layers 

are separated by a monomolecular layer of interlayer water [41]. 

 

 

Figure 11: Structure of kaolinite and Halloysite clay [39] 
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Due to its structural and compositional variations, halloysite has been referred to by different 

names in the literature, including halloysite, meta halloysite, hydrated halloysite and endellite 

[40]. There is a huge application of halloysite clay [39], some are mentioned below: 

➢ Drug delivery and controlled release systems 

➢ Green nanotechnology applications 

➢ Use as additives in polymers, plastics and paints. 

➢ In cosmetic and personal care products. 

➢ Wound healing and burning care materials. 

➢ As antimicrobial packaging films (ex. ZnO-loaded HNs). 

➢ Capture of tumor cells. 

➢ Uses in corrosion protection coatings. 

➢ Use as adsorbent materials for pollutants and contaminants in water treatment. 

➢ Carrier for hydrophobic and hydrophilic active agents. 

➢ Skin cleansing and moisturizing applications. 

 

 

Figure 12: Tubular structure of halloysite clay [41] 

In the present study, raw halloysite nano clay was subjected to both thermal and acid treatments 

to produce activated halloysite clay (AC). This modified material was then employed as an 

adsorbent and as a photocatalyst -supporting materials for the removal of Reactive Black 5 dye 

from synthetic aqueous solutions. The adsorption of Reactive Black 5 (RB5) onto acid 

activated halloysite is governed by multiple mechanisms, including electrostatic attraction, 

hydrogen bonding, pore diffusion and π–π interactions shown (Figure 13). Acid activation 

improves the adsorption efficiency by enlarging the specific surface area, increasing pore 

accessibility and generating additional active hydroxyl sites that can interact with anionic dye 

molecules [42]. 
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Figure 13: Adsorption mechanisms of RB5 dye by activated halloysite clay (AC) [generated 

by AI] 

During acid treatment, hydroxyl groups on halloysite become protonated, resulting in the 

formation of positively changed adsorption site on the clay surface:  

Halloysite–OH + H+  →  Halloysite–OH
2

+
……………. (1.2) 

Since, RB5 is an anionic dye containing sulfonate groups (RB5–SO₃⁻), these negatively 

charged functional groups are strongly attracted to positively charged protonated sites on 

halloysite through electrostatic interactions.  

Halloysite–OH
2

+  
+  RB5–SO3  

-
→  Halloysite–OH

2

+⋯SO3
-
–RB5……. (1.3) 

In addition to electrostatic forces, hydrogen bonding also contributes to adsorption. The 

hydroxyl groups of halloysite can interact with nitrogen and oxygen containing functional 

groups in RB5, forming hydrogen bonds such as:  

Halloysite–OH⋯N=N⋯RB5 or Halloysite–OH⋯O–SO3
- ⋯RB5…… (1.4) 

Furthermore, π–π interactions between aromatic rings of RB5 and the siloxane surface of 

halloysite provide additional stabilization to the adsorbed dye molecules:  

πRB5⋯πHalloysite………. (1.5) 

Reactive Black 5 possesses molecular dimensions of approximately 2.5-3.0 nm × 0.8-1.2 nm, 

which are considerably smaller than the inner lumen diameter of halloysite nanotubes (10-100 

nm) [41,43]. Therefore, pore diffusion plays an important role in the overall adsorption process 

as RB5 molecules diffuse into the nanotube lumen, mesopores and surface cavities of halloysite 

before reaching equilibrium. 
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1.3.2 Advanced Oxidation Processes (AOP) 

 

Originally, introduced in the 1980s for potable water treatments, AOPs are defined as oxidation 

processes that generate hydroxyl radicals (OH•) in sufficient quantities to achieve affective 

water purification. Over time, this concept has been expanded to include processing involving 

other reactive species, particularly sulfate radicals (SO₄•⁻) [44]. These treatment systems are 

based on the in-situ generation of reactive oxygen species (ROS), especially hydroxyl radicals, 

which are highly reactive and capable of non-selectively oxidizing complex organic pollutants 

into simpler and less harmful compounds [45]. The classification of AOPs in literature is 

generally based on the method used for hydroxyl radical generation, including different 

chemical, photochemical and electrochemical pathways [45]: 

1. Fenton oxidation 

2. Ozone oxidation 

3. Electrochemical oxidation 

4. Photocatalysis 

5. Radiation  

6. Sonolysis  

  

The general reaction pathways involved in different AOPs are illustrated in Figure 14.  

 

Figure 14: Reaction mechanisms of different AOPs [45] 
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Despite their high efficiency in removing contaminants, AOPs face several practical 

challenges. Many of the processes are energy intensive, which can remove their feasibility for 

large scale or continuous industrial applications due to high operational and environmental 

costs. In addition, intermediate degradation products may be formed during the oxidation 

processes, some of which can produce toxicity and therefore require additional treatment steps. 

Another important limitation is related to scalability. While AOPs often show excellent 

performance under controlled laboratory conditions, their efficiency may decrease in real 

wastewater systems. This reduction in performance is commonly attributed to the complexity 

of real effluents, mass transfer limitations and the deactivation of photocatalysts during 

operation [46].  

 

1.4 Photocatalysis process 

 

Photocatalysis has demonstrated strong potential in a wide range of environmental and energy 

applications, including CO2 reduction, hydrogen (H2) production, and wastewater treatment, 

making it promising green technology [47]. Photocatalysis is regarded as a highly efficient and 

cost-effective water treatment method because it combines renewable energy with 

semiconducting materials. Compared with other AOPs, it requires fewer chemical inputs, and 

therefore it is more economical and environmentally sustainable, unlike conventional AOPs 

that depend on costly oxidants such as hydrogen peroxide (H2O2) or ozone (O3). Photocatalysis 

typically relies on naturally available oxygen as the primary oxidizing agent.  

When semiconductor particles are exposed to light matching or exceeding their band gap 

energy, electrons from the valence band (VB) are excited to the conduction band (CB), leaving 

behind positive holes in the VB. These holes act as strong oxidizers, reacting with water to 

generate hydroxyl radicals (OH•). Simultaneously, the excited electrons in the CB reduce 

dissolved oxygen in water to produce superoxide radicals (O₂•⁻) [15]. Both OH• and O₂•⁻ are 

highly reactive species that attack and degrade organic pollutants, ultimately leading to their 

complete mineralization [12]. A schematic representation of this mechanism for dye 

degradation is shown in Figure 15. The heterogeneous photocatalytic process consists of five 

key steps [48]: (1) reactant transfer from the liquid to the photocatalyst surface; (2) reactant 

adsorption onto active sites (A* and B*); (3) surface reaction to form the product (AB); (4) 

product desorption from the surface; and (5) product diffusion back into the bulk liquid. 
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Figure 15: Mechanism of photocatalytic degradation of water pollutants [48] 

Despite its advantages, photocatalysis also has several limitations. One major drawback is the 

reliance on UV light sources, which can be energy demanding and costly for large scale 

applications. In addition, photocatalytic efficiency can be significantly reduced in turbid or 

strongly colored wastewater, as these conditions hinder light penetration through absorption 

and scattering. The process may also require relatively long reaction times to achieve complete 

degradation of certain persistent pollutants [45]. Another important limitation is related to 

catalyst recovery. In most cases, photocatalysts are used in the form of suspended powders 

within slurry reactors. After treatment, these fine particles must be separated and recovered 

from the treated water, which adds an additional operational step and limits the practicality of 

photocatalysis for industrial scale applications [15]. A wide range of semiconducting materials, 

both undoped and doped, have been investigated for the treatment of azo-dyed contaminated 

water and wastewater. These include TiO₂, ZnO, SnO₂, WO₃, Fe₂O₃, and CdS, which have been 

studied under UV, visible and solar irradiation due to their favorable photocatalytic activity, 

light absorption properties, change carrier transport behavior, and relatively simple synthesis 

methods [15]. The present study focuses specifically on ZnO and ZnO-based composite 

photocatalysts for the degradation of azo dyes in synthetic aqueous solutions. 

 

1.4.1 ZnO-based photocatalysis  

 

Zinc oxide (ZnO), found naturally as zincite, is a white powder with low water solubility and 

is the second most abundant metal oxide after iron [49]. Zinc oxide nanoparticles (ZnO-NPs) 

are valued for their high chemical stability, broad light absorption, strong electrochemical 

coupling, and excellent photostability, making them useful in many technological and 

environmental applications [50]. ZnO has a hexagonal wurtzite structure with lattice 

parameters a = 0.325 nm and c = 0.521 nm, where each oxygen anion is tetrahedrally 

coordinated by four zinc cations, resulting in a non-centrosymmetric crystal structure (Figure 

16) [51]. 
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Figure 16: Crystal structure of ZnO (a) Zinc blende (b) wurtzite and (c) rock salt [51] 

 

Due to their versatile properties, ZnO nanoparticles are used in cement, ceramics, glass, 

plastics, ointments, lubricants, adhesives, pigments, batteries, cosmetics, fire retardants, 

sunscreens, and dietary supplements (Figure 17) [51]. They can be synthesized via various 

including mechano-chemical methods, controlled precipitation, sol-gel processing, vapor 

transport techniques, chemical deposition, hydrothermal and solvothermal approaches, and 

microemulsion approaches (Figure 18) [52]. 

 

 

Figure 17: Applications of ZnO nanoparticles [53] 
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Figure 18: ZnO nanoparticles synthesis method [49] 

 

ZnO is a semiconductor known for its strong electrical, optical, and photocatalytic properties. 

It has a wide bandgap of about 3.37 eV and a high exciton binding energy of 60 meV, 

contributing to excellent optical performance [54]. Additional advantages include high 

transparency, antimicrobial activity, high electron mobility, and good thermal/mechanical 

stability at room temperature. Strong room-temperature luminescence makes ZnO suitable for 

optoelectronic and photocatalytic applications [51]. With a wide direct bandgap of about 3.37 

eV at room temperature, ZnO exhibits a UV absorption edge near 375 nm, making it highly 

effective for applications like UV photodetectors and photocatalytic pollutant degradation [54]. 

Recent studies show that ZnO nanoparticles possess strong photocatalytic performance for 

environmental remediation, especially in breaking down organic pollutants. This activity stems 

from their ability to absorb UV light and generate reactive oxygen species (ROS), such as 

hydroxyl radicals, which are key to degrading organic contaminants in water [54]. 
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According to [55], the photocatalytic mechanism of ZnO proceeds through several sequential 

steps (Figure 19). Upon irradiation with light energy (hν) equal to or greater than the ZnO 

bandgap, electrons in the valence band (VB) are excited to the conduction band (CB), 

generating electron-hole pairs and leaving positively charged holes (h⁺) in the VB. 

 

𝑍𝑛𝑂 + ℎ𝜈 → 𝑍𝑛𝑂(𝑒− + ℎ+)……… (1.6) 

Photogenerated electron–hole pairs in ZnO can recombine, lowering photocatalytic efficiency. 

However, carriers that avoid recombination migrate to the particle surface and drive redox 

reactions. Specifically, conduction band electrons react with dissolved oxygen to produce 

superoxide radicals. 

𝑒− + 𝑂2 →⋅ 𝑂2
−……… (1.7) 

 

These superoxide radicals then undergo further protonation and reduction steps, eventually 

producing hydrogen peroxide (H₂O₂) and highly reactive hydroxyl radicals (•OH). 

 

𝑂2
− + 𝐻+ → 𝐻𝑂2

⋅ ……………… (1.8) 

𝐻𝑂2
⋅ + 𝐻𝑂2

⋅ → 𝐻2𝑂2 + 𝑂2…… (1.9) 

𝐻2𝑂2 + ℎ𝜈 → 2 ⋅ 𝑂𝐻…………. (1.10) 

Meanwhile, the photogenerated holes (h⁺) in the valence band can oxidize water molecules or 

hydroxide ions on the catalyst surface, generating additional hydroxyl radicals (•OH). 

 

𝐻2𝑂 + ℎ+ →⋅ 𝑂𝐻 + 𝐻+……. (1.11) 

𝑂𝐻− + ℎ+ →⋅ 𝑂𝐻…………... (1.12) 

 

The hydroxyl radicals (•OH) generated in the photocatalytic system are highly reactive 

oxidants that attack and degrade organic pollutants. Through a series of intermediate reactions, 

they ultimately achieve complete mineralization of contaminants into harmless end products 

like carbon dioxide (CO₂) and water (H₂O). 

 

𝑂𝐻 + Pollutant → Intermediates → 𝐶𝑂2 + 𝐻2𝑂……. (1.13) 
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Figure 19: Photocatalytic mechanism of ZnO to degrade dye pollutant [55] 

 

However, ZnO has intrinsic limitations that reduce its photocatalytic efficiency. Its wide band 

gap (3.37 eV) and high exciton binding energy (60 meV) restrict activation to UV light and 

promote rapid electron-hole recombination, confining light absorption to the UV region. Since 

only 4-5% of sunlight is UV, ZnO's solar utilization remains low, limiting practical applications 

[54,55]. Therefore, enhancing visible-light response and suppressing recombination are 

essential. Several modification strategies have been developed: (i) non-metal or metal doping 

(e.g. N, C, Fe, Ag) introduces impurity levels that narrow the band gap; (ii) heterojunction 

construction with narrow band gap semiconductors like CdS, BiVO₄, g-C₃N₄ enhances charge 

separation; (iii) surface modification with noble metals (Ag, Au) leverages localized surface 

plasmon resonance effects; (iv)  defect engineering, particularly creating oxygen vacancies, 

also narrows the band gap and inhibits recombination [54, 55]. These modified ZnO 

photocatalysts show improved visible-light responsiveness, charge separation, and stability 

[55].  
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1.4.2 Graphitic carbon nitride (g-C3N4) and metal-doped g-C3N4 photocatalyst 

Heterojunction systems using materials such as BiVO₄, g-C₃N₄, or CdS not only broaden the 

light absorption range but also enhance charge carrier separation, minimizing recombination 

losses. This synergistic interaction between the coupled semiconductors leads to improved 

overall photocatalytic performance [54]. 

Graphitic carbon nitride (g-C₃N₄) has gained significant global attention due to its unique 

structure and favorable optical properties [56]. It is a 2D, π-conjugated, metal-free polymeric 

semiconductor with a moderate band gap of about 2.7 eV [57]. With excellent chemical and 

thermal stability and an appropriate band structure, g-C₃N₄ has been widely explored for 

applications including sensing, supercapacitors, adsorption, organic synthesis, water splitting 

for hydrogen evolution, photocatalytic degradation, bioimaging, oxygen reduction, lithium-ion 

batteries, biofuel cells, lubrication, cancer therapy, and forward osmosis membrane additives 

[57]. Numerous synthesis routes have been developed to produce g-C₃N₄ with varying 

morphologies and electronic properties [57], including chemical vapor deposition (CVD), 

physical vapor deposition (PVD), solvothermal and ionothermal methods, single-step 

nitridation, solid-state reactions, sonochemical synthesis, and thermal condensation. Thermal 

polymerization of nitrogen-rich precursors (e.g. urea, melamine, cyanamide, dicyandiamide, 

thiourea) is most common due to its simplicity, low cost, and availability [57]. The formation 

proceeds via stepwise polymerization: cyanamide condenses into dicyandiamide and then 

melamine; further heating causes deammoniation and polycondensation to form melam, which 

transforms into melem; continued polymerization and rearrangement of melon finally yield g-

C₃N₄ (Figure 20) [57]. 

However, the photocatalytic performances of g-C₃N₄ is limited by a low specific surface area, 

inefficient visible-light utilization, and rapid charge carrier recombination [58]. To overcome 

these drawbacks, metal doping can be used for example, Mn-doped g-C₃N₄ exhibits enhanced 

visible-light activity due to better carrier separation [58, 59]. Structurally, g-C₃N₄ consists of 

sp²-hybridized C and N atoms forming a π-conjugated framework like graphite, with heptazine 

units containing nitrogen lone pairs that facilitate strong interactions with transition metal ions 

[58]. 
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Figure 20: Synthesis route of g-C3N4 [57] 

 

Doping approaches using Fe and Zn have also been reported in previous studies [58, 60]. 

However, in the study of [58], it is reported that compared with pristine g-C₃N₄, Fe (III)-

modified g-C₃N₄ samples exhibited significantly improved photocatalytic activity, with the 2% 

Fe-loaded composite showing the highest efficiency. According to this study [58], the 

mechanism of Fe-gC₃N₄ is explained in Figure 21. Firstly, due to visible-light irradiation, 

electrons in g-C₃N₄ are excited from the valence band (VB) to the conduction band (CB), 

generating electron-hole pairs. 

 

𝑔 − 𝐶3𝑁4 + ℎ𝜈 → 𝑒− + ℎ+………. (1.14) 

A fraction of the photogenerated electrons reduces Fe (III) to Fe (II), and the resulting Fe (II) 

species can then react with dissolved oxygen to generate superoxide radicals (O₂•⁻): 

 

𝐹𝑒3+ + 𝑒− → 𝐹𝑒2+……. (1.15) 

𝐹𝑒2+ + 𝑂2 →⋅ 𝑂2
− + 𝐹𝑒3+……. (1.16) 

O2
−/⋅OH/h++RB5→CO2+H2O+byproducts……. (1.17) 
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These processes enhance charge carrier separation and improve the utilization of visible light. 

The generated superoxide radicals (O₂•⁻) can further participate in subsequent reactions to form 

hydroxyl radicals (•OH). Together, these reactive oxygen species play a crucial role in the 

degradation of organic pollutants, ultimately converting them into harmless end products such 

as carbon dioxide (CO₂) and water (H₂O) [58]. 

 

 

Figure 21: Photocatalytic mechanism of Fe/g-C3N4 samples [58] 
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1.5 Objectives of master thesis  

 

The aim of this study is to address the textile water pollution caused by RB5 dye and to form 

suitable photocatalytic composite materials for the degradation of azo dye RB5. Therefore, the 

first objective is to synthesize activated clay (halloysite) from raw clay and prepare g-C₃N₄ 

semiconductor particles, followed by Fe doping to enhance their photocatalytic properties. 

Metal-organic framework (MOF)-based composites supported on activated clay, such as [Fe/g-

C₃N₄]/AC, will be developed alongside ZnO nanoparticles and ZnO/AC composite materials. 

Furthermore, [Fe/g-C₃N₄]/ZnO binary heterojunctions and [Fe/g-C₃N₄]/ZnO/AC ternary 

composites will be synthesized to improve light harvesting and photocatalytic efficiency. Then 

the photocatalytic, optical, and surface properties of the pure and modified materials will be 

characterized using techniques such as XRD, SEM, DRS, XPS, Nitrogen adsorption-

desorption, and zeta potential analysis. After that, the photocatalytic performance of the 

synthesized materials will be evaluated through the degradation of Reactive Black 5 (RB5) in 

synthetic wastewater. In addition, the degradation mechanisms and synergistic interactions 

among the composite components will be investigated. Finally, the degradation efficiency of 

RB5 and the reaction kinetics of the most effective photocatalysts will be assessed to determine 

their suitability for wastewater treatment applications. 

In a nutshell, the novelty of this work is to overcome the limitations of pure ZnO in visible 

light performance by forming binary and ternary heterojunction composite materials like [Fe/g-

C3N4]/ZnO and [Fe/g-C3N4]/ZnO/AC for enhancing the photocatalytic degradation of azo dye 

RB5 and establishing synergistic relationships among them. 
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Chapter 2: Materials and methods 
 

2.1 Reagents and chemicals 

A less hydrous form of halloysite is used whose formula is Al2Si2O5(OH)4 as the source of clay 

materials. The halloysite clay is commercially purchased. Then hydrochloric acid (HCl) is used 

for chemical activation of the clay. For the preparation of carbon graphitic nitride (g-C3N4), 

melamine (C3H6N6) was used. FeCl3, absolute ethanol, HCl and melamine were used for iron 

doped- carbon graphitic nitride (Fe/g-C3N4). ZnO was synthesized using zinc acetate dihydrate 

i.e. Zn(CH3CO2)2.2H2O and NaOH. 

 

2.2 Activation of halloysite  

First 50 g of halloysite was put in the furnace heated at 800 °C for10 h (temperature rate = 10 

°C/min). After heating, the sample was weighted again, and it was found to be equal to 42.65 

g. Therefore, the percentage of mass loss (%) was calculated using the following formula: 

Mass Loss (%) = [initial mass- final mass)/ initial mass] × 100………. (2.1) 

 The mass loss of sample was equal to 15 % and the sample was named MH-800. 

Then 30 g of MH-800 sample was taken in a round bottom flask and 230 ml HCl (6M) was 

added to it and heated at 120 °C for 5 h in a magnetic stirrer equipped with reflux condenser. 

The solution was to cool down to room temperature and excess acids were removed by syringe 

first and washed 5 times using a buchner-filtration process until pH was reached at 7. Then the 

filtered cake was put in the oven and heated at 105 °C for 24 h for drying. After, it was crushed 

and grinded. At last, it was calcinated in the furnace at 500 °C for 2 h (temperature rate = 10 

°C/min). The sample was finally named MH-800-HCl (Figure 22). 

 

 



 

26 
 

 

Figure 22: Synthesis of activated clay (AC) 

2.3 Synthesis of carbon graphitic nitride (g-C3N4) 

For the preparation of carbon graphitic nitride (g-C3N4), 10 g of melamine was calcinated in 

the furnace at 500 °C for 5 h (temperature rate = 10 °C/min). Then it was crushed and grinded 

and finally g-C3N4 was produced (Figure 23). 

 

 

Figure 23: Synthesis of g-C3N4 

 

2.4 Synthesis of iron doped-carbon graphitic nitride (Fe/g-C3N4) 

First, 0.5 g of FeCl3 was dissolved into 60 ml of absolute ethanol. Then 3 drops of HCl (10-2 

M) were added and stirred properly. After that, 10 g of melamine was added to it, and the 

mixture was heated at 80 °C until ethanol evaporates completely. Then it was dried in the oven 

overnight and crushed.  The crushed powder was calcinated in the furnace at 500 °C for 5 h 

(temperature rate = 5 °C/min). After calcination, it was grinded again and finally Fe/g-C3N4 

sample was obtained (Figure 24). 
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Figure 24: Synthesis of Fe/g-C3N4 sample 

 

2.5 Synthesis of [Fe/g-C3N4]/AC binary composite 

For the fabrication of [Fe/g-C3N4]/AC (AC = activated clay), 0.5 g of FeCl3 was dissolved into 

60 ml of absolute ethanol. Then 3 drops of HCl (10-2 M) were added and stirred properly. After 

that 10 g of melamine was added to it and the mixture was heated at 80 °C. So, when 50% 

ethanol was evaporated, then 5 g of AC was added to it. Then when ethanol was completely 

evaporated, the sample was dried in the oven overnight and crushed afterwards. The crushed 

powder was calcinated in the furnace at 500 °C for 5 h (temperature rate = 5 °C/min). After 

calcination, it was grinded again and finally [Fe/g-C3N4]/AC sample was obtained (Figure 25). 



 

28 
 

 

Figure 25 : Synthesis of [Fe/g-C3N4]/AC 

 

2.6 Synthesis of ZnO 

In this study, ZnO nanoparticles were prepared using the precipitation method-a common 

technique for large-scale production of reproducible nano powders. First 10 g of zinc acetate 

dihydrate (Zn (CH3CO2)2.2H2O) was dissolved in 100 ml of deionized water and stirred fully 

until complete dissolved. Then it was heated at 80 °C on the heating plate. During heating, 200 

ml of NaOH (0.5 M) was added to it by burette dropwise and a white precipitate began to form.   

This mixture was then stirred for 2 h at 80 °C. After that, the solution was cooled down to room 

temperature. Then the precipitate was washed with water and recovered by centrifugation. So, 

it was dried for 24 h at 80 °C. Afterwards, it was grinded and white powder of ZnO nano 

particles was obtained. At last, the ZnO powder was calcined at 300 °C for 2 h (temperature 

range = 5 °C/min) (Figure 26). 
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                                                     Figure 26 : Synthesis of ZnO sample 

 

2.7 Synthesis of ZnO/AC composite 

 

First 10 g of Zn CH3CO2)2.2H2O was dissolved in 100 ml of deionized water and stirred fully 

until complete dissolution. Immediately 5 g of AC (activated clay) was added and stirred until 

fully dissolved. Here, the mass ratio [Zinc acetate]/[AC] was equal to 2. Then the sample was 

heated at 80 °C for 1 h.  200 ml NaOH (0.5 M) was added to it by burette dropwise and a 

precipitate began to form. This mixture was stirred for 2 h at 80 °C. After cooling down to 

room temperature, the precipitate was washed with water and recovered by centrifugation. The 

sample was then dried for 24 h at 80 °C. Afterwards, the powder was grinded. At last, ZnO/AC 

sample was calcined at 300 °C for 2 h (temperature rate = 5 °C/min) (Figure 27). 
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Figure 27: Synthesis of ZnO/AC sample 

 

2.8 Synthesis of [Fe/g-C3N4]/ZnO composite 

First 10 g of Zn (CH3CO2)2.2H2O was dissolved in 100 ml of deionized water and stirred fully 

until complete dissolution. Immediately after, 5 g of Fe/g-C3N4 sample was added. The mass 

ratio [Zinc acetate]/ [Fe/g-C3N4] was equal to 2. Then the sample was heated at 80 °C for 1 h. 

After that, 200 mL of NaOH (0.5 M) was added to it by burette dropwise and a precipitate 

began to form.  The mixture was stirred for 2 h at 80 °C. After cooling dried from temperature, 

the precipitate was washed with water and recovered by centrifugation. The sample was dried 

for 24 h at 80 °C. Afterwards, the [Fe/g-C3N4]/ZnO powder was calcined at 300 °C for 2 h 

(temperature rate = 5 °C/min) (Figure 28). 
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Figure 28 : Synthesis of [Fe/g-C3N4]/ZnO sample 

 

2.9 Synthesis of [Fe/g-C3N4]/ZnO/AC ternary composite 

First 10 g of Zn (CH3CO2)2.2H2O was dissolved in 100 mL of deionized water and stirred fully 

until complete dissolution. Immediately after, 5 g of [Fe/g-C3N4]/AC powder was added. Here, 

the mass ratio [Zinc acetate]/[Fe/g-C3N4]/AC] was equal to 2.  Then the mixture was heated at 

80°C for 1 h. After that, 200 mL of NaOH (0.5 M) was added to it by burette dropwise and a 

precipitate began to form.  This mixture was stirred for 2 h at 80 °C. After cooling down to 

room temperature, the precipitate was washed with water and recovered by centrifugation. The 

powder was then dried for 24 h at 80 °C and grinded. [Fe/g-C3N4]/ZnO/AC powder was 

calcined at 300 °C for 2 h (temperature rate = 5 °C/min) (Figure 29). 
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Figure 29 : Synthesis of [Fe/g-C3N4]/ZnO/AC 

 

2.10 Characterization of samples  

 

2.10.1 Scanning Electron Microscopy (SEM) 

SEM is a powerful and versatile surface characterization technique widely used to investigate 

the morphology, topography, composition, and crystallographic features of materials with very 

high spatial resolution. In SEM, a focused beam of high-energy electrons scans the sample 

surface, generating signals such as secondary electrons (SEs), backscattered electrons (BSEs), 

and X-rays through interactions with the sample atoms. These emitted signals are collected by 

detectors to produce detailed images and compositional information about the material. SEM 

can achieve magnifications up to 300,000× with resolutions approaching 1 nm. The high 

resolution of SEM is mainly due to the very short wavelength of electrons, as explained by the 

de Broglie relation: 

𝜆 =
h

𝑚𝑣
 ……………….. (2.2) 

where 𝜆 is the electron wavelength (m), h is the Planck’s constant (J.s), 𝑚 is the electron mass 

(kg), and 𝑣 is its velocity (ms-1). In SEM analysis, samples are mounted on conductive stubs, 

usually with carbon tape, and non-conductive materials are often coated with conductive metals 

such as gold or platinum to minimize surface charging. The analysis is performed under 

vacuum to prevent electron scattering by air molecules. The primary electron beam, 

accelerating typically between 1-40 keV, is focused onto the sample surface where elastic and 

inelastic interactions occur within an interaction volume. Secondary electrons mainly provide 

information about surface morphology and topography, while backscattered electrons reveal 

compositional contrast.  
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Characteristic X-rays generated from electron transitions are used for elemental analysis 

through energy-dispersive X-ray spectroscopy (EDS) (Figure 30). The interaction volume and 

signal generation depend on factors such as accelerating voltage, atomic number, and beam 

incidence angle [61]. Overall, SEM is considered a non-destructive and highly effective 

technique for detailed surface and microstructural characterization of materials. 

 

 

Figure 30: SEM electron beam interactions with sample [61] 

 

In this work, a TESCAN Clara microscope was used under high-vacuum conditions with a 15 

keV accelerating voltage. For sample preparation, 1-2 mg of a powder sample (with particle 

sizes < 2 μm) was placed into a 10 mL bottle. A small volume of acetone was added to create 

a relatively thick suspension. The mixture was ultrasonically dispersed for 10 min and then 

drops of the suspension were placed onto a prepared glass slide. The slide was subsequently 

dried at 60 °C to evaporate acetone. To ensure electrical conductivity of the sample, a thin gold 

layer was applied using a sputter coater. Finally, the sample was mounted onto a stub using a 

conductive carbon adhesive sheet. 
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2.10.2 X-ray Diffraction (XRD) 

XRD provides detailed information about atomic arrangements, crystal structures, unit cell 

parameters and phase identification. This technique is applicable to a wide range of materials, 

including metals, minerals, ceramics, polymers, and semiconductors, and serves various 

industries such as mining, power generation, aerospace, and microelectronics [62]. 

The principal mechanism of XRD relies on the constructive interference of X-rays scattered by 

the electrons surrounding atoms in a crystalline material. When monochromatic X-rays 

impinge on a sample, they are scattered in multiple directions; however, only when the atomic 

arrangement is periodic and orderly does constructive interference occur, producing 

measurable diffraction peaks (Figure 31). This condition is quantitatively described by Bragg’s 

Law:  

𝑛𝜆 = 2𝑑sin 𝜃…………………. (2.3) 

Where  𝜆 is the wavelength, d is the interplanar spacing of atomic planes, and  is the diffraction 

angle. Peak positions reveal the size and shape of the unit cell, while peak intensities provide 

information about atomic positions within the cell. Using these principles, XRD can distinguish 

crystalline materials (which show multiple sharp peaks) from amorphous materials (which 

display only broad humps due to the lack of periodicity) [62]. 

 

 

Figure 31: Typical mechanism of XRD technique [63] 

 

In this study, XRD measurements were conducted on a Bruker D8 Twin-Twin powder 

diffractometer employing Cu-Kα radiation. Data were collected across a 2θ range from 2°-70°, 

using a step size of 0.02° and a scan speed of 2° per minute. 
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2.10.3 Nitrogen adsorption-desorption measurements  

 

Nitrogen adsorption-desorption measurements at –196 °C are used for evaluating the specific 

surface area, porous volume and pore sizes in different materials. These measurements give 

curves called isotherms, which represent the adsorbed volume of nitrogen as a function of 

nitrogen relative pressure (p/p0). The physicians Brunauer, Emmett and Teller defined the 

adsorption isotherm by the following equation [64]: 
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where 𝑝/𝑝0is the relative pressure, 𝑝0is the atmospheric pressure, 𝑣𝑎is the volume adsorbed 

per unit mass of the adsorbent (cm³/g), 𝑣𝑚is the volume of adsorbate required to cover the 

surface of the adsorbent with a monolayer of adsorbate molecules (cm³/g), and 𝑐is a constant, 

known as the BET constant, which depends on the interactions between the adsorbate and the 

adsorbent. This equation can also be written in the following form: 
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If 𝑥 = 𝑝/𝑝0, a plot of 𝑦 = 𝑓(𝑥)can be constructed for 𝑥values ranging from 0.05 to 0.35, 

corresponding to the relative pressure range required for the formation of a monolayer of 

adsorbate on the adsorbent surface. If the BET model is valid, the resulting plot should yield a 

straight line of the form: y=αx+β. From the values of the slope (𝛼) and intercept (𝛽), the BET 

constant, 𝑐, and the monolayer adsorption capacity, 𝑣𝑚, corresponding to the minimum volume 

of adsorbate required to form a complete monolayer on the adsorbent surface, can be 

determined using the following two equations: 

1c +



=    and 

+
=

1
vm …………. (2.6) 

The value of 𝑣𝑚is directly proportional to the specific surface area of the adsorbent (sample), 

since 𝑣𝑚is, by definition, the amount of adsorbate required to form a complete monolayer 

covering the surface developed by the sample per unit mass of the sample. Therefore, the 

specific surface area of a solid is equal to the area occupied by a single adsorbate molecule 

multiplied by the number of adsorbate molecules contained in 𝑣𝑚, and can be expressed as 

follows: 
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where 𝑆BETis the specific surface area (m²/g); 𝑎𝑚is the surface area occupied by a single 

adsorbate molecule in a monolayer, which for nitrogen as the adsorbate is 𝑎𝑚 =

16.2 × 10−20 m2; 𝑁𝐴is Avogadro's number, 𝑁𝐴 = 6.022 × 1023 mol
−1

; and 𝑉𝑚is the molar 

volume of the adsorbate, which for nitrogen is 𝑉𝑚 = 22.414 × 10−3 m3 mol
−1

. By substituting 

these values into the above equation, that is, when nitrogen is used as the adsorbate, the 

following expression is obtained: 

SBET = 4.37 vm…………… (2.8) 

In this study, textural characteristics of the samples were assessed using nitrogen adsorption-

desorption measurements conducted on a Micromeritics ASAP 2420 multi-sampler 

volumetric unit. From the nitrogen adsorption-desorption isotherms, the specific surface area 

(SBET) was determined through BET method. The specific microporous volume (VDR) was 

obtained using the Dubinin-Radushkevich theory, while the specific volume of adsorbed 

liquid was measured at the saturation pressure of nitrogen (Vp). 

 

2.10.4 Zeta potential 

 

Zeta potential (ζ) analysis is a characterization technique based on the movement of dispersed 

particles in a fluid under an electric field. It provides information about surface charge, which 

is fundamental for understanding solid-fluid and solid-solid interactions. This knowledge is 

crucial for optimizing the synthesis and performance of functional materials. The technique is 

widely applied in fields such as heterogeneous catalysis, nanomaterials, pharmaceuticals, food 

processing, and environmental science [65]. Zeta potential corresponds to the electrokinetic 

potential at the slipping plane between the immobile Stern layer and the mobile diffuse layer 

surrounding a charged particle in suspension. It is not measured directly but calculated from 

electrophoretic mobility (velocity per unit electric field). The most common method for zeta 

potential determination is electrophoretic light scattering (ELS). In many cases, 𝜁(V) is related 

to the electrophoretic mobility (𝑈/𝐸, m²·V⁻¹·s⁻¹) through Henry’s equation under an applied 

electric field: 

U/E = 2 ϵ ζ F(ka) / 3 η……………… (2.9) 

where 𝜀 is the dielectric permittivity of the solvent (kg·m·V⁻²·s⁻²), 𝜂 is the dynamic viscosity 

of the medium (kg·m⁻¹·s⁻¹), and 𝐹(𝜅𝑎)is the dimensionless Henry’s function, which depends 

on the particle size and the thickness of the electrical double layer. In aqueous media, the 

surface charge of particles arises from protonation or deprotonation of surface hydroxyl groups, 

which depends strongly on pH. At low pH, surfaces tend to be positively charged; at high pH, 

negatively charged. The “isoelectric point (IEP)” is the pH at which the net surface charge is 

zero, and the particle has no electrophoretic mobility.  
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The zeta potential magnitude indicates suspension stability: typically, values above ±30 mV 

suggest good stability due to electrostatic repulsion, while near-zero values lead to aggregation 

and flocculation [65]. 

In this work, zeta potential analysis of the samples was conducted using a Beckman Coulter 

Delsa Nano C particle analyzer. A quantity of 10 mg from each sample was dispersed into 10 

mL of Milli-Q water using ultrasonication. Prior to measurement, the measuring cell was rinsed 

with Milli-Q water, after which the sample suspension was introduced. 

 

2.10.5 X-ray photoelectron spectroscopy (XPS) 

 

XPS is the most used technique in materials science, chemistry, and chemical engineering for 

assessing surface chemistry, bonding structure, and composition of surfaces and interfaces. 

XPS is based on the photoelectric effect, discovered by Hertz and explained by Einstein [66]. 

When a sample is irradiated with monochromatic X-rays (Figure 32) of known energy (ℎ𝜈), 

photons penetrate the surface and interact with core-level electrons of atoms in the sample. If 

the photon energy exceeds the electron's binding energy (𝐸𝐵), the electron is ejected via the 

photoelectric effect. The kinetic energy (𝐸𝑘𝑖𝑛) of the emitted photoelectron is measured by a 

hemispherical electron energy analyzer. The binding energy is then calculated using [66]: 

𝐸𝐵 = ℎ𝜈 − 𝐸𝑘𝑖𝑛………….. (2.10) 

 

However, for solid samples, the spectrometer's work function (𝜙𝑆𝑃) also affects the 

measurement, so the practical equation is: 

𝐸𝐵
𝐹 = ℎ𝜈 − 𝐸𝑘𝑖𝑛

𝑆𝑃 − 𝜙𝑆𝑃…………… (2.11) 

 

where 𝐸𝐵
𝐹 is the binding energy referenced to the Fermi level. Only photoelectrons that escape 

from the top ~10 nm without inelastic scattering produce sharp and characteristic peaks. All 

other electrons that lose energy through collisions contribute to a step-like background on the 

high binding energy side of each peak [66]. The most critical aspect of the mechanism is the 

chemical shift. The binding energy of a core-level electron is not an intrinsic property of that 

electron alone; rather, it reflects the total energy difference between the ground state of the 

atom and the final state with a core hole after photoemission. When an atom is in a different 

chemical environment (e.g., bonded to more electronegative elements), the valence charge 

density around it changes. Reduced valence charge density (poorer screening) means the core 

hole experiences stronger Coulomb attraction, so the emitted photoelectron leaves with lower 

kinetic energy (appearing at higher binding energy). This is why, for example, the C 1s peak 

in CF₃ appears at a much higher binding energy than in CH₃ groups [66].  
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Figure 32: Photoelectron spectrometer with electron energy analyzer for XPS [66] 

 

XPS is used for atomic elemental identification and quantification (down to 0.1-1 at%), 

chemical state determination via binding energy shifts, non-destructive thickness measurement 

of thin oxide layers (e.g., native oxides on metals), and surface analysis [66]. 

In this study, XPS analysis of the samples was performed using an SSI-X-probe 100/206 

spectrometer (Surface Science Instruments), equipped with an 8-eV flood gun for surface 

charge neutralization. Samples placed on an adhesive support were loaded into a Macor® 

carousel fitted with a nickel grid to minimize charging effects. Measurements were carried out 

at room temperature under a chamber pressure of 10⁻⁶ Pa. Data processing was performed using 

Casa XPS software (Casa Software Ltd., Teignmouth, UK), applying a Gaussian/Lorentzian 

(85/15) peak decomposition and a Shirley-type background subtraction. All XPS spectra were 

calibrated by setting the C-(C,H) component of the C 1s peak to 284.8 eV. 

 

2.10.6 Diffuse reflectance spectroscopy (DRS) 

 

DRS is a technique used to measure the light reflected from powdered or rough solid materials. 

The principle of DRS is based on the interaction of incident light with a particulate sample 

(Figure 33). Unlike transmission spectroscopy, DRS measures the light that is scattered back 

from the sample's surface. The key quantity is reflectance (R), defined as the ratio of reflected 

radiant flux to incident radiant flux. In powdered samples, diffuse reflectance predominates 

over specular (mirror-like) reflection, and its magnitude depends mainly on the sample's 

chemical composition rather than surface state.  



 

39 
 

The technique uses an integrating sphere to collect the diffusely reflected light, and the 

spectrum is typically recorded as reflectance versus wavelength [67]. The most widely used 

theoretical framework for DRS is the Kubelka-Munk (K-M) theory. When a sample is infinitely 

thick (i.e., additional thickness leads to no change in reflectance), the Kubelka-Munk (K-M) 

function establishes a relationship between the reflectance (R_∞), the absorption coefficient 

(K), and the scattering coefficient (S) as follows [67]: 

 

𝐹(𝑅∞) =
(1−𝑅∞)2

2𝑅∞
=

𝐾

𝑆
………… (2.12) 

 

This function, or the apparent absorbance [log (1/𝑅∞)], serves as a proxy for the true 

absorption spectrum. The scattering coefficient 𝑆 depends on particle size; fine particles (0.1-

1 μm) are preferred to minimize artifacts. For mixtures, the 𝐾 and 𝑆 coefficients are additive 

functions of the component concentrations, allowing quantitative analysis.  

                        

                                                   Figure 33:  DRS mechanisms [67] 

 

In this work, DRS measurements of the sample were conducted over a wavelength range of 

200 to 800 nm using a PerkinElmer Lambda 1050 UV-Vis/NIR spectrophotometer, which was 

fitted with a Spectralon-coated integrating sphere and equipped with photomultiplier (PMT) 

and InGaAs detectors. The acquired spectra were converted using the Kubelka-Munk function 

to enable band gap determination and facilitate comparisons among samples. Barium sulfate 

(BaSO₄) served as the reference standard. 
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 2.11 Photocatalytic experiments 

In this master’s thesis, the photocatalytic degradation of the azo dye RB5 was carried out using 

all synthesized samples within a photocatalytic reactor. The experimental setup and the 

individual components of the reactor are illustrated in Figure 34. For each test, 10 mg of a 

sample was added to 10 mL of RB5 dye contained in a test tube sealed with a cap. The test 

tubes were placed inside a cylindrical glass reactor that houses a centrally positioned halogen 

lamp (300 W, 220 V), which emits light across a continuous spectrum from 395 to 800 nm. A 

UV cut-off filter was applied, as verified using a Hamamatsu Mini-Spectrometer TM-UV/vis 

C10082MD. The reactor temperature was maintained at a constant 20 °C by means of a 

recirculating water-cooling system, and the lamp itself was cooled through a similar setup. To 

prevent interference from external light, the outer surface of the reactor was wrapped in 

aluminum foil [68]. 

                                        

                                    Figure 34: Photocatalytic reactor setup and arrangement [68] 

 

Before starting the experiment, 20 ppm initial concentration of RB5 was made separately and 

total 8 samples were analyzed. 10 mg of each sample were taken in glass tube having 2 replica 

and 10 ml of dye was added. After that the tube was sealed with magnetic stirrer inside and 

placed in the reactor.  The reaction time was 8 h total and after each 0,2,4,6 and 8 h, the residual 

concentration of the dye was recorded by collecting samples. It is to be mentioned that the 

solution was magnetically stirred in the absence of light for 30 min to establish adsorption-

desorption equilibrium before starting the photocatalytic test. Figure 35 shows the procedure 

of the photocatalytic experiment. 
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Figure 35: Photocatalytic degradation experiment of RB5 

During the experiment, samples were collected at 0,2,4,6 and 8 h and the residual concentration 

of the dye was recorded by UV-Vis spectrophotometry (Genesis 10S, Thermo Scientific) at 

600 nm. After that, the residual concentration was determined using the calibration curve of 

RB5 shown in Figure 47. The percentage degradation efficiency of the photocatalyst was 

calculated using the following formula: 

% 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝐶0−𝐶𝑡

𝐶0
× 100 ………………… (2.13) 

where 𝐶0 is the initial concentration of the dye (mg/L) and 𝐶𝑡 is the concentration of the dye at 

time 𝑡 after treatment (mg/L). For the sample [Fe/g-C3N4]/ZnO/AC, the experiment was also 

run for 2 h separately to record the residual concentration after 0.5, 1,1.5 and 2 h. 

   

Figure 36: UV-Vis spectrophotometer and calibration curve of RB5 dye 
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Chapter 3: Results and discussion 

 

3.1 SEM images analysis 

 

Figure 37 (a) shows the SEM micrograph of raw halloysite clay which is characterized by its 

short-tube, spheroidal and tubular structure and coincides with the study of [41, 69]. But after 

undergoing the acid treatment (Figure 37(b)), the texture of the materials changed completely, 

and the activated clay has a rough and spongy texture. Such texture is a characteristic form of 

very porous solids in accordance with the high specific surface area (270 m2/g) of these 

materials and found in other study [70-72]. 

 

Figure 37 : SEM images of (a) Raw clay (RC) and (b) Activated clay (AC) 

 

Figure 38 (a) represents the SEM image of g-C3N4, which exhibits a layered and stacked sheet-

like structure with relatively smooth and compact surfaces [58]. The agglomerated lamellar 

morphology is the feature of bulk g-C3N4 formed during thermal polymerization. The sheet 

appears densely packed with limited porosity which may restrict the availability of active 

surfaces sites and hinder charge transfer during photocatalysis. In contrast, Figure 38(b) 

presents the SEM image of Fe/g-C₃N₄, which exhibits a more wrinkled, loosely packed, and 

exfoliated layered morphology than pure g-C₃N₄. After Fe doping, the stacked layers became 

less compact and exhibit increased surface roughness and structural distortion. This 

morphological change suggests that Fe species are successfully introduced into the g-C3N4 

matrix, preventing excessive layer aggregation and creating more exposed active sites. These 

effects of metal doping also agree with the study of [58-60]. 
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Figure 38: SEM micrographs of (a) g-C3N4 and (b) Fe/g-C3N4 

Figure 39 represents the SEM images of ZnO nano particles, and it is seen that all the nano 

particles are agglomerated into irregular clustered structures with rough surfaces [49]. The 

image also shows the presence of rod-like and irregular granular ZnO particles distributed 

over the surface having densely packed, forming micro-sized aggregates due to the high 

energy of ZnO nanoparticles. Such agglomeration is commonly observed in ZnO 

nanoparticles synthesized through precipitation methods [49-51]. 

 

Figure 39: SEM images of ZnO nano particles 

Figure 40 shows the SEM images of ZnO/AC composite, and the surface of this composite 

seem to be rough. It is seen from the images of activated clay that it is likely to have a porous 

or layered matrix after acid treatment and ZnO nano particles are distributed across the clay 

surface, appearing as rod-like, spherical or irregular shapes. The activated clay displays a 

roughened surface with high porosity which enhances the dispersion and anchoring of ZnO 

nano particles without significant aggregation. This is also noticed for other ZnO/clay 

composite in the study of [73-77]. 
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Figure 40: SEM images of ZnO/AC composite 

Figure 41 highlights the SEM images of [Fe/g-C3N4]/ZnO composite which confirmed that 

pure and Fe doped g-C3N4 has sheet-like structure while ZnO showed smaller and irregular 

particles. The higher-magnification image reveals that the ZnO nanoparticles are uniformly 

dispersed across the surface of the Fe/g-C₃N₄ nanosheets, demonstrating effective deposition 

with minimal agglomeration. The image also denotes the intimate interfacial contact between 

two components showing wrinkled, thin Fe/g-C3N4 sheets decorated with nanoscale ZnO 

crystallites embedded on their surface and edges. Overall morphology suggests a well-

structured composite with high specific surface area (15 m2/g) compared to Fe/g-C3N4 and 

strong component interaction making it a good heterojunction formation. Other studies of [78-

81] also reported similar observations with g-C3N4/ZnO composite. 

 

                                  Figure 41 : SEM images of [Fe/g-C3N4]/ZnO composite 
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Figure 42 shows the SEM micrographs of ternary composite composites [Fe/g-C3N4]/ZnO/AC. 

It is observed that the activated clay forms tubular, irregular shaped and layered matrix with a 

rough surface resulting from acid treatment. The Fe/g-C3N4 also appears to be thin wrinkled 

sheet-like structures distributed over the clay surface while ZnO nanoparticles are well 

distributed across the whole matrix. At higher magnification image, it is even more evident that 

spherical and irregular ZnO nanoparticles are densely decorated on both the Fe/g-C3N4 sheets 

and on the clay, surface forming a nice heterostructure. No significant agglomeration of ZnO 

is observed which indicates uniform dispersion. The Fe/g-C3N4 serve as bridge to enhance 

electron transfer between the clay support and ZnO while the activated clay provides a stable, 

high-surface area platform. Different studies [76, 82-84] also observed this type of ZnO based 

ternary composite. 

      

Figure 42 : SEM images of [Fe/g-C3N4]/ZnO/AC ternary composite 

 

3.2 XRD analysis 

 

From Figure 43, the dehydrated state and tubular structure of the raw clay (RC) halloysite (7 

Å) are confirmed by the diffraction angles seen at 2θ = 12.09˚, 20.24˚ and 24.85˚. A prominent 

peak at 62.78◦ confirms the tubular morphology characteristics of halloysite nanotubes [41, 85]. 

The absence of peaks at 2θ = 8.8˚ in the XRD patterns provides additional evidence of the 

dehydrated state [86, 87]. The observed characteristics reflection 2θ values corresponding 

planes at 12֩ (001), 20֩ (100), 25֩ (002), 35֩ (110), 55֩ (210) and 63֩ (300) are consistent with 

earlier report of halloysite-7 Å (JCPDS card no. 29-1487) [87, 88]. After calcinating at 800 ˚C, 

the XRD pattern of meta-halloysite (MH 800) showed a broad diffraction peak observed in the 

range of 25-30˚ (2θ). The pattern also displays some noise and most of the characteristic peaks 

of halloysite nanotube have disappeared. This broad diffraction peak, identified as minor 

quartz, is probably due to the progressive amorphization of the halloysite nanotube structure 

[88-90]. This behavior is often attributed to dihydroxylation, a process where hydroxyl groups 

(OH) are released from material’s structure at elevated temperature.  
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At higher temperatures, these hydroxyl groups start to dehydroxylate, leading to the loss of 

these characteristic peaks in the spectrum. These hydroxyl groups are often associated with the 

crystal lattice of mineral, and the dihydroxylation process somewhat alters the original 

crystalline structure producing meta-halloysite [90]. These findings affirm that halloysite 

nanotube is amorphous at temperature of 800 ̊ C [90-93]. In addition to the signals of halloysite, 

several diffraction peaks corresponding to monoclinic halloysite (H) and cubic silicon oxide 

(denoted as Q) were also identified.  

Again, for the activated clay (AC) with acid treatment, there was no noticeably different peak 

compared to the characteristic peaks of calcined halloysite clay. However, same broad 

diffraction peak was observed in the range of 25-30˚ (2θ) just like calcined halloysite with a 

little increase in intensity after HCl treatment [90-92, 94]. This obtained result is most likely 

due to structures’ progressive amorphization. The current XRD results strongly support the fact 

that the crystal structure is maintained after acid treatment [91-94].  

 

 

Figure 43: XRD spectra of RC, MH800 and AC 
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For g-C₃N₄ and Fe/g-C₃N₄ samples, two typical peaks were observed in the XRD patterns in 

Figure 44. The high intensity peak at 27.4◦ is ascribed to interplanar stacking of aromatic 

system, which is indexed to the (002) peak and corresponds to an interlayer distance of 0.326 

nm [95, 96]. The peak around 13.2◦ is indexed as the (100) peak and can be associated with an 

in-plane structural packing motif [95, 96]. But with Fe doping, the diffraction peak intensity of 

the (002) facet gradually weakened. Since the delocalized -bond of g-C₃N₄ possesses high 

electron density, which can provide electrons to d orbitals of Fe(Ш) ions, there is a strong 

mutual attraction between Fe(Ш) ions and g-C₃N₄. As a result, the crystal plane spacing (002) 

becomes smaller with Fe(Ш) ions content. This result implies that Fe(Ш) ions have been 

inserted into the interlayer of g-C₃N₄ [97]. Furthermore, several weak diffraction peaks appear 

in the range of 30°-70° for the Fe/g-C₃N₄ sample and these peaks can be indexed to the 

crystalline planes of FeOOH, indicating the formation of iron oxyhydroxide nanoparticles on 

the surface of g-C₃N₄. The low intensity of these peaks suggests that FeOOH is present in small 

quantities and is highly dispersed with in the g-C₃N₄ matrix [58]. 

 

 

Figure 44: XRD spectra of g-C3N4 and Fe/g-C3N4 samples 
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In Figure 45, the XRD patterns of AC and Fe/g-C₃N₄ samples show their characteristics 

diffraction peaks as described above. But for the [Fe/g-C₃N₄]/AC composite, the characteristics 

g-C₃N₄ peaks at 13° and 27.5° are weaker compared to pure Fe/g-C3N4 sample. Furthermore, 

between 30° and 70° for 2, the characteristic FeOOH peaks remain visible, while the broad 

clay peak is also present confirming the presence of an amorphous clay matrix. All these 

observations should indicate that Fe/g-C₃N₄ particles are highly dispersed on the activated clay 

support without destroying its original structure. The amorphous clay can shield or dilute the 

crystalline signal of g-C₃N₄ compound. This decreased intensity is not a sign of degradation, 

but rather of good dispersion and successful integration of Fe/g-C₃N₄ onto the AC support [98, 

99]. 

 

 

Figure 45: XRD spectra of AC, Fe/g-C3N4 and [Fe/g-C3N4]/AC samples 
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In Figure 46 for ZnO/AC composite, the characteristics ZnO peaks remain visible, but their 

intensity slightly decreases compared to ZnO sample, which is due to the dispersion of ZnO 

nanoparticles on the activated clay support matrix and the dilution effect introduced by the 

amorphous clay support. The sample also represents a broad hump between 20°-30° which is 

the characteristic peak for AC shown in Figure 57. A similar decrease of ZnO peaks intensity 

has been reported in ZnO/clay composite due to the high dispersion of ZnO nanoparticles into 

a clay matrix [84]. In the [Fe/g-C₃N₄]/ZnO and [Fe/g-C₃N₄]/ZnO/AC composites, the main 

diffraction peaks of ZnO-wurtzite are still present, indicating that the crystal structure of ZnO 

is preserved after doping with Fe/g-C₃N₄ and activated clay. Between 20° and30° for 2θ, a 

broad hump is due to the presence of amorphous structure of activated clay and to the presence 

of g-C₃N₄. These peaks are much weaker because activated clay and g-C₃N₄ present a lower 

crystallinity compared to the crystallinity degree of ZnO. This also confirms that ZnO 

nanoparticles are more visible (or present at the surface) compared to the other compounds as 

observed in Figure 42 (SEM picture) [76, 84]. 

 

 

Figure 46: XRD spectra of ZnO, ZnO/AC, [Fe/g-C3N4]/ZnO and [Fe/g-C3N4]/ZnO/AC 

samples 
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3.3 Textural properties  

 

The textural properties of all the synthesized materials were presented in Table 2.  Among all 

the samples, activated clay (AC) shows the highest specific surface area, SBET, equal to 270  

m²/g and a total pore volume, Vt, equal to  0.48 cm³/g which indicates a highly porous structure 

compared to the SBET and Vt values of the raw halloysite clay non activated (55  m²/g and 0.19 

cm³/g respectively). On the other hand, the samples ZnO, g-C3N4 and Fe/g-C3N4 are non-

porous materials (SBET < 20 m2/g). For the other binary and ternary samples, which contain 5 

mg of AC, the SBET and Vt values evolve between the values for each pure material contained 

in the composite.  

Table 2: Textural properties of samples 

Sample SBET (m2/g) Smeso (m2/g) Smicro (m2/g) Vt (cm3/ g) 

RC (raw clay) 55 50 < 5 0.19 

MH800 50 50 < 5 0.22 

AC (activated clay) 270 145 125 

 

0.48 

 

g-C3N4 < 5 < 5 < 5 0.02 

Fe/g-C3N4 < 5 < 5 < 5 0.02 

[Fe/g-C3N4]/AC 80 60 20 0.21 

ZnO 15 

 

15 < 5 0.08 

 

ZnO/AC 100 60 40 0.22 

[Fe/g-C3N4]/ZnO 15 10 < 5 0.08 

[Fe/g-C3N4]/ZnO/AC 40 35 5 0.14 

SBET: specific surface area obtained by BET method; Smeso: specific surface area determined by Broekhoff-de-Boer 

theory; Smicro: specific surface area determined by Dubinin theory;Vt: specific liquid volume adsorbed at saturation 

pressure of nitrogen. 

 

Figure 47 shows the adsorption-desorption isotherms for raw clay (RC), thermal treated clay 

(MH800), and activated clay (AC). The isotherms of RC and MH800 samples are characteristic 

of the Type IV isotherms: these isotherms present hysteresis close to p/p0 = 1, characteristic of 

the presence of high mesopores [64]. The isotherm of AC sample is a mixture between the 

Type 1 and Type IV isotherms: at very low pressure, the adsorbed volume increases very 

quickly, characteristic of the presence of micropores, and at higher p/p0 values, a hysteresis 

appears, characteristic of the presence of mesopores. All these observations are in correlation 

with the SBET, Smeso and Smicro values for these 3 samples (Table 2). So, the acidic activation 

treatment improves the porosity of the clay [76]. 
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Figure 47: Nitrogen adsorption-desorption isotherms of RC, MH800 and AC samples  

 

Figure 48 shows the adsorption-desorption isotherms of g-C3N4, Fe/g-C3N4 and [Fe/g-

C3N4]/AC samples. The isotherms of g-C3N4 and Fe/g-C3N4 samples are characteristic of non-

porous materials [64]. The isotherm of [Fe/g-C3N4]/AC sample is characteristic of the Type IV 

isotherm: at high p/p0 values, a hysteresis appears, characteristic of the presence of mesopores. 

All these observations are in correlation with the SBET, Smeso and Smicro values for these 3 

samples (Table 2). 
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Figure 48:  Nitrogen adsorption-desorption isotherms of g-C3N4, Fe/g-C3N4 and [Fe/g-

C3N4]/AC samples 

 

Figure 49 shows the adsorption-desorption isotherms of ZnO, ZnO/AC, [Fe/g-C3N4]/ZnO and 

[Fe/g-C3N4]/ZnO/AC samples. The isotherms of ZnO and [Fe/g-C3N4]/ZnO samples are 

characteristic of non-porous materials [64]. The isotherms of ZnO/AC and [Fe/g-C3N4]/ZnO 

/AC samples are characteristic of the Type IV isotherm: at high p/p0 values, a hysteresis 

appears, characteristic of the presence of mesopores [64]. All these observations are in 

correlation with the SBET, Smeso and Smicro values for these 4 samples (Table 2).  
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Figure 49: Nitrogen adsorption-desorption isotherms of ZnO, ZnO/AC, [Fe/g-C3N4]/ZnO 

and [Fe/g-C3N4]/ZnO/AC samples 

 

 

3.4 Zeta potential analysis 

 

The zeta potential analysis of the ten samples reveals a wide range of surface charges measured 

at pH values between 5.40 and 8.04, providing big differences in their electrostatic properties 

and interfacial interactions (Table 3). The zeta potential of RC is equal to −21.72 mV: the 

negative charge originates from the silanol groups (Si–O⁻) on the outer surface of the halloysite 

nanotubes [100].  For MH 800 sample, the zeta potential slightly decreased to −22.59 mV, 

suggesting the formation of additional negatively charged surface sites caused by 

dehydroxylation and structural modification of the clay during calcination [101].  Activated 

clay (AC) showed a zeta potential equal to −20.62 mV, confirming that acid activation does 

not significantly change the negative nature of the clay surface, although slight charge 

reduction may occur due to leaching of structural cations and modification of surface hydroxyl 

groups [76]. 
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Table 3: Zeta potential of the samples  

 

 

 

 

 

 

 

 

 

The g-C₃N₄ sample presented a strongly negative zeta potential of −30.16 mV, which can be 

attributed to the high electron density and nitrogen-containing functional groups present in the 

carbon nitride structure [102]. But after Fe incorporation, the Fe/g-C₃N₄ sample showed a less 

negative zeta potential (−21.13 mV), indicating partial charge neutralization caused by the 

coordination between Fe³⁺ ions and nitrogen sites in the carbon nitride framework [103]. The 

[Fe/g-C₃N₄]/AC composite exhibited a more negative surface charge (−30.20 mV), suggesting 

that the combined contribution of negatively charged clay and nitrogen functional groups 

increases the overall surface electron density [76]. 

On the opposite, pure ZnO sample exhibits a strongly positive zeta potential of +29.50 mV, 

resulting from protonation of surface hydroxyl groups [104]. When ZnO is immobilized on 

activated clay (ZnO/AC sample), the zeta potential drops dramatically to +7.30 mV, 

demonstrating significant charge neutralization through electrostatic interaction between the 

positive ZnO nanoparticles and the negative clay support [76]. The [Fe/g-C₃N₄]/ZnO composite 

maintains a strong positive charge of +21.62 mV, showing that ZnO nanoparticles dominate 

the surface charge behavior of the composite. Indeed, ZnO nanoparticles are located at the 

surface of the composite [102]. Finally, the ternary [Fe/g-C₃N₄]/ZnO/AC composite displays a 

positive potential of +18.88 mV, representing a balanced contribution from all three 

components where ZnO's positive charge is partially neutralized by the combined negative 

charges of AC and Fe/g-C₃N₄, confirming successful heterostructure formation to enhance 

adsorption and photocatalytic activity toward anionic dye pollutants [76].  

These zeta potential variations directly correlate with the electrostatic assembly mechanisms 

and interfacial charge transfer processes that are essential for enhanced photocatalytic 

performance, as the positive surface charges of ZnO-containing composites favor adsorption 

of anionic dye pollutants, while the charge neutralization between components indicates 

intimate heterojunction formation that promotes charge separation [105, 106]. 

  

Sample name Zeta potential (mV) 

Raw clay (RC) −21.72 

MH 800 −22.59 

Activated clay (AC) −20.62 

g-C3N4 −30.16 

Fe/g-C3N4 −21.13 

[Fe/g-C3N4]/AC −30.20 

ZnO + 29.50 

ZnO/AC   +7.30 

[Fe/g-C3N4]/ ZnO +21.62 

[Fe/g-C3N4]/ZnO/AC + 18.88 
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3.5 DRS analysis 

Figure 50 shows the DRS spectrum of pure ZnO, which exhibited a well-defined absorption 

edge in the UV region approx. 380-400 nm, followed by a rapid decrease in reflectance and the 

band gap of ZnO was found to be 3.26 eV (Table 4). This is the usual characteristics behavior 

of ZnO due to its wide band gap semiconductor (~3.2–3.3 eV) corresponding to the electronic 

transition from the valence band to the conduction band [76, 107]. The steep drop indicates 

strong UV absorption and minimal absorption in the visible region, which is typical because 

pure ZnO is mostly inactive under visible light. This sharp absorption edge also denotes high 

crystallinity and uniform particle size distribution of the synthesized ZnO nanoparticles. 

Table 4: Band gap of all samples  

 

 

 

 

 

 

 

 

 

For the activated clay (AC), a broad absorption profile was observed across the UV-visible 

region with relatively lower intensity compared to ZnO sample and no sharp absorption edge 

was also not seen, which confirms the non-semiconducting/insulating nature of the activated 

clay. This diffuse absorption pattern is typical for amorphous aluminosilicate materials, where 

the absorption arises from the structural defects, impurities and charge transfer transition within 

the clay lattice [108, 109]. Such behavior is widely reported since clay minerals lack a defined 

band gap and mainly act as support materials rather than photoactive materials [110].  

The ZnO/AC composite shows an intermediate behavior between ZnO and AC samples, which 

demonstrated a slight, red shift absorption edge compared to pure ZnO, extending further into 

the visible light region. This shift suggests successful electronic interactions between ZnO 

nanoparticles and clay support matrix. The band gap of the composite was found to be 3.25 eV 

which is slightly reduced compared to pure ZnO (Table 4). The enhanced visible-light 

absorption capability of the composite can be attributed to the formation of the interface states 

and defect levels introduced by the clay structure, which effectively reduce the band gap of 

ZnO [108]. Consistent observations have been documented for ZnO nanocomposites supported 

on clay, where the clay matrix functions as an enhancer of surface activity, thereby modifying 

the optical properties of the ZnO nanoparticles [76]. 

Sample Band gap (eV) 

g-C3N4  2.78 (direct) 

g-C3N4 2.47 (indirect) 

Fe/g-C3N4 2.36 (direct) 

Fe/g-C3N4 0.61 (indirect) 

ZnO 3.26 

ZnO/AC 3.25 

[Fe/g-C3N4]/ZnO  3.20 (direct) 

[Fe/g-C₃N₄]/ZnO  2.94 (indirect) 

[Fe/g-C3N4]/ZnO/AC  3.24 (direct) 

[Fe/g-C3N4]/ZnO/AC  3.01 (indirect) 
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Figure 50: UV-Vis DRS curves of ZnO/AC, AC and ZnO samples 

 

Pure g-C₃N₄ exhibits a typical absorption edge between 430-450 nm, corresponding to a band 

gap of 2.78 eV (direct) and 2.47 eV (indirect) shown in Figure 51. This absorption edge 

confirms that g-C₃N₄ is a visible-light responsive semiconductor indicating typical π–π* 

electronic transitions in the conjugated structure and limited absorption beyond approximately 

450 nm. This behavior is consistent with literature for pure g-C₃N₄ [110, 111].  

But upon Fe doping (Fe/g-C₃N₄) the absorption edge shifts toward longer wavelengths with a 

significant increase in visible-light absorption, which is attributed to the formation of impurity 

energy levels with the band structure [112]. The absorption edge showed a clear red shift and 

a broader absorption tail compared to pure g-C₃N₄ sample with significantly enhanced 

absorption intensity across the entire visible region 450-650 nm. This shift indicates successful 

incorporation of Fe³⁺ ions into the g-C₃N₄ matrix. The band gap also reduced after Fe doping 

in both case indirect (0.61 eV) and direct (2.36 eV) which is due to the introduction of iron 

creating intermediate energy level within the band gap of g-C₃N₄. It facilitates the sub-band 

gap transitions and improves visible-light harvesting. Similar observations such as red shift, 

reduced band gap and visible-light enhancement are widely reported by [113, 114] for Fe doped 

g-C₃N₄. Additionally, Fe act as a charge carrier mediator, improving the light absorption and 

potentially reducing electron-hole recombination.  
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Furthermore, the [Fe/g-C₃N₄]/AC composite shows a broadened absorption spectrum and 

enhanced light harvesting capability, indicating strong interfacial interactions between the 

semiconductor and the clay support. This clay supported facilitates improved photons 

utilization and is consistent with previously reported Fe-doped g-C₃N₄ and clay-based 

composite systems, in which band gap narrowing and enhanced visible-light absorption were 

observed [115]. 

 

Figure 51: UV-Vis DRS curves of [Fe/g-C₃N₄]/AC, Fe/g-C₃N₄ and g-C₃N₄ samples 

 

In Figure 52, it was observed that pure ZnO sample exhibits a characteristic absorption edge in 

the UV region (approx. 380 nm), indicating its wide band gap and limited visible-light activity 

while the ZnO/AC composite shows a slight enhancement in absorption due to improved 

dispersion of ZnO nanoparticles and surface interactions between ZnO and AC. 

In contrast, the [Fe/g-C₃N₄]/ZnO composite showed a significant red shift and enhanced 

visible-light absorption having a band gap of 3.20 eV (direct) and 2.94 eV (indirect). As a 

significant shift of the absorption edge toward longer wavelengths along with strong visible-

light absorption tail (400–600 nm) and narrowing band gap is observed for this composite 

which also confirms the formation of a heterojunction between ZnO and Fe/g-C₃N₄ and the Fe-

induced defect states. This type of characteristic is also noticed in the work of [116] where ZnO 

based binary composite exhibits a red shift absorption edge compared to both individual 

components. 
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Furthermore, the ternary composite [Fe/g-C₃N₄]/ZnO/AC showed an absorption edge like ZnO 

with somewhat less band gap than ZnO. However, the band gap for this composite was found 

to be 3.24 eV (direct) and 3.01 eV (indirect) which is little more than [Fe-g-C₃N₄]/ZnO 

composite. This behavior indicates a synergistic interaction among the three components of the 

composite. The combination of ZnO (UV-active) and Fe-g-C₃N₄ (visible-active) broadens the 

absorption range, enabling better solar light utilization where the formation of a heterojunction 

promotes efficient charge separation and suppresses electron-hole recombination. Meanwhile, 

the activated clay enhances surface area, dispersion, and adsorption capacity, further 

facilitating charge transfer and improving overall photocatalytic performance. This type of 

enhanced optical response is consistent for ZnO based ternary composite and observed in the 

work of [84] where the formation of ZnO/Fe3O4/g-C3N4 composite leads to band gap narrowing 

and improved visible-light utilization. 

 

 

Figure 52: UV-Vis DRS curves of [Fe/g-C₃N₄]/ZnO/AC, [Fe/g-C₃N₄]/ZnO, ZnO/AC and 

ZnO samples 
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3.6 XPS analysis 

 

Figure 53 (a) shows the XPS survey spectra of g-C₃N₄ and Fe/g-C₃N₄ samples. The presence 

of C, N, and O elements were confirmed in sample g-C₃N₄, while Fe/g-C₃N₄ sample 

additionally exhibited Fe 2p peaks, confirming successful incorporation of Fe species into the 

g-C₃N₄ framework. For the pure g-C₃N₄ sample, the high-resolution N 1s spectrum revealed 

three distinct peaks at 399.1 eV, 400.2 eV, and 405.0 eV. According to the literature, these 

peaks correspond to sp²-hybridized nitrogen atoms in triazine rings (C=N–C), tertiary nitrogen 

N–(C)₃ groups, and amino functions (–NH₂), respectively. A weak shake-up peak was also 

observed at 405.0 eV, which is attributed to π–π* excitation in the conjugated aromatic 

structure of graphitic carbon nitride. The C 1s spectrum showed peaks centered at 284.8, 286.2, 

288.6, and 289.1 eV, corresponding to graphitic carbon (C–C/C=C), C–O or C–N bonding, 

N=C–N coordination in the heptazine ring, and surface oxygenated carbon species, 

respectively. These features are characteristic of polymeric graphitic carbon nitride [58]. 

After Fe incorporation, noticeable shifts in binding energies were observed in Figure 53 (b). 

The Fe/g-C₃N₄ sample exhibited an Fe 2p₃/₂ peak at 710.7 eV, confirming the presence of Fe 

species, mainly Fe³⁺/Fe²⁺ oxide states. The N 1s peaks exhibited slight low-shifts and intensity 

redistributions compared to pure g-C₃N₄. The peak at 398.8 eV (attributed to C=N–C) 

decreased in relative intensity, suggesting coordination interactions between Fe ions and the 

lone pair electrons of nitrogen atoms in the heptazine units. This observation is consistent with 

previous reports where Fe³⁺ ions are embedded into the g-C₃N₄ framework through Fe–N 

coordination bonds. The O 1s spectrum of g-C₃N₄ exhibited a peak at 533.1 eV attributed to 

adsorbed water or surface hydroxyl groups. After Fe doping, the O 1s peak shifted to lower 

binding energy 531.1 eV, suggesting the presence of Fe–O–H or Fe–O–C interactions and 

altered surface electronic density. Furthermore, the Fe/g-C₃N₄ sample showed increased 

oxygen content and modified carbon environments, suggesting that Fe doping introduced 

surface defects and promoted charge redistribution within the g-C₃N₄ structure. Similar trends 

are also observed in the study of [110]. Such electronic interactions are beneficial for 

suppressing electron–hole recombination and improving photocatalytic performance.  
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Figure 53: XPS spectra of (a) g-C₃N₄ and (b) Fe/g-C₃N₄ samples 
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In Figure 54 (a), the XPS spectrum of AC mainly consisted of O 1s and Si 2p peaks, confirming 

the aluminosilicate structure of halloysite clay [117]. The Si 2p peak observed at 103.8 eV 

corresponds to Si–O–Si bonding of silicate layers, while the O 1s peak at 533.1 eV is attributed 

to lattice oxygen and surface hydroxyl groups [118]. The low carbon contribution observed at 

284.8-288.7 eV originated from adventitious carbon and surface functional groups formed 

during activation treatment. The high oxygen and silicon atomic percentages further confirm 

the silica-rich nature of halloysite activated clay. However, the absence of an Al peak in the 

XPS spectrum of acid-treated halloysite activated clay can be attributed mainly to the 

dealumination effect caused by acid treatment. During acid activation, strong acids selectively 

leach aluminum species from the octahedral layers of halloysite, resulting in significant 

removal of surface Al atoms and enrichment of silica (SiO₂) on the surface. Since XPS is a 

surface-sensitive technique that analyzes only the top few nanometers of the material, the 

reduction of surface aluminum concentration below the detection limit can lead to the 

disappearance or very weak intensity of the Al 2p peak. The dominant Si 2p and O 1s peaks 

observed after treatment therefore indicate that the clay surface became highly silica-rich after 

acid leaching [41]. 

Upon incorporation of Fe/g-C₃N₄ to form the [Fe/g-C₃N₄]/AC composite, significant changes 

in elemental composition and binding energies were observed in Figure 54 (b). The appearance 

of Fe 2p₃/₂ at 712.3 eV confirmed successful immobilization of Fe/g-C₃N₄ onto the clay surface. 

But the Si 2p peak was observed and shifted from 103.8 to 105.2 eV, indicating strong 

interfacial interaction between halloysite and Fe/g-C₃N₄. But the Fe 2p signal in the composite 

(712.3 eV) was slightly lower than in pure Fe/g-C₃N₄ (Figure 53), possibly due to dilution by 

the AC matrix. The O 1s peak also shifted toward higher binding energy (534.2 eV), suggesting 

the formation of interfacial hydrogen bonding or Fe–O–Si interactions between clay hydroxyl 

groups and Fe/g-C₃N₄. Moreover, the N 1s signals at 398.6 and 400.8 eV confirmed the 

successful incorporation of g-C₃N₄ onto the activated clay matrix. The increase in carbon and 

nitrogen contents in the composite compared with AC demonstrates effective loading of Fe/g-

C₃N₄ onto the clay support. The interactions between the clay surface and Fe/g-C₃N₄ likely 

improved dispersion of active sites and facilitated interfacial charge transfer, which can 

enhance photocatalytic activity and stability. Similar observations have been reported for g-

C₃N₄/clay composites where electrostatic interactions and hydrogen bonding facilitate 

heterojunction formation [47, 119]. 
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Figure 54: XPS spectra of (a)AC and (b) [Fe/g-C₃N₄]/AC samples 
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Figure 55 (a) represent the XPS spectrum of pristine ZnO which exhibited characteristic Zn 

2p₃/₂ and O 1s peaks at 1021.7 and 530.6 eV, respectively, confirming the formation of Zn²⁺ 

species in ZnO. The binding energy separation between Zn 2p peaks corresponds to the typical 

ZnO wurtzite structure [120]. The O 1s peak mainly originated from lattice oxygen in Zn–O 

bonds. Minor carbon peaks observed at 284.8-289.2 eV were associated with surface adsorbed 

carbon species. 

For the ZnO/AC composite (Figure 55 (b)), the Zn 2p₃/₂ peak slightly shifted to 1021.8 eV, 

while the O 1s peak shifted to 533.2 eV. These increase shifts in binding energy indicate that 

the surface hydroxyl groups and silanol groups (Si–OH) present in activated clay interact with 

ZnO, electrons are partially transferred from ZnO toward the clay surface, and Zn atoms 

become slightly electron deficient. The appearance of a strong Si 2p peak at 103.9 eV further 

confirmed successful deposition of ZnO on the clay surface. The increased oxygen contribution 

suggests the presence of additional surface hydroxyl groups and interfacial oxygen species, 

which may enhance adsorption and photocatalytic reactions. 

In the [Fe/g-C₃N₄]/ZnO binary composite (Figure 55 (c)), Zn 2p₃/₂ and Fe 2p₃/₂ peaks appeared 

at 1021.6 and 710.0 eV, respectively, confirming coexistence of ZnO and Fe/g-C₃N₄. The N 1s 

peaks at 398.8 and 400.8 eV verified the presence of graphitic carbon nitride in the composite. 

Compared with pure ZnO and g-C₃N₄ samples, decrease shifts in Zn 2p, Fe 2p, and O 1s binding 

energies were observed, indicating strong interfacial electronic coupling between ZnO and 

Fe/g-C₃N₄. A decrease in binding energy indicates an increase in electron density around the 

atom. This occurs when electron transfer from Fe/g-C₃N₄ toward ZnO may occur under 

equilibrium conditions. Since g-C₃N₄ is rich in nitrogen atoms with lone-pair electrons, it can 

donate electron density to ZnO at the interface. As a result, Zn atoms become more electron 

rich, the electrostatic attraction between Zn nuclei and core electrons decreases, lower energy 

is required to remove the core electrons, and the Zn 2p peak shifts toward lower binding energy. 

Similarly, oxygen atoms near oxygen vacancies or defect sites may also show reduced binding 

energy due to localized electron accumulation. Such coupling facilitates charge transfer across 

the heterojunction interface and suppresses recombination of photogenerated electron–hole 

pairs. The increased carbon and nitrogen contents also confirm intimate integration of the two 

semiconductors. 

 

The ternary [Fe/g-C₃N₄]/ZnO/AC composite (Figure 55 (d)) exhibited all characteristic peaks 

of Zn, Fe, C, N, O, Si, and Cl, demonstrating successful formation of the ternary 

heterostructure. The Zn 2p₃/₂ peak appeared at 1021.8 eV and the Fe 2p₃/₂ peak at 710.9 eV, 

while the O 1s peak shifted to 532.7 eV. The simultaneous presence of Si 2p at 103.5 eV and 

N 1s peaks at 398.4 and 400.5 eV confirms incorporation of both halloysite clay and Fe/g-C₃N₄ 

into the ZnO matrix. The Zn 2p binding energy in the ternary composite (1021.8 eV) is slightly 

higher than in pure ZnO (1021.6 eV), indicating electron transfer from ZnO to the other 

components.  
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Compared with the binary composites, additional shifts in binding energies were observed, 

suggesting strong interfacial interactions among ZnO, Fe/g-C₃N₄, and AC. These shifts indicate 

redistribution of electron density and formation of heterojunction interfaces, which can 

improve charge separation efficiency. These shifts occur because, upon composite formation, 

electrons redistribute between ZnO and the coupled materials until their Fermi levels reach 

equilibrium. Additionally, the formation of interfacial bonds such as Zn–O–Si, Zn–O–Fe, or 

Zn–N modifies the chemical environment of Zn and O atoms, causing changes in the core 

electron binding energies. The ternary composite also exhibited higher oxygen and silicon 

contents due to the clay support, while maintaining significant Zn and Fe signals. The 

synergistic interaction among ZnO, Fe/g-C₃N₄, and activated clay is expected to enhance 

visible-light absorption, increase active surface sites, and promote interfacial charge migration, 

leading to superior photocatalytic activity compared with the individual and binary systems. 

These observations align with reports on ternary composite systems where synergistic effects 

enhance charge carrier separation [76, 82-84, 120]. 
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Figure 55: XPS spectra of (a) ZnO, (b) ZnO/AC, (c) [Fe/g-C₃N₄]/ZnO and (d) [Fe/g-

C₃N₄]/ZnO/AC samples 

 

 

3.7 Photocatalytic degradation analysis  

 

Figure 56 shows the visual observations during the degradation of RB5 for all the samples at 

time = 0, 2, 4, 6 and 8 h where Figure 57 (a) presented the evolution of RB5 concentration as 

a function of time, and Figure 57 (b) presented the percentage (%) of RB5 degradation as a 

function of time. Before photocatalytic degradation, the samples were kept in the dark for 30 

min to establish adsorption-desorption equilibrium. In this initial stage, dye removal is 

primarily due to surface adsorption rather than photocatalytic activity. Pure g-C₃N₄ sample 

exhibited very low adsorption (only 3 %), indicating limited surface-active sites. In contrast, 

ZnO and ZnO/AC samples showed a higher level of adsorption (around 15%), which can be 

attributed to ZnO surface positive charges, which interact with anionic RB5. Among all 

samples, [Fe/g-C₃N₄]/ZnO showed the highest initial adsorption percentage (22%), suggesting 

improved surface interaction, a greater number of active sites, and stronger dye affinity. 

Activated carbon (AC) typically enhances RB5 adsorption percentage due to its large specific 

surface area and porous volume, and its ability to form π–π interactions with the aromatic rings 

of RB5 dye molecules. 
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Figure 56: Visual observations of degradation of azo dye RB5 at definite time interval 

 

Once exposed to light, all samples exhibited significantly photocatalytic degradation 

performance. This is attributed to the generation of electron–hole pairs and reactive oxygen 

species (including •OH and O₂•⁻ radicals), which promote the oxidative breakdown of RB5 

molecules. Graphitic Carbon Nitride (g-C₃N₄) showed after 8 h, a RB5 degradation percentage 

equal to 82%.  This result could be due to rapid charge recombination and low specific surface 

area (< 5 m2/g, Table 2). Fe/g-C₃N₄ sample exhibited a similar final degradation percentage (80 

%). Indeed, Fe doping can improve visible-light absorption and reduce charge recombination, 

but an excess of Fe3+ ions may act as recombination centers or block active sites [58]. In 

contrast, the [Fe/g-C₃N₄]/AC composite shows the lowest RB5 degradation percentage (58 %), 

as excessive activated carbon likely shields light penetration, reduces photon absorption, covers 

catalytic sites, and causes inefficient electron transfer, indicating a non-optimized 

heterostructure [47,119].  
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Zinc oxide (ZnO) sample showed photocatalytic performance after 8 h, equal to 83%, attributed 

to its high oxidation ability and efficient radical generation, though it still suffers from photo-

corrosion and charge recombination [74]. The addition of activated carbon (ZnO/AC) 

significantly boosts degradation to 99 % by enhancing dye adsorption, dispersion, electron 

transport, and recombination suppression, creating a synergistic effect. The [Fe/g-C₃N₄]/ZnO 

sample achieved excellent RB5 degradation percentage (100 % after 8 h)) by promoting charge 

separation, extending light absorption, and increasing reactive radical production. Finally, the 

ternary composite [Fe/g-C₃N₄]/ZnO/AC delivered the highest efficiency (100 % after 6.5 h) ) 

by combining AC's adsorption, Fe/g-C₃N₄'s visible-light response, and ZnO's oxidation ability, 

where AC acts as an electron acceptor and an adsorption platform, leading to rapid 

mineralization and strong synergistic interactions among all three components.  

 

Figure 57: Degradation curves of RB5 (a) C/C0 vs time and (b) removal % vs time  
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The enhanced photocatalytic activity of the [Fe/g-C₃N₄]/ZnO/AC ternary composite toward 

RB5 azo dye degradation is driven by synergistic interactions among the three components can 

be explained and shown in Figure 58. First ZnO with a band gap equal to 3.26 eV absorbs UV 

light (λ < 380 nm) and generates electron-hole pairs: 

ZnO + ℎ𝜈 → ZnO(𝑒CB
− + ℎVB

+ )……. (3.1) 

 

Then Fe/g-C₃N₄ with an indirect band gap equal to 2.36 eV due to Fe doping absorbs visible 

light (λ > 400 nm) and generates electron-hole pairs: 

Fe/g C
3
N4 + ℎ𝜈 → Fe/g-C

3
N4(𝑒CB

− + ℎVB
+ )………. (3.2) 

The heterojunction interfaces between ZnO and Fe/g-C₃N₄ facilitate efficient charge transfer. 

Due to appropriate band alignment, photogenerated electrons from the conduction band (CB) 

of Fe/g-C₃N₄ migrate to the CB of ZnO, while holes from the valence band (VB) of ZnO 

transfer to the VB of Fe/g-C₃N₄. This spatial separation suppresses electron-hole 

recombination. Here, activated clay (AC) acts as a high-surface-area support that disperses 

ZnO and Fe/g-C₃N₄ nanoparticles, preventing agglomeration. It serves as an electron 

acceptor/conductive bridge that traps and shuttles electrons, further reducing recombination. It 

also acts as adsorption enhancer that concentrates RB5 dye molecules near active sites via 

electrostatic and hydrophobic interactions (zeta potential data confirms surface charge 

favorable for anionic RB5 adsorption, Table 3). The separated electrons and holes react with 

adsorbed water, dissolved oxygen, and surface hydroxyl groups to produce highly reactive 

radicals. 

Electrons (e⁻) reduce dissolved oxygen to superoxide radicals (O₂•⁻): 

𝑒− + 𝑂2 → 𝑂2
∙−……. (3.3) 

Holes (h⁺) oxidize water or hydroxyl ions to hydroxyl radicals (•OH): 

ℎ+ + 𝐻2𝑂 →∙ 𝑂𝐻 + 𝐻+……… (3.4) 

 ℎ+ + 𝑂𝐻− →∙ 𝑂𝐻…………. (3.5) 

The Fe³⁺/Fe²⁺ redox couple in Fe/g-C₃N₄ further promotes Fenton-like reactions, generating 

additional •OH radicals: 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ +∙ 𝑂𝐻 + 𝑂𝐻−………. (3.6) 

𝐹𝑒3+ + 𝑒− → 𝐹𝑒2+………… (3.7) 

The highly oxidizing •OH and O₂•⁻ radicals attack the azo bonds (-N=N-) of RB5 molecules, 

which are the chromophore centers responsible for RB5 color. This attack leads to the cleavage 

of azo bonds by breakdown into smaller aromatic intermediates and resulting in ring opening 

and mineralization into harmless products: 

RB5 +∙ 𝑂𝐻/𝑂2
∙− → Intermediates → 𝐶𝑂2 + 𝐻2𝑂 + 𝑆𝑂4

2− + 𝑁𝑂3
−…… (3.8) 
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Table 5: Synergistic role of each component in ternary composite 

 Component Role in mechanism 

ZnO UV light absorption; primary source of 

electron-hole pairs 

Fe/g-C₃N₄ Visible-light harvesting; Fe doping 

introduces mid-gap states and Fenton-like 

activity; extends absorption range; promotes 

charge separation 

AC High surface area for dye adsorption; 

electron conductive support; prevents 

agglomeration; enhances mass transfer 

 

These results demonstrate that heterojunction engineering significantly improves 

photocatalytic activity by combining semiconductors to enhance charge separation. The 

inclusion of activated carbon further boosts adsorption and electron transport. Among all 

composites, the ternary [Fe/g-C₃N₄]/ZnO/AC photocatalyst completely degraded RB5 after 6.5 

h due to the synergistic combination of enhanced adsorption capacity, improved charge 

separation, and efficient interfacial electron transfer between Fe/g-C₃N₄, ZnO, and activated 

clay. The heterojunction structure effectively suppressed electron-hole recombination, leading 

to enhanced production of reactive oxidative species responsible for dye degradation. 

 

Figure 58: Expected mechanism of ternary composite in degrading RB5 dye in 

photocatalysis (generated by AI) 
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Therefore, for the ternary composite [Fe/g-C₃N₄]/ZnO/AC, the experiment was run again, and 

residual concentrations were recorded at 0, 0.5, 1.5, 2, 4, 6 and 8 h. The degradation kinetic for 

the photocatalytic process is often described by the Langmuir-Hinshelwood (L-H) model, 

which reduces to a pseudo-first-order equation at low dye concentrations: 

ln⁡(C/C0) =-kt………. (3.9) 

In this expression, C0 and C represent the initial dye concentration and the concentration at 

time t, respectively, while k is the apparent first-order rate constant expressed in h-1, and t 

denotes the irradiation time (h). First at 0, 0.5, 1.5, 2, 4, 6 and 8 h, the data are shown in Figure 

59 (a) and in Figure 59 (b), only the first points (0-2 h) are presented. Figure 59 (a) shows the 

plot of −ln (𝐶/𝐶0) versus irradiation time, with error bars representing the standard deviation 

(SD) of duplicate measurements at each time point summarized in Table 6. demonstrates good 

reproducibility. The coefficient of variation (CV) values ranged from 0% to 2.4% across all 

time points, with the majority below 2%, confirming high experimental precision and minimal 

random error. The small SD values (e.g., 0.0095 at 0.5 h, 0.0144 at 2 h) indicate that the 

duplicate runs were highly consistent.  

At 4 h, the experimental value (1.897) deviates noticeably from the linear prediction, but the 

low SD (0.0285) and CV (1.5%) confirm a systematic kinetic deviation rather than random 

error. But at 6 h, the higher SD (0.0945) and CV (2.2%) suggest slight variability in recovery 

between duplicates, possibly due to differences in intermediate desorption or local pH. The 

near-zero SD at 8 h (0.0003) reflects identical endpoints due to reaction completion. These low 

error margins confirm good reproducibility of the Fe-g-C₃N₄ photocatalyst. 

𝑥‾ =
𝑥1+𝑥2

2
………. (3.10) 

𝑆𝐷 = √
∑(𝑥𝑖−𝑥‾)2

𝑛−1
………. (3.11) 

𝐶𝑉(%) =
𝑆𝐷

𝑥‾
× 100…………. (3.12) 

 

Table 6: Kinetics data 

 

 

 

 

 

 

 

 

Time 

(h) 

-ln (C/Co) 

(1st) 

-ln C/Co 

(2nd) Average 

Standard 

deviation, 

(SD) 

coefficient 

of 

variation, 

(CV) 

0 0.000 0.000 0.000 0.0000 0 

0.5 0.387 0.400 0.394 0.0095 2.4% 

1 0.596 0.607 0.601 0.0078 1.3% 

1.5 0.863 0.877 0.870 0.0099 1.1% 

2 1.197 1.217 1.207 0.0144 1.2% 

4 1.877 1.917 1.897 0.0285 1.5% 

6 4.135 4.269 4.202 0.0945 2.2% 

8 6.215 6.215 6.215 0.0003 0.0% 
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Figure 59: Pseudo-first-order kinetic of ternary composite after (a) 8 h and (b) 2 h 
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The kinetic analysis of the [Fe/g-C₃N₄]/ZnO/AC composite for 8 h yields a rate constant k = 

0.704 h-1, which is relatively high and indicates rapid RB5 degradation, efficient photocatalytic 

activity, fast generation of reactive oxygen species, and effective charge separation. The 

correlation coefficient 𝑅2 = 0.9797, being very close to 1, confirms excellent linear fitting and 

strong agreement with pseudo-first-order kinetics, indicating that the degradation process is 

predominantly controlled by surface photocatalytic reactions. The pseudo-first-order behavior 

implies that the concentration of active radicals (•OH and O₂•⁻) remains nearly constant during 

irradiation, so the degradation rate depends primarily on the RB5 concentration. Initially, 

abundant dye molecules allow rapid degradation, but as time increases and the dye 

concentration decreases, fewer molecules remain available for oxidation, causing the rate to 

gradually slow down and producing the observed logarithmic kinetic behavior. However, a 

closer inspection of the data reveals that the 4-hour data point lies slightly away from the fitted 

linear trendline. Possible explanations for this deviation include experimental variability in 

sampling or UV-Vis measurements, or minor inconsistencies during filtration and sample 

handling. The relatively higher standard deviation at 4 h suggests a transient, non-systematic 

fluctuation rather than a true trend change, especially since the 6 h point returns to the overall 

kinetic trend. Another possibility is a temporary shift in the reaction regime, where the system 

transitions from early-stage surface adsorption and radical attack to a stage influenced by 

intermediate byproducts competing for reactive species (•OH, •O₂⁻). Additionally, partial 

degradation of RB5 may produce intermediates that temporarily re-adsorb on the catalyst 

surface, blocking active sites and causing a short-lived reduction in apparent rate before steady-

state conditions are re-established. Minor variations in light intensity could also contribute, 

though this is less likely given the overall reproducibility of the dataset. 

On the other hand, during the 2 h of irradiation, the kinetic analysis of the [Fe/g-C₃N₄]/ZnO/AC 

ternary composite shows a much better fit (R² = 0.9967) compared to the full eight-hour dataset 

(R² = 0.9797), indicating that pseudo-first-order kinetics are followed almost perfectly during 

the initial degradation stage. The rate constant derived from the first two hours is k = 0.597 h⁻¹, 

which represents the true initial degradation rate. During this early period, the dye 

concentration remains relatively high, active sites are freely available, light penetration is 

effective, radical generation is stable, and adsorption-desorption equilibrium is maintained, so 

the degradation rate depends primarily on dye concentration. After longer irradiation times, 

however, the dye concentration becomes very low, intermediate products accumulate, active 

sites may become partially occupied, and mass transfer limitations increase, causing slight 

deviations from ideal first-order behavior. The relatively high rate-constant (0.597 h⁻¹) reflects 

rapid photocatalytic degradation due to synergistic interactions among Fe-doped g-C₃N₄, ZnO, 

and activated clay, which improve visible-light absorption, charge separation, electron transfer, 

and reactive oxygen species formation.  

 

 



 

74 
 

Chapter 4: Conclusion and Perspectives 

 

4.1 Conclusion 

This study deals with successful formation of ZnO-based binary and ternary photocatalytic 

composite materials along with activated halloysite as clay support for enhancing the 

photocatalytic degradation of azo dyes Rb5 compared to mere ZnO. Halloysite nano clay was 

chemically acid treated to produce activated clay (AC), Fe-doped g-C₃N₄ was synthesized and 

ZnO nano particles was produced by precipitation method. Then different combination of 

binary and ternary composite was formed namely ZnO/AC, [Fe/g-C₃N₄]/ZnO, [Fe/g-C₃N₄]/AC 

and [Fe/g-C₃N₄]/ZnO/AC.  

 

The SEM analysis confirms the successful fabrication of all synthesized photocatalysts. Pure 

g-C₃N₄ exhibits a compact, stacked layered structure, while Fe doping induces a wrinkled, 

exfoliated morphology with increased surface roughness and exposed active sites. The ZnO 

nanoparticles appear as agglomerated irregular clusters, but when incorporated into binary 

([Fe/g-C₃N₄]/ZnO) and ternary ([Fe/g-C₃N₄]/ZnO/AC) composites, they become uniformly 

dispersed without significant aggregation. The ternary composite demonstrates the optimal 

heterostructure, where Fe/g-C₃N₄ sheets and ZnO nanoparticles are densely decorated onto the 

rough, porous activated clay matrix, promoting intimate interfacial contact and enhanced 

charge transfer pathways for improved photocatalytic performance. 

XRD analysis confirms that raw halloysite exhibits characteristic dehydrated tubular structure, 

which becomes amorphous after calcination at 800 °C, while acid-treated activated clay 

maintains this amorphous structure with slightly increased intensity. For g-C₃N₄, Fe doping 

weakens the peak intensity and introduces small, highly dispersed FeOOH nanoparticles, 

confirming Fe³⁺ intercalation into the g-C₃N₄ interlayers. In the binary and ternary composites 

([Fe/g-C₃N₄]/AC, ZnO/AC, [Fe/g-C₃N₄]/ZnO, and [Fe/g-C₃N₄]/ZnO/AC), the characteristic 

diffraction peaks of individual components become weaker or appear as broad humps due to 

the dilution effect from the amorphous clay matrix and good dispersion of nanoparticles, 

confirming successful integration without destroying original crystal structures, with ZnO 

remaining highly crystalline and surface-exposed as observed in SEM. 

The textural properties revealed that activated clay (AC) exhibits the highest specific surface 

area (270 m²/g) and total pore volume (0.48 cm³/g) with a mixed Type I/IV isotherm, 

confirming successful generation of both microporous and mesoporous structures after acid 

treatment, whereas raw clay (55 m²/g) and calcined clay (50 m²/g) show only Type IV 

isotherms with mesopores. Pure g-C₃N₄, Fe/g-C₃N₄, and ZnO are non-porous materials (SBET < 

20 m²/g) with negligible porosity. For binary and ternary composites containing activated clay, 

such as [Fe/g-C₃N₄]/AC (80 m²/g), ZnO/AC (100 m²/g), and [Fe/g-C₃N₄]/ZnO/AC (40 m²/g), 

the surface area and pore volume increase significantly compared to their non-porous 

counterparts, and their Type IV isotherms confirm the presence of mesopores inherited from 

the clay support, which facilitates better dispersion of active components and improved 

accessibility of active sites. 
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Zeta potential measurement indicates that clay and g-C₃N₄-based samples are negatively 

charged (−20 to −30 mV), while ZnO-containing composites are positively charged (+7 to +29 

mV). The ternary [Fe/g-C₃N₄]/ZnO/AC composite exhibits a positive potential (+18.88 mV), 

confirming successful heterostructure formation. These opposite surface charges promote 

electrostatic attraction of anionic RB5 dye and facilitate interfacial charge transfer for enhanced 

photocatalysis. 

 

DRS analysis shows that pure ZnO exhibits a wide band gap (3.26 eV) with UV absorption 

only, while pure g-C₃N₄ shows visible-light absorption (2.78 eV direct). Fe doping significantly 

narrows the band gap of g-C₃N₄ (to 0.61 eV indirect) and induces a red shift with enhanced 

visible-light absorption due to Fe³⁺-induced intermediate energy levels. The binary [Fe/g-

C₃N₄]/ZnO and ternary [Fe/g-C₃N₄]/ZnO/AC composites demonstrate intermediate band gaps 

(3.20–2.94 eV) with broadened visible-light absorption, confirming successful heterojunction 

formation that extends light utilization from UV to visible region for improved photocatalytic 

performance. 

XPS spectrum analysis ensure successful incorporation of Fe³⁺/Fe²⁺ into the g-C₃N₄ framework 

via Fe–N coordination bonds, evidenced by the appearance of Fe 2p peaks and binding energy 

shifts in N 1s and C 1s spectra. For the activated clay, acid treatment causes dealumination, 

leaving a silica-rich surface (Si 2p, O 1s) with no detectable Al peak. In the binary and ternary 

composites ([Fe/g-C₃N₄]/AC, ZnO/AC, [Fe/g-C₃N₄]/ZnO, and [Fe/g-C₃N₄]/ZnO/AC), binding 

energy shifts in Zn 2p, Fe 2p, O 1s, and Si 2p indicate strong interfacial electronic interactions 

and electron redistribution among components, confirming successful heterojunction 

formation that facilitates charge transfer and suppresses electron-hole recombination. 

Finally, in the photocatalytic degradation of RB5 among all synthesized samples, the ternary 

composite [Fe/g-C₃N₄]/ZnO/AC exhibited the best photocatalytic performance, achieving 

100% degradation of RB5 dye in just 6.5 hours, followed by [Fe/g-C₃N₄]/ZnO (100% at 8 h. 

Kinetic analysis of the optimal ternary composite followed pseudo-first-order kinetics with a 

rate constant of 0.704 h⁻¹ (R² = 0.979) over 8 hours, with an even better fit (R² = 0.996, k = 

0.597 h⁻¹) during the initial 2-hour period, confirming rapid charge separation, enhanced 

visible-light absorption, and synergistic interactions among ZnO (UV-active), Fe/g-C₃N₄ 

(visible-active, Fe³⁺/Fe²⁺ redox), and AC (adsorption/electron conductive support). 

To conclude it can be said that the higher efficiency of the ternary composite results from the 

synergistic interactions between i.e ZnO provides UV activity, Fe/g-C₃N₄ enables visible-light 

harvesting and charge separation, while AC enhances adsorption and electron transfer- 

collectively suppressing the recombination and accelerating reactive oxygen species 

generation. Therefore, ZnO-based heterojunction composite can be promising photocatalyst 

for enhanced photocatalytic degradation of azo dyes. 
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4.2 Perspectives 

 

While this study demonstrates the promising potential of the [Fe/g-C₃N₄]/ZnO/AC ternary 

composite for azo dye degradation, several terms remain for future exploration and practical 

application. Firstly, as this study was performed on synthetic solution of azo dye, therefore 

future studies should test the composite on real textile wastewater containing mixed dyes, salts, 

surfactants, and variable pH to evaluate its industrial robustness. This study also leaves the 

room to systematically investigate the composite's reusability, recyclability, component 

leaching, and regeneration for cost-effectiveness, while employing advanced techniques such 

as time-resolved photoluminescence (TRPL), electrochemical impedance spectroscopy (EIS), 

and radical trapping to clarify charge transfer pathways and dominant reactive species. 

Secondly, industrial applications will require transitioning from batch to continuous flow 

systems and immobilizing the powdered composite onto fixed beds or membranes to ease 

separation and handling and the composite's versatility should also be tested against other 

persistent pollutants like pharmaceuticals, PFAS, pesticides, and other organic chemicals. 

Thirdly further optimization of metal doping concentration and component mass ratios could 

enhance efficiency and lower the band gap, while life cycle assessment and cost-benefit 

analysis are needed to evaluate economic feasibility and environmental footprint at larger 

scales. To summarize, the [Fe/g-C₃N₄]/ZnO/AC ternary composite can be a highly promising 

clay-supported heterojunction photocatalyst for solar-driven azo dye degradation, and with 

continued research, it holds significant potential for real-world wastewater treatment. 
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 Appendices 

 

4.3 SEM images of sample  
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Figure 4.1: SEM images of a) g-C3N4 b) Fe/g-C3N4 c, d) ZnO/AC, e) [Fe/g-C3N4]/ZnO and f) 

[Fe/g-C3N4]/ZnO/AC 

 

 4.4 Optical properties                           
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Figure 4.2: Direct and indirect Band gap of ZnO and ZnO/AC, g-C3N4 and Fe/g-C3N4, [Fe/g-

C3N4]/ZnO and [Fe/g-C3N4]/ZnO/AC 
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4.5 Photocatalytic test                           
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Figure 4.3: Absorbance, residual concentration, degradation (%) and Kinetics data of sample 
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