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CHAPTER 1   

 

INTRODUCTION 

This chapter represents a brief introduction of activated carbon, carbon nanocomposite, and 

Density Functional Theory simulations of activated carbon, its structure, and properties. The 

chapter also discusses the raw precursors used for the synthesis of activated carbon and 

carbon nanocomposite, different types of synthesis methods, and modification techniques. 

The applications of the activated carbon and carbon nanocomposite materials for adsorption 

and catalytic oxidation of aqueous organics are also discussed.  
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1.1. Introduction 

Water contamination is rising at an alarming rate, and the entire planet is in its malignant grip 

[1]. Water contaminants at various concentrations in water (including drinking water, 

groundwater, and surface water) represent a significant danger to the environment and human 

health. The advent of  the industrial revolution, continued economic expansion, population 

growth, and climate change have contributed immensely to poor water quality leading to  

scarcity of clean water. As a result, providing clean, safe water, particularly drinking water, 

becomes increasingly challenging and vital in developing countries. The majority of water 

pollution is caused by the discharge of organic and inorganic pollutants from the textile 

industries, chemical sectors, pharmaceutical sectors, and domestic household applications [2-

4]. The use of harmful chemicals in various industrial operations pollutes water, posing a 

significant threat to the ecosystem [5]. While certain hazardous organic compounds are easily 

biodegradable by microbes in water, synthetic chemicals cannot be eliminated from water by 

natural phenomena [6]. Chemicals that are very persistent in the environment include phenolic 

compounds, insecticides, synthetic dyes from the textile industry, nitroaromatics, polycyclic 

aromatic hydrocarbons, organochlorines, polychlorinated biphenyls, polymers, and among 

others [7-10]. 

Since organic pollutants have several negative side effects and are carcinogenic, they cause a 

serious threat to human health and the environment [11]. As a result, removing hazardous 

organic contaminants from water is critical in the current situation.  

Several techniques for treating organic pollutants in wastewater are currently available, 

including biological treatments, ion exchange, reverse osmosis, adsorption, microbial and 

enzymatic breakdown, and catalytic oxidation, among others. The development of a suitable 

approach for the removal of water pollutants is dependent on various aspects, including 

treatment efficiency, economic efficiency, pollutant type, pollutant concentration, and 

environmental compatibility [12]. Figure 1.1 shows some of the common physicochemical 

techniques for wastewater treatment. 

Among this method, adsorption is regarded as one the finest water waste treatment technology 

for the removal of organic contaminants due to its easy operation, lack of pre-treatment 

requirements, eco-friendliness, lack of harmful byproducts, and low cost. Adsorption is defined 

as the accumulation of a substance at a surface or interface. In the case of water treatment, the 

process takes place at the interface of solid adsorbent and contaminated water. Adsorbate refers 

to the pollutant that is being adsorbed, and adsorbent refers to the adsorbing phase [13]. 
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Figure 1.1. Wastewater treatment methods. 

 

Adsorption through activated carbon is most commonly used as a successful method for the 

removal of various organic pollutants from aqueous solutions due to its highly developed pore 

structure, large surface area, and surface chemical functional groups [14,15]. Despite the fact 

that (or although) activated carbon has such capabilities, its use is restricted due to its short 

service life and difficulty in separation/recovery from polluted water [16]. As a result, it is 

important to develop more capable and cost-effective adsorbents with the minimal contact time, 

greater adsorption capacity, and the ability to perform in neutral conditions, with a focus on 

real-world application. Specifically, biomass-derived activated carbon has emerged as a viable 

substitute for expensive commercial activated carbon since biomass resources are abundant, 

renewable, and inexpensive. 

Activated carbon is a type of co-adsorbent that is widely used as a key support for the 

photocatalyst in wastewater treatment via the photocatalytic degradation method [17]. The 

interesting use of AC as catalytic support materials arises from their large surface area, high 

aspect ratio, and ability to disperse catalytically active metal particles, which are important in 

catalytic applications. The often-employed techniques for wastewater purification, such as 

coagulation, membrane filtration, flotation, ion exchange on resins, adsorption, chemical 

precipitation, etc., transform pollutants into harmful byproducts and produce sludge, whose 

removal imposes more expense and steps [18]. However, each procedure has its efficiency and 

limitations. Photocatalysis is one of the most promising advanced oxidation processes (AOPs) 

and has attracted a lot of interest in the last two decades since it may mineralize refractory or 

hazardous organic molecules to carbon dioxide, water, and mineral acids at room temperature 
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[19]. The majority of photocatalytic studies employ metal oxides such as TiO2 (Titanium 

dioxide), ZnO (Zinc oxide), WO3 (Tungsten trioxide), CuO (Copper oxide), and ZrO2 

(Zirconium dioxide), etc [20]. 

In addition, for any removal studies, it is essential to understand the mechanism involved in the 

process which is a prerequisite for designing a treatment plant. In this regard, numerous 

researchers have studied the mechanism through theoretical approaches of which density 

functional theory (DFT) is one strong tool for investigating the mechanism involved during the 

removal process (adsorption, absorption process, etc.). Li et al. [21] investigated transition 

metals (Ti, Mn, Fe, Co, Ni, Cu, Ag)-doped graphene and their adsorption capabilities find good 

candidates for selective AsH3 adsorption rather than CO by DFT method. Al-Kahtani et al. [22] 

studied the photocatalytic degradation mechanism of bisphenol- A (BPA) by ZnS/NSDC 

nanocomposite and supported the experimental results  with theoretical calculations via, density 

functional theory (DFT). These efforts suggested that the fabricated ZnS/NSDC nanocomposite 

exhibits excellent properties and can be used as a reusable photocatalyst for the degradation of 

BPA in an aqueous solution. Thus, in this proposed work, mechanisms involved during the 

removal processes will be calculated using the Gaussian 09 program package implementation 

of DFT method. Shen et al.  [23] reported a systematic theoretical analysis on activated carbon 

for the adsorption of hydrogen sulfide (H2S) . The study was  performed using the DFT method 

to provide a molecular-level understanding of the adsorption mechanism, shown in Figure 1.2. 

Both zigzag and armchair edge sites of benzene ring models were considered as possible active 

sites of activated carbon and the zigzag edge sites appeared to provide a stronger force to attract 

H2S than the arm chair edge sites.  

 

Zigzag (Zg)                           Armchair (Am) 

Figure 1.2. Activated carbon surface models [23]. 

 

Given the importance of wastewater treatment, it is considered worthwhile to describe the 

activated carbon and photocatalysis for the removal of organic pollutants. 
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1.2. Activated carbon (AC) 

Carbonaceous materials with high porosity, high physicochemical stability, numerous 

functional groups, strong adsorptive capacity, and a high degree of surface reactivity are 

referred to as activated carbon [24]. 

Activated carbon (AC) is a flavorless, amorphous, microcrystalline, non-graphite form of 

carbon and black solid material that resembles powdered or granular charcoal. The term 

"activated carbon" refers to carbonaceous materials that have high porosity, high 

physicochemical stability, high adsorptive capacity, high mechanical strength, strong surface 

reactivity, and a well-developed pore structure [25]. In many cases, the presence of heteroatoms 

including oxygen, sulphur, hydrogen, nitrogen, halogen, and other elements has been linked to 

activated carbon [26,27], in the form of functional groups that were chemically attached to the 

structure. The functional groups on the AC surface are either produced by carbonization of 

biomass or modified by chemical agents during the activation process. AC surfaces can be 

oxidized or modified by adding nitrogen-containing groups to form nitrogen and oxygen 

enriched carbons. Using potassium hydroxide, NaOH, and H2SO4, oxygen can be produced in 

the form of functional groups such as carboxyl, carbonyl, phenols, lactones, and others during 

the activation process [28] while nitrogen-containing functional groups such as amide, amine, 

pyridine, and pyrrole can be generated during the activation process utilizing ammonia, urea, 

and melamine solution in ethyl alcohol [29]. Figure 1.3 represents some of the functional groups 

that might be available on the surface of activated carbon. 
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Figure 1.3. Oxygen, sulfur, and nitrogen functional groups on the surface of activated carbon 

[30]. 

 

According to Cuhadaroglu and Uygun [31] AC does not have a particular chemical formula. 

Depending upon its physical properties, activated carbon can be divided into several categories, 

including powdered AC, granulated AC, extracted AC [32], fibrous AC [33], AC cloths [34], 

and others. Based on these attractive features, activated carbon is regarded as a remarkable and 

adaptable carbon material with a wide range of useful applications in supercapacitors, batteries, 

gas separation, wastewater treatment, energy storage, air purification, medicine, and catalytic 

processes, among many other things. 

Over the last few years, it has been widely employed for environmental pollution protection, 

and antipollution regulations have increased the sales of AC for air and water pollution control. 
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AC is a broad-spectrum agent that successfully eliminates harmful and bio-refractive chemicals 

found in many water sources, including pesticides, herbicides, chlorinated hydrocarbons, heavy 

metal ions, and phenols [35]. AC is a common adsorbent with an excellent capacity for pollutant 

removal; however, desorption and reuse are difficult under normal conditions, and the overall 

process is expensive [36]. The production of low-cost adsorbents from waste materials was 

effectively employed for the removal of water contaminants utilising adsorption technology 

that included batch procedures and column operations [37]. The ongoing improvement and 

optimization of the activated carbon production process, as well as the use of novel raw 

materials, have resulted in the creation of higher-quality carbon that is currently in use. 

1.2.1. Raw material for the synthesis of activated carbon  

AC can be synthesized using both naturally occurring and synthesised carbonaceous solid 

materials, according to Girgis et al. [38]. Depending on the raw materials, it has been 

categorised. The starting material or precursor used has a significant impact on the quality, 

features, and qualities of the produced activated carbon [39,40]. Cagnon et al. [41] have 

highlighted that the structure of the starting material may also have an impact on the 

characteristics of AC. Commercially AC uses precursors such as petroleum residues, wood, 

coal, peat, and lignite which are very expensive and non-renewable [42]. Therefore, in recent 

years,  researchers have been focusing on the preparation of AC based on agricultural waste 

and lignocelluloses materials which are effective and low cost, such as corn cob, hazelnut shell, 

pruning mulberry shoot, olive stone, Jojoba seed, Chinese fir sawdust, coconut shell, wood, 

hazelnut bagasse, kenaf fiber, bamboo, rice husk, petai, groundnut shell, paper mill sludge, 

prosopis (Prosopis juliflora), coconut husk, Jatropha husk, tamarind wood, pistachio-nut, 

sugarcane bagasse, jackfruit peel, and many others [43]. 

In contrast to their availability, renewability, and cost-effectiveness, these biomass sources have 

a high proportion of volatile matter, which is excellent for producing a highly porous structure 

of activated carbon. Most biomass resources are discarded as trash without suitable usage from 

a marketing perspective. As a result, converting agro-waste or biomass resources into value-

added products such as activated carbon can eventually reduce waste disposal costs and the 

negative environmental effect [44]. 

1.2.2. Preparation of activated carbon 

The activation process creates or increases porosity on the AC surface as shown in Figure 1.4. 

AC can be synthesized either directly from dried raw materials or using a two-step activation 
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process that includes carbonization of the raw precursor followed by activation [45]. Based on 

the type of activation method. AC are commonly synthesized in two ways: (i) Physical or gas 

activation method, and (ii) Chemical activation. 

 

 

Figure 1.4. Two-dimensional representation of carbon activation [46]. 

 

Physical activation  

Physical activation consists of two steps: first, pyrolyzing raw material in an inert environment 

at temperatures above 400 °C to remove the majority of the volatile matter, followed by 

activating the carbonised sample using oxidising gases like steam, nitrogen, carbon dioxide, or 

their mixtures at temperatures between 600 to 1200 °C [47-49]. This process can synthesize 

activated carbon with an excellent porous structure as well as physical strength and is regarded 

as a low-cost green approach due to the lack of chemicals [50,51]. Physical activation, on the 

other hand, has drawbacks which include a long activation period, high energy consumption, 

and a limited adsorption capacity of the resulting AC [52]. 

Chemical activation 

Chemical activation or wet oxidation can be accomplished in one or two steps. In the one-step 

method, the dried raw material is immediately impregnated with oxidising and highly 

dehydrating chemicals and activated at high temperatures for a predetermined period [53]. In 

the two-step process, the dried raw material is first carbonised at temperatures ranging from 

400 to 600 °C to generate char, and then the char is impregnated with chemical agents and 

heated at high temperatures [52]. Finally, AC is generated by repeatedly washing the activated 

sample. In this process, the activated carbon is washed with acid or alkali, depending on the 

chemical reagents employed in the synthesis, and then rinsed with water. The components in 

the activated carbon would be eliminated during the washing process. The pores of the produced 
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AC are largely occupied by the chemicals in the carbon structure. As a result, the washing phase 

is one of the most essential processes in the chemical activation process for developing porosity 

in AC [54]. 

The most common chemicals used as an activating agent include metal salts like FeCl3, ZnCl2, 

and MgCl2 [55-57], alkaline groups like Na2CO3, K2CO3, NaOH, and KOH, and acidic groups 

like HNO3, HCl, H3PO4, and H2SO4. A porous structure is created when these chemical agents 

interact with the carbon matrices of the precursor and release gas products [58]. Furthermore, 

they operate as oxidizing or dehydrating agents, which promote pyrolytic breakdown and 

increase the generation of activated carbon by lowering tar and ash formation [59,60]. 

Activating agents serve critical roles in the development of surface chemical groups or pores 

during activation. Among the several chemical activating agents, potassium hydroxide (KOH) 

is one of the most effective for creating AC with an extraordinarily high specific surface area 

[61]. 

In comparison to physical activation, Chemical activation is preferred because it creates AC 

with a greater surface area and better-developed pore structures [62]. Furthermore, the lower 

activation temperature and shorter activation time make the procedure economically viable 

[63]. 

1.2.3. Effect of activating agents 

The improvement of AC surface area and pore volume can be done by using different chemical 

activating agents. The most often employed chemical activating agents for improving the 

textural qualities of activated carbon are H3PO4, ZnCl2, and KOH [64,65]. The use of Zinc 

chloride increases the inter- and intra-voids, resulting in the development of activated carbon 

with a large surface area and porosity [66,67]. H3PO4 enhances the yield of carbon and creates 

higher pore volumes with both micro- and mesopores [68]. On the other hand, the use of KOH 

causes AC to create well-developed micropores, which results in the creation of a large surface 

area [69-71]. 

1.2.4. Effect of impregnation ratio  

The impregnation ratio is the weight ratio of the activating agent to the precursor. It has been 

recognized as one of the most important factors in the process of chemical activation. Giraldo 

and Moreno-Pirajan, have reported that the impregnation ratio has a substantial impact on the 

development of porosity [72]. The use of ZnCl2 and KOH as activating agents, by varying the 

activating agent/precursor ratio between 2:1 and 3:1. The surface area and total pore volumes 
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increase as the ratio increased from 2 to 3. The increase in porosity was related to the release 

of tars from the cross-linked framework, which occurred as a result of the chemical reagents. 

Singh et al. investigated chemical impregnation with KOH and found that activation at 600 °C 

with an impregnation ratio of 1:2 generated AC with the maximum surface area and degree of 

porosity [73]. Akpen et al. [74] investigated the removal of colour from wastewater using 

activated carbon derived from the seeds of two types of mangos, local and dausha. They utilized 

anhydrous ZnCl2 as a chemical activating agent. The impregnation ratios were 1:2 and 1:3. The 

efficiency of AC was in the sequence of local 1:2>local 1:3>dausha 1:2>dausha 1:3. They 

observed that the impregnation ratio might influence the efficacy of AC. The study on grape 

industrial processing waste using ZnCl2 as an activating agent done by Sagili et al. [75] found 

that a larger impregnation ratio resulted in mesopore production whereas a lower impregnation 

ratio results in micropore creation. This is because a larger impregnation ratio causes more 

swelling and a stronger release of volatile matter contents, causing pores to widen [76]. 

Meanwhile, a low impregnation ratio increases the release of volatile matter contents while 

inhibiting tar deposition, resulting in the creation of more micropores. Similarly, several 

investigations have found that the impregnation ratio has a significant influence on the surface 

area and pore volume of AC [77,78]. 

1.2.5. Effect of temperature on surface area and pore volume 

The activation temperature is an important parameter that influences the textural properties of 

AC. The ideal temperature range is determined by the type of precursor, activation agent, 

heating source, mixing procedure, and other factors. A high activation temperature may reduce 

specific surface area and carbon production. This might be owing to the increased conversion 

of cross-linked compounds in the solid phase to volatile chemicals in the gas phase [79,80].  

Also, a low activation temperature might lead to a poor porous structure since the activation 

energy is insufficient to start pyrolysis, which would produce an incomplete reaction [81]. 

Therefore, to create AC with a relatively large surface area and pore volume, an ideal 

temperature range must be identified for each activation procedure. The optimal activation 

temperature when employing acidic activating agents usually ranges between 400 and 500 °C, 

whereas the optimal activation temperature when using alkaline and self-activating agents 

usually ranges between 750 and 850 °C [82,83]. 

1.2.6. Applications of activated carbon 

AC is a superior and adaptable adsorbent with numerous uses in a variety of industries includ- 
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ing the removal of colour, odour, and undesirable inorganic and organic chemicals from water, 

solar cells, gas-phase adsorptions, solvent recovery, separation and purification technologies, 

catalytic processes, biomedical applications, pollution control, spill clean-up, supercapacitors, 

energy storage, batteries, etc [84-88]. 

The enormous surface area, well-developed porosity, and high surface reactivity of AC are 

primarily responsible for their exceptional adsorbent qualities. Additionally, the adaptability of 

AC in the alteration of its physical and chemical features has made it possible for its use in a 

wide range of fields [89]. AC is one of the most used for the removal of different biological, 

organic, and inorganic contaminants from wastewater. Several researches have described the 

use of biomass-derived AC for the removal of such contaminants from water. For example, AC 

prepared from distillers' grains with an adsorption capacity of 934.57 mg/g was used by Wang 

et al. to remove methylene blue from an aqueous solution [90]. Nasser et al. [91] investigated 

the capacity of palm fruit bunch particles to absorb basic dye (BR18) over a range of initial dye 

concentrations with adsorbent particle sizes ranging from 106 to 300 mm. The highest dye 

adsorption capacity qmax of palm bunch was determined to be 242 mg/g. The removal of 

bisphenol A using AC generated from argan nutshells material has a maximum adsorption 

capacity of 1250 mg/g at 293 K [92]. Supong et al. [93] investigated both experimental and 

theoretical studies on the adsorption of phenol and dinitrophenol on Tithonia diversifolia 

activated carbon. It was found that removal efficiency of phenol was 99.98% and dinitrophenol 

was 97.81% respectively. The removal of methylene blue (MB) and hexavalent chromium (Cr 

(VI)) from an aqueous solution using AC derived from biosludge of natural rubber waste, was 

first reported by Mahapatra et al. [94]. Khalil et al., developed AC from sugarcane bagasse, and 

the results reveal that it has good adsorption properties for the adsorptive removal of phenolic 

compounds [95]. Bhomick et al. [96] investigated the production of activated biocarbon from 

Pinus kesiya cone by ZnCl2 activation and reported that its effectiveness in the elimination of 

Alizarin Red S (ARS) dye was 89%. The capacity of AC obtained from waste newspaper 

(WNAC) to remove the herbicide glyphosate from aqueous solution is investigated by Nourouzi 

et al. [97]. 

1.3. Photocatalysis 

Photocatalysis is the process of altering the rate of a chemical reaction when it is exposed to 

light (ultraviolet/visible/infrared radiation) in the presence of a photocatalyst [98]. The 

development of the photocatalytic process is one of the most promising procedures for the 

degradation of organic pollutants due to its ease of use, high efficiency, absence of secondary 
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pollution, and cheap cost [99]. Photocatalysis occurs when photocatalyst materials expose to 

light, it produce highly reactive hydroxyl radicals (.OH) [100]. These active hydroxyl radicals 

may easily oxidize pollutants and mineralize them to H2O and CO2 [101]. Based on the 

photocatalyst phase with regard to the reactants, photocatalysis can be divided into two types: 

homogeneous photocatalysis and heterogeneous photocatalysis [102]. 

A homogeneous photocatalyst forms reactive hydroxyl radicals when exposed to light in the 

presence of reactant molecules and photocatalyst molecules. The two most widely utilized 

homogeneous photocatalysis methods are Photo-Fenton systems (UV/Fe2+/H2O2) and ozone 

photolysis (UV/O3/H2O2) [103]. 

During the heterogeneous photocatalysis process, the reactants and photocatalysts coexist either 

in the solid-gas or solid-liquid phases [104]. This approach is an effective destructive 

technology for photocatalytic degradation of contaminants because of its ease of removal from 

the reaction mixture, lower operating costs, and reusability [105]. In this process, 

semiconductor metal oxides are employed to degrade harmful organic contaminants by using 

easily available atmospheric oxygen and light as the source of oxidant and energy [106]. As a 

result, our current study focuses on the production of heterogeneous semiconductor metal oxide 

catalysts and their use in pollutant degradation. 

1.3.1. Mechanism of heterogeneous photocatalysis 

The heterogeneous photocatalysis mechanism used for the photo degradation of highly toxic 

and hazardous pollutants to carbon dioxide (CO2) and water (H2O) are explained below  [107]. 

(i) Excitation of the semiconductor 

A semiconductor metal oxide's structure includes a conduction band (CB) and a valence band 

(VB), and the electrons are present in the valence band [108]. The energy that exists between 

the two bands is referred to as bandgap energy. When the semiconductor metal oxide is exposed 

to light with an energy equivalent to or greater than the bandgap energy, electrons (e-) present 

in the VB are excited to the CB, leaving a hole (h+) in the VB (equation 1.1). Photo-induced 

electrons at the bottom of the CB participate in reduction activities, whereas holes at the top of 

the VB participate in oxidation processes [109]. 

 

                   

 

 

1.1 
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(ii) Formation of hydroxyl radical 

In a photoreduction reaction, the excited electron (e-
CB) can combine with the oxygen (O2) that 

is adsorbed on the surface of MO to produce the reactive superoxide radical ( .O2
-) given in 

equation 1.2. 

 

 

     

The superoxide radical continues to interact with water molecules to generate H2O2, which 

ultimately breaks down and releases the .OH radical (equation 1.3) [110]. 

The O2
.− radical further reacts with water molecules to form H2O2 which eventually decomposes 

with the liberation of .OH radical (equation 1.3). 

 

 

 

 

 

 

                                            

Now the hole (hVB
+ ) can photo oxidize with water to generate the reactive hydroxyl radical (.OH) 

(equation 1.4) [111]. 

 

 

 

(iii) Recombination reaction 

The produced hole (hVB
+ ) and electron (eCB

− ) can also recombine without participating in 

photoreaction as well as releases the absorbed light energy as heat [112]. 

(iv) Photodegradation of organic pollutants 

The adsorbed organic pollutants on the surfaces of semiconductors get oxidized by generating 

.OH radical. This extremely reactive .OH radical can oxidize organic contaminants to the 

mineralization products, producing CO2 and H2O, since it has an oxidation potential that is 

similar to that of a normal hydrogen electrode (2.8 V) [113]. Organic pollutants adsorbed on 

1.2 

1.3 

1.4 
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semiconductor surfaces are oxidized by the generated .OH radical. Because of the highly 

reactive .OH radical, the organic pollutants can be oxidized into mineralized products, yielding 

CO2 and H2O (equation 1.5). 

 

 

 

The schematic representation of the photocatalysis mechanism is shown in Figure 1.5: 

 

 
Figure 1.5. Photocatalytic degradation mechanism. 

 

1.3.2. Semiconductor materials as photocatalysts 

Several semiconductors (metal oxides) photocatalysts and their characteristics have been 

studied in recent years. Metal oxide photocatalysts should be photostable, physiologically and 

chemically inert, non-toxic, able to utilize UV and visible light energy, and have acceptable 

bandgap energies for catalyzing processes [112,114]. 

Table 1.1 provides a summary of the most common semiconductor metal oxides used as 

photocatalysts together with their bandgap energies (Eg) and appropriate wavelengths [115]. 

 

Table 1.1. Bandgap energy and wavelength of photocatalysts. 

Semiconductor Bandgap (eV) Wavelength (nm) 

ZnO  3.37 362 

TiO2  3.20 413 

WO3 2.80 443 

Bi2O3 2.80 400 

Fe2O3 2.20 539 

CdS 2.40 514 

CuS 2.20 570 

1.5 
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A semiconductor must have the following characteristics to function as a photocatalyst 

effectively: a semiconductor metal oxide must absorb photons, generate electron-hole pairs, 

have minimal recombination of the electron-hole pairs, be stable over a long time, and have 

oxidation-reduction potential of the .OH and H2O pairs within the semiconductor material's 

bandgap domain [116]. 

Photocatalysis mainly uses different semiconductor metal oxides (TiO2, SnO2, Bi2O3, ZrO2, 

ZnO, etc.) or metal sulphides (ZnS, PbS, CdS) for the degradation of pollutants using easily 

available solar light and atmospheric oxygen (O2) as the source of energy and oxidant, 

respectively [117]. Among all the metal oxides used in photocatalysis, Zinc dioxide (ZnO) is 

considered to be a benchmark photocatalyst that is superior to others due to its good 

photoactivity, strong oxidizing power, low cost, active at ambient temperature, and non-toxic 

nature [118]. Therefore, in our present study, we used ZnO as a photocatalyst for 

photodegradation studies, a brief description of its characteristics, structures, etc. is provided in 

the following section. 

1.3.3. Zinc oxide (ZnO) as a photocatalyst 

Since Zn and O are grouped into groups 2 and 6 of the periodic table, respectively, ZnO is 

referred to as an II-VI semiconductor. Due to its distinct optical, chemical sensing, 

semiconducting, electric conductivity, and piezoelectric capabilities, it is one of the most 

thoroughly studied oxides [119]. Figure 1.6 illustrates the three phases of zinc oxide (ZnO) 

found in nature: cubic wurtzite, hexagonal zincblende, and rock salt. The thermodynamically 

most stable phase at room temperature is wurtzite. It possesses tetrahedral geometry, with each 

Zn atom tetrahedrally bound to four oxygen atoms and vice versa [120]. ZnO is an n-type 

semiconductor with a large band gap (3.37 eV), high excitation binding energy (60 meV), and 

deep violet/near ultraviolet (UV) absorption at room temperature. However, when lowered to 

the nanoscale and doped with other elements, its value may vary. ZnO has garnered a lot of 

attention in the degradation and total mineralization of water contaminants due to its incredible 

ZnS 3.60 344 

CuO 2.00 570 

BiVO4 2.40 500 

Ag3PO4 2.45 365 

g-C3N4 2.70 450 

TaON 2.30 532 

Ta3N5 2.10 473 
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benefits such as low cost and high quantum efficiency, as well as a favorable bandgap, high 

redox potential, and photocatalytic mechanisms [121]. The physical and chemical properties of 

wurtzite ZnO is shown in Table 1.2. 

 

 

Figure 1.6. Different crystals forms of ZnO [122]. 

 

Table 1.2. Physical and chemical properties of wurtzite ZnO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Properties ZnO nanoparticles 

 Molar mass (g mol-1) 81.4 

 Light absorption (nm) <320 

 Atoms per unit cell (Z) 4 

 Lattice parameters a = 3.25Å, c = 5.205Å 

 Color White solid 

 Odor Odorless 

 Density (gcm-3) 5.6 

 Melting point (K) 2248 

 Flash point (K) 1709 

 Solubility Insoluble in water 

 Refractive index 2.0041 

 Ti-O bond length (Å) 1.91 (monolayer) 

2.01 (bulk) 

 Thermal Conductivity (W m-1 K-1) 38-116 



Chapter 1                                                                                                                              Introduction 

16 
 

1.3.4. Limitations in ZnO photocatalysis 

ZnO has a few limitations despite being widely utilised as an antibacterial agent in wastewater 

treatment, antifouling applications, and radiation-assisted breakdown of organic pollutants. One 

of the significant drawbacks of ZnO nanocomposite is its photo-instability in aqueous solution 

and high recombination rate of photogenerated electron-hole pairs, which considerably reduces 

the photocatalytic activity of pure photocatalysts [121]. Another disadvantage of pure ZnO is 

nanomaterial aggregation at high concentrations, a limited specific surface area of traditional 

bulk ZnO, and increased colloidal stability in water, making it more difficult to separate and 

recover after usage [123]. 

Researchers have incorporated hybrid foreign materials (metal/metal oxide, ceramic, or 

polymer) on ZnO semiconductors to further increase efficiency. The purpose of using these 

materials is: 

I. To capture photoexcited electrons and then transfer them to a semiconductor surface. 

The recombination of photoinduced electron-hole pairs could be reduced by 

manipulating metal oxide-metal oxide heterostructures using ZnO hybrid [121]. 

II. An appropriate work function value would be one of the essential characteristics needed 

for the foreign substance. The major factors determining the work function of a hybrid 

system are its energy level, location, and efficiency of electron transfers in the 

semiconductor's conduction bands toward adsorbed electrolytes [124]. 

III. The matrix should have a large surface area and a high capacity for the adsorption of 

the contaminants to be degraded. This reduces the number of intermediates generated 

during photocatalytic degradation. 

IV. The matrix should enable easy and quick photocatalyst recovery and re-use of 

photocatalyst with or without regeneration. 

Supporting material 

To get around the limitations of ZnO photocatalysis, activated carbon (AC) has been employed 

extensively as a support. AC modified with Zinc oxide has a larger surface area, cation 

exchange capacity, and porosity than the pristine material [125]. AC is a highly porous material 

with hydrophilic surface functional groups and a hydrophobic graphene layer used for both 

sorption and catalytic applications [126]. It has a good degree of porosity, a large surface area 

(500-2000 m2g-1), and a high rate of surface reactivity. As a result, in the current work, 

photocatalytic degradation of pollutants has been accomplished using a nanocomposite of ZnO 

with AC as a support system.  
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AC when combined with ZnO solves problems such as aggregation of ZnO particles in 

suspension, difficulties applying ZnO to continuous flow systems, and difficulty removing the 

powder from the solution after the reaction is complete. The introduction of AC in addition to 

ZnO significantly improved the photocatalytic capacity of the bare semiconductor [127]. 

The main advantages of using AC for ZnO support are: 

i. It provides a high surface area and increases charge separation between CB and VB, 

allowing these species to diffuse into the surface and then react with pre-adsorbed redox 

species on the surface. 

ii. The intermediates produced by photocatalysis can be successfully absorbed by AC for 

the subsequent degradation cycle, increasing the photocatalyst's availability [128]. 

iii. The photocatalytic activity of nanocomposite can be increased by combining 

semiconductors with AC, which can partially prevent the combination of 

photogenerated electron-hole pairs [129]. 

iv. ZnO/AC has a larger electron transfer capacity, is more readily dispersible, has smaller 

crystallite sizes, and is less likely to aggregate and passivate. 

1.3.5. Modification of ZnO photocatalyst  

ZnO is a promising semiconductor photocatalyst due to many appealing features. However, the 

photocatalytic activities of ZnO are limited. The fundamental disadvantage of ZnO 

photocatalysts is they undergo photo corrosion and shows instability when exposed to light. 

Also, a high recombination rate of photogenerated holes and electrons renders the 

photocatalytic process ineffective [130]. Another drawback of ZnO photocatalysts is their huge 

band gap, which is only effective when exposed to UV light and is ineffective when exposed to 

visible light, which limits the efficiency of using sunlight [131]. It is critical to minimize the 

bandgap energy to enable photodegradation in the visible light area. To overcome this 

limitation, researchers devised several techniques, including metal/nonmetal atom doping, 

noble metal deposition, and coupling with other semiconductors or carbon materials. The 

incorporation of this substance serves to capture and then transport photoexcited electrons on 

the semiconductor surface [132]. 

In recent years, there has been a lot of interest in ZnO/metal hybrid photocatalysis because it 

not only combines the unique properties of metals and semiconductors but also generates novel 

optical, electrical, and catalytic properties due to the synergistic interaction between metal and 

ZnO semiconductor. To improve the efficiency of ZnO as a photocatalyst, significant efforts 

are now being undertaken to synthesize ZnO-based nanocomposites. Many novel 
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nanocomposites, such as ZnO-CuO, ZnO-Fe2O3, ZnO-NiO, Zn-ZrO2, and other novel 

nanocomposites have all been effectively produced. These efforts can increase photocatalytic 

activity by improving the photo response range and enhancing the efficiency of electron-hole 

pair separation [133,134]. The transfer of photogenerated electrons from the conduction band 

of ZnFe2O4 to ZnO, which reduces charge carrier recombination, might be a possible 

explanation for the enhanced visible photocatalytic activity of the produced Fe/ZnO catalyst as 

shown in Figure 1.7 [135]. 

The crystal's band edge positions were altered by the insertion of a metal ions dopant to the 

crystal lattice [136]. The cations that have been utilised for doping include rare earth metals 

(Th, Sc, Y) [137], transition metals (Fe, Co, Ni) [138], noble metals (Pd, Os, Ru) [139], poor 

metals (Al, Ga, Sn), non-metals (C, N, S) [140] and halogens (F, Cl, Br) [141]. Doping metal 

or non-metal atoms can successfully reduce the band gap of semiconductors altering the 

photoelectric characteristics of ZnO to expand its spectrum sensitivity to the visible light area. 

Doped metal/non-metal atoms alter the coordination environment of Zn atoms and modify the 

electronic structure of ZnO by introducing localised electronic energy levels in the band gap. 

The dopant energy level is briefly situated below the CB, trapping photogenerated charge 

carriers and increasing photocatalytic activity. Metals doped into ZnO are likely to broaden 

their visible light response and improve their quantum efficiency. Thus, doping ZnO with 

metals may enhance its photocatalytic activity. 

 

 

Figure 1.7. Mechanism for photocatalytic degradation of MB and RBB in the presence of 

ZnFe2O4/ZnO composite. 

 

1.3.6. Applications of ZnO photocatalysis 

The photocatalytic degradation of organophosphorus insecticides like chlorpyrifos (CPs) was 
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investigated in this study. CPs are commonly used in agriculture to increase production and 

protect crops from insects. The presence of chlorpyrifos in water can cause skin irritation, 

headaches, nausea, respiratory failure, stomach cramps, and even death in humans. Therefore, 

the elimination of these pollutants from water sources has become a prime concern for 

researchers. A brief description of the water pollutants studied in this thesis is given below: 

Degradation of chlorpyrifos 

Water containing polyaromatic, aromatic compounds is a major concern due to their highly 

toxic effects on nontarget organisms, including humans [142]. Chlorpyrifos penetrates 

freshwater and saltwater habitats mostly by spray drift and degraded soil particles. Surface 

water may be affected if soil containing absorbed chlorpyrifos is carried by storm water runoff 

[143]. These are highly toxic as they are not readily soluble in water and easily comes out of 

solution, and slow biodegradation capability. Thus, the removal of this hazardous substance 

from water is a high concern in the environment. The present study planned to utilize metal 

oxide photocatalysts supported on the surface of activated carbon nanocomposite for the 

degradation of chlorpyrifos from water and the result are discussed in Chapter 4 and 5. 

1.4. Density functional theory study (DFT) 

Quantum chemical calculations have become a significant technique for studying the structure 

and characteristics of molecules in recent years. Quantum chemical calculations may provide 

extensive information on molecular energy, charge, dipole moment, chemical bond, and other 

properties for most small and medium molecule systems.  The calculated results have important 

implications for the investigation of adsorption mechanisms and the advancement of 

experimental research [144]. Even though the experimental studies  provide  valuable 

information, there are phenomena and system insights that cannot be observed through pure 

experimental methods. Furthermore, because of the complexity of the system and the coupling 

of various interactions, some experimental data are difficult to interpret. For instance, 

experiments cannot provide information on orbital and electronic charge distributions or 

molecular bonding. Experiments cannot anticipate the strength of interactions or the relative 

stabilities between various structures. As a result, a strategy that goes beyond experimentation 

is required to forecast the unobservable features and enhance the interpretation of the 

experimental results [145]. 

Quantum mechanics methods can be utilized to tackle issues that experimental approaches have 

failed to solve. The majority of molecular behavior may be predicted using various theoretical 
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approaches. For instance, the relative energy and stability of molecules or solids can be 

expected [146]. There are numerous sorts of computational approaches depending on the 

quantum theory used: ab initio method, semi-empirical/empirical method, molecular 

mechanics, and molecular dynamics [147]. The present work have considered density 

functional theory (DFT), which belongs to ab initio category since it provides a good balance 

between accuracy and computational cost [146]. Ab initio is commonly referred to as the first 

principle method because it allows people to determine many system properties by providing 

only basic structural information and no adjustable parameters [147]. It offers an alternative 

method for investigating systems to the traditional experimental and pure theoretical 

approaches based on quantum (field) theory.  

All results are obtained directly from theoretical principles since the ab initio approach does not 

incorporate any empirical or semi-empirical parameters in their equation to solve the molecular 

Schrödinger equation. However, this does not indicate that the solution is precise; rather, it 

implies that the specific approximation is strictly specified on first principles, with a 

qualitatively expected error margin [147]. 

It is becoming a valuable tool for experimentalists and theorists to understand material 

properties, make specific predictions of experimentally observable phenomena for real 

materials, and design new materials [146]. 

DFT method uses Hamiltonian approximation and total electron density expression 

approximation to solve the Schrödinger equation. Hohenberg-Kohn and Kohn-Sham originally 

proposed it in two seminar papers in the 1960s [148,149]. From the 1960s to the 1980s, the lack 

of powerful computers severely limited electronic structure calculations based on density 

functional theory. The last few decades have witnessed the prevailing applications of the DFT 

method-especially after the 90s, the usage of the technique has increased exponentially owing 

to the advancement of computer technology. Nowadays, a single personal computer can 

perform such calculations for small and medium systems [147]. 

As of now, DFT is the most successful and promising method for computing the electronic 

structure of matter. It also calculates various molecular aspects, including molecular structures 

and energies, vibrational frequencies, electric and magnetic properties, reaction routes, etc. 

[150,151]. 

The density functional theory has been implemented in several computer programs such as 

VASP, Quantum Espresso, SIESTA, Gaussian, etc. In my research, I employed Gaussian to 

perform DFT calculations. 
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Gaussian 09 

Gaussian is a popular and widely used computing program due to its user-friendly interface. As 

input coordinates, both Cartesian and Z-matrix are supported. The software includes a good 

number of basis sets. In addition to optimizing geometry and calculation of energies of systems, 

it can also be used to compute Raman and NMR spectrums, locate transition states, and so on 

(Gaussian). 

The GAUSSIAN input consists of the following lines discussed below (Gaussian): 

Link 0 commands: This line should contain the path to the "Checkpoint" file. The "Checkpoint" 

file is machine-readable and holds the results of the calculations (optimized structure and orbital 

information). It is advantageous when one calculation's results are used as the starting point for 

another calculation. This will save time in the computation (Gaussian). 

Route section (lines which begin with #): The desired calculation type and iop parameters are 

mentioned in this section. This line specifies the task type (e.g. optimization, frequency, IRC, 

NMR, or ADMP), computational technique (e.g. ground state, TD-DFT, HF, DFT, CCSD, or 

MP2), and basis set. Internal settings can also be specified on this line to override the system 

defaults (Gaussian). 

Title section: A summary of the calculation is specified here. In this section, a blank line is also 

acceptable (Gaussian). 

Molecule specification: The molecular system to be studied is specified in this section. It is 

generally a line of spin and charge information accompanied by atom species and their 

coordinates. Both Z-matrix and Cartesian coordinates are valid formats (Gaussian). 

Optional additional sections: Any other input required for specific job types is specified in this 

section (Gaussian). 

1.5. Present study 

Activated carbon is a well-known versatile adsorbent that is used in a variety of water-related 

applications. Another interesting feature of activated carbon is that it can be incorporated with 

photocatalyst and improves the removal efficiency of organic pollutants. However, its practical 

application is often limited due to the expensive cost and non-renewability of the precursor. 

Further, single semiconductor photocatalysts like Zinc oxide have certain limitations, such as 

photo corrosion and instability when exposed to light. Also, a high recombination rate of 

photogenerated holes and electrons renders the photocatalytic process ineffective. Another 

drawback of ZnO photocatalysts is their huge band gap, which is only effective when exposed 
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to UV light and is ineffective when exposed to visible light, which limits the efficiency of using 

visible light. 

Therefore, keeping this in mind, the present study aimed to prepare activated carbon and 

activated carbon nanocomposite materials. The activated carbon was prepared from locally 

available waste material using KOH as an activating agent whilst the photocatalyst supported 

on activated carbon was prepared using the hydrothermal method. The physicochemical 

characterization was done using various analytical techniques. The synthesized activated 

carbon was then applied for the adsorption of 2,4-dichlorophenol whereas the prepared 

activated carbon nanocomposite was used for the degradation of chlorpyrifos from wastewater.  

The photocatalytic activity of a single photocatalyst such as ZnO can be increased by coupling 

or doping with metal/metal oxides, which may significantly improve photocatalytic 

performance via electron-hole separation and improved light absorption, as well as strengthen 

thermomechanical and chemical stability of ZnO. The well-known metal oxide zirconium 

dioxide (ZrO2) has high thermal stability, and excellent corrosion resistance which helps to 

strengthen the thermo-mechanical and chemical stability of ZnO. Thus, ZrO2/ZnO supported 

on activated carbon nanocomposite was applied for the degradation of chlorpyrifos from an 

aqueous solution under UV light.  

To achieve visible light response photocatalysis, bandgap energy narrowing and lowering 

electron-hole recombination rate are the most important factors. Narrowing bandgap energy 

and lowering electron-hole recombination are the most important factors to achieve visible light 

active photocatalysis. Therefore, modification of nanocomposite by doping with transition 

metal was done to increase the visible light photocatalytic efficiency of nanocomposite towards 

the degradation of water pollutants. The modification of the prepared nanocomposite was done 

by doping transition metal through the hydrothermal synthesis method. The Fe-doped ZnO 

supported on activated carbon nanocomposite was applied for the degradation of chlorpyrifos 

from an aqueous solution under visible light. The mechanism of degradation of chlorpyrifos 

was studied using LC-MS analysis. The effect of different interfering ions in the degradation 

of pollutant molecules was also studied. The reusability of the nanocomposite for the 

photocatalytic degradation of pollutant molecules was also studied up to the sixth cycle. 

Besides, theoretical studies were also conducted to understand the mechanism involved in the 

adsorption process. The outline of the work undertaken in this thesis is shown in Figure 1.8. 
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Figure 1.8. Scheme of the present study. 

 

1.6. Aims and objectives of the work 

The objectives of the present work are as follows: 

1. To develop activated carbon adsorbent from locally available biomass material. 

2. To develop activated carbon support nanocomposite using metal oxides for catalytic 

oxidation.  

2. Reducing the band gap of nanocomposite materials by doping with transition metal 

thereby, shifting the oxidation process in the visible region. 

3. Application of density functional theory to comprehend interaction processes between 

target pollutant and activated carbon surface.  

The outline of the thesis is presented in Figure 1.9. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

This chapter describes the materials and methods used in the present research work. The 

procedure used for the synthesis of the activated carbon/carbon nanocomposite is also 

highlighted in this chapter. This chapter also includes a brief discussion of the various analytical 

techniques used for this study. The adsorption isotherm models, kinetic models, and 

thermodynamic parameters used to understand the adsorption process are also described in 

detail.  The photocatalytic kinetic model and thermodynamic parameters used to understand the 

photocatalytic degradation process are also briefly described. The effects of activated carbon 

with various functional groups on the adsorption process were studied using DFT simulations. 
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2.1. Raw precursor for the preparation of activated carbon  

The raw materials for the current study were chosen based on their availability, abundance, and 

eco-friendly nature. The local biomass materials bamboo sheath of Dendrocalamus hamiltonii 

and Schima wallichii were chosen as the raw precursors for the preparation of activated carbon. 

The biomasses were then cut into small pieces, rinsed, and dried at 110 °C in a hot air oven for 

48 hours. The dried biomasses were subsequently treated to chemical activation for the 

preparation of activated carbon. The biomasses used in this study are described below. 

2.1.1. Bamboo sheath biomass (Dendrocalamus hamiltonii) 

Dendrocalamus hamiltonii (family, Poaceae), also known as Hamilton's bamboo, is a species 

of bamboo that grows up to 15-18 m in height and 12-15 cm in diameter [1]. It is a tall, dull 

green bamboo species with drooping tops that grow in dense thickets of a few closely growing 

stems. Sheaths on the stem are long and gradually taper upward from a flattened base. They are 

green when young and turn yellowish brown when mature. The sheath itself measures 15-28 

cm in width and 18-45 cm in length and the blade is 8 to 20 cm long. There are no auricles. The 

lower surfaces of the sheaths are hairless, while the upper surfaces are covered in patches of 

blackish-brown hair. Sheaths fall off prematurely [2,3]. Sheaths from bamboo are a potential 

source of lignocellulose waste that are commonly discarded without being properly used [4]. 

The plant grows wild or in cultivation in India's tropical and subtropical regions. The North-

East of India is recognised as one of India's bamboo reserves [5]. As a result, the present study 

explored the use of locally accessible waste material bamboo sheaths (Dendrocalamus 

hamiltonii) (Figure 2.1) as a raw precursor for the production of activated carbon. The raw 

material bamboo sheath of Dendrocalamus hamiltonii (26°28’29” N, 94°50’58” E) utilized for 

this experiment was obtained from the vicinity of Nagaland University, Lumami campus.   
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Figure 2.1. Picture showing bamboo sheath biomass 

(Dendrocalamus hamiltonii). 

 

2.1.2. Schima wallichii 

Schima wallichii (family, Theaceae) is a luxurious evergreen tree that grows in warm temperate 

to subtropical climates. It can be found throughout southern and Southeast Asia, stretching from 

Nepal's Eastern Himalaya to India's Eastern Himalaya, as well as Southern China, Indo-china, 

the Ryukyu Islands, and Taiwan. It is commonly known as a needle wood tree and can grow to 

a height of 10-20 m tall [6,7]. The tree's wood is relatively resistant to dry-wood termites, so it 

is used for medium to heavy construction, and its bark is used for dyeing. The population of 

these trees are currently not known. However, the regeneration of this tree is considered to be 

an excellent, particularly in degraded areas, despite the fact that its seed cover is frequently 

discarded without being used [8]. Therefore, in this study the fruit of Schima wallichii (Figure 

2.2) was used as an optional precursor for activated carbon synthesis. The raw material of 

Schima wallichii (26º13' 29.60" N, 94º 28' 35.0" E) utilized for this experiment was obtained 

from the vicinity of Nagaland University, Lumami campus.   

 

 

Figure 2.2. Picture showing Schima wallichii fruit. 
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2.2. Synthesis of activated carbon  

Activated carbons are commonly synthesized through physical and chemical activation 

methods. In physical activation, the raw materials are carbonized using O2, CO2, or steam in an 

inert atmosphere and heated at temperatures around 600-1200 °C. In the chemical activation 

process, raw materials are activated by applying chemical activating agents such as acids (HCl, 

H2SO4, H3PO4), alkali metals (KOH, NaOH, Na2CO3), metal salts (ZnCl2, AlCl3, FeCl3), and 

heating the materials at 400-900 °C.  

In the present study, activated carbon were prepared using the chemical activation method by 

applying activating agent KOH (potassium hydroxide). This approach produces more porous 

material with a higher yield and larger surface area. The details of the synthesis of activated 

carbon are given in Chapters 3 and 4.  

2.3. Synthesis of photocatalysts  

The synthesis method and operating conditions are the primary factors that influence the 

structure, particle size, electrical, optical, and stoichiometry of any nanomaterial [9].  As a 

result, selecting an appropriate technique is an essential requirement for the synthesis of a 

highly active photocatalyst. In the current work, photocatalysts Zirconium dioxide -Zinc oxide 

(ZrO2-ZnO), Iron doped zinc oxide (Fe-ZnO), and Zirconium dioxide-Zinc oxide and Iron 

doped nanocomposite supported on activated carbon were employed for photocatalytic 

degradation experiments.  

2.3.1. Synthesis of ZrO2-ZnO and Fe-ZnO nanocomposite supported on activated carbon 

There are several approaches for preparing metal oxide nanocomposite, including the co-

precipitation method [10], microemulsion [11], polyol method [12] and reverse micelle method 

[13]. These approaches, however, have a low efficiency, significant agglomeration, poor 

crystallinity, and a wide particle size distribution [14]. As a result, in the current work, 

hydrothermal synthesis were employed to produce highly pure, uniform, and narrow particle 

size distribution ZrO2-ZnO and Fe-ZnO nanocomposite. The next sections describe the 

synthetic procedures used to synthesize ZrO2-ZnO and Fe-ZnO nanocomposite supported on 

activated carbon. 

2.3.1.1. Hydrothermal method for synthesis of ZrO2-ZnO, Fe-ZnO nanocomposite 

supported on activated carbon 

Hydrothermal synthesis is one of the most used methods for preparing metal oxide nanocom- 
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posites [15]. In the process of hydrothermal synthesis, high pressure and temperature are 

produced within the hydrothermal autoclave, which influences the physicochemical 

characteristics of water and thereby changes the mobility and solubility of reactant molecules 

to undergo crystallization reactions [16]. Hydrothermal synthesis is a promising method for 

producing nanomaterials due to its simplicity, low-temperature reaction conditions, and one-

step reaction processing [17]. 

In this work, ZrO2-ZnO and Fe-ZnO nanocomposite supported on activated carbon were 

synthesized using the hydrothermal method and the details regarding ZrO2-ZnO/activated 

carbon and Fe-ZnO/activated carbon nanocomposite synthesis are presented in Chapters 4 and 

5.  

2.4. Analytical instruments used for characterization  

The synthesized activated carbon, ZrO2-ZnO/activated carbon and Fe-ZnO/activated carbon 

nanocomposite were characterized by Fourier Transform Infra-Red (FT-IR) Spectroscopy, 

Brunauer-Emmett-Teller (BET) Surface Area Analyser, Scanning Electron Microscopy (SEM), 

X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM), Energy Dispersive X-

ray analysis (EDX), X-ray Photoelectron Spectroscopy (XPS), UV-Visible Diffuse Reflectance 

Spectroscopy (UV-DRS), Photoluminescence (PL), and Zero-point charge (pHzpc) at different 

pH values. Brief descriptions of the different instruments used in the present study are given 

below.  

Fourier Transform Infra-Red Spectroscopy 

Fourier Transform Infra-Red Spectroscopy is an important technique to identify the surface 

chemical functional groups in any material [18]. Thus, the FT-IR spectra of the carbon samples 

were used to identify the various functional groups. To record the FT-IR spectra of the samples, 

pellets were made by mixing activated carbon with KBr in a 1:100 ratio, followed by pressing 

with a hydraulic pellet press. The FT-IR spectra of the sample pellets were then recorded using 

a FT-IR spectrometer (Model: Spectrum Two, Made: Perkin Elmer) with a spectral range of 

4000 to 400 cm-1 and a spectral resolution of 4 cm-1. 

Scanning Electron Microscopy 

The surface morphological characteristics of any material can be determined using scanning 

electron microscopy. In the present investigation, Scanning Electron Microscopy (Model: JSM 

6390LV, Made: JEOL, Japan) was used to examine the morphological structure of the activated 
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carbon since the surface morphology of the material has a significant effect on the interaction 

between the adsorbent and adsorbate.  

BET Surface Area and total pore volume 

The Brunauer, Emmett, and Teller analyser is a device that determines a sample's specific 

surface area, including their pore size distribution. BET utilises multilayer gas adsorption to 

measure the surface area. In the current study, a BET Surface Area Analyzer (Model: Autosorb 

iQ MP-AG (2 STAT) Anton Paar) was used to investigated the total surface area and total pore 

volume by N2 adsorption-desorption isotherm studies along with the Barrett-Joyner-Halenda 

model (BJH) pore size distribution of activated carbon. 

X-Ray Diffraction 

X-Ray Diffraction analysis is a useful technique for determining the degree of crystallinity of 

a material based on its diffraction pattern. The process is carried out by directing an X-ray beam 

at the sample and then measuring the intensities and scattering angles of the X-rays that leave 

the sample. The average value of the crystal sizes was determined by using Debye-Scherrer’s 

equation [19]. 

 

𝐷 =
𝜅𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                                                               (2.1) 

 

where k = Scherer constant (0.9), λ = wavelength of the CuKα X-ray radiation (0.15418 nm), θ 

= diffraction angle, and β = full-width at half-maximum (FWHM) of highest intensity peak 

[20]. 

In this research, Powder X-Ray Diffractometry was used to determine the diffraction pattern 

from a prepared sample. Based on a database of diffraction patterns, the diffraction patterns 

were used to determine whether the sample was crystalline or amorphous. Powder X-Ray 

Diffraction was performed using an XRD diffractometer (Rigaku, Model: Micromax-007HF). 

using CuKα radiation at a scan rate of 0.2 degrees per minute. 

Transmission Electron Microscopy  

Transmission Electron Microscopy is a method that provides much higher resolution than light-

based imaging methods by using an electron beam to scan a sample of nanoparticles. TEM is 

the primary technology for directly measuring nanoparticle size, grain size, size distribution, 

and morphology. Thus, in the present study, the morphologies and surface texture of the 
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nanocomposite were studied using a Transmission Electron Microscopy (Model: JEM-2100, 

Made: JEOL, JAPAN). 

Energy-Dispersive X-Ray Spectroscopy 

Energy-Dispersive X-Ray Spectroscopy is an efficient analytical method for analysing the 

elemental composition of the desired sample [21]. The spectra generated with EDX are easy to 

interpret and also give a high spatial resolution. In the present study, the elemental composition 

of the prepared sample was analysed using Energy-Dispersive X-Ray Spectroscopy. 

X-Ray Photoelectron Spectroscopy 

X-Ray Photoelectron Spectroscopy is a surface characterisation method that uses binding 

energies to measure a material's elemental composition, electrical/chemical states, and 

stoichiometry. The XPS spectra are obtained when a high-energy photon (X-ray) ejects an 

electron from the core orbital of an atom. In the present research work, X-ray photoelectron 

spectroscopy (Model: ESCALAB Xi+ Make: Thermo Fisher Scientific Pvt. Ltd., UK) was used 

to determine the valence state and elemental composition of photocatalyst. 

UV-Visible Diffuse Reflectance Spectroscopy (DRS)  

UV-Visible Diffuse Reflectance Spectroscopy is the most efficient tool for investigating the 

bandgap energy of any photocatalyst. It is determined by the reflection of electromagnetic 

radiation by a powder sample. It is determined by the amount of electromagnetic radiation 

reflected by a powder sample [22]. A UV-Visible Diffuse Reflectance Spectrophotometer 

(Shimadzu UV-2600) was used to measure the bandgap energy of the photocatalysts.  

Photoluminescence (PL) 

Photoluminescence is a non-destructive analytical process that absorbs a photon into a material 

by transferring its energy to a ground-state electron and driving it to an excited state in 

femtoseconds [23]. This approach was utilized in the present study to determine the 

photocatalyst's bandgap and to investigate the recombination process of the electron-hole pair 

of semiconductor material [24]. The photoluminescence spectra of the photocatalyst were 

determined using a photoluminescence spectrophotometer (Horiba Fluoromax-4CP 

spectrofluorometer, 150 W Xenon Lamp). 

Zero-point charge (pHzpc) 

The pH at which the net electrical charge of the activated carbon/carbon nanocomposite (photo- 
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catalyst) is zero is known as zero-point charge (pHzpc) [25]. The surface of activated 

carbon/carbon nanocomposite would acquire a positive charge if the pH of a solution is less 

than the zero-point charge, whereas if the pH is greater than the zero-point charge, the surface 

would be occupied by negative charges (pH>pHzpc) [26] 

The batch equilibrium method was used to measure the zero-point charge of the prepared 

activated carbon samples [27]. For this measurement, 0.1 g of activated carbon/carbon 

nanocomposite was added to different sets of Erlenmeyer flask containing 50 ml of 0.1 M 

potassium nitrate (KNO3) solution. The initial pH values of the mixtures were adjusted between 

2 and 12 with 0.1N HNO3 or 0.1N KOH. The mixture was then sealed and agitated on a shaker 

for 24 hours after which the final pH values were measured. The difference between the initial 

pH and final pH values (∆pH= pHinitial - pHfinal) were plotted against the pHinitial. The pHzpc 

occurred when there was no change in the pH after adsorption. The pHzpc is the point where the 

plot of ΔpH vs pHinitial crosses the baseline in the graph. 

2.5. Application of the activated carbon for the removal of 2,4-dichlorophenol from 

wastewater by adsorption 

The batch adsorption approach was used to study activated carbon adsorption studies for the 

removal of as 2,4-dichlorophenol from wastewater. The influence of important operational 

variables such activated carbon dosage, initial 2,4-dichlorophenol concentration, contact time, 

temperature, and pH on removal efficiency was investigated. A 250 mL Erlenmeyer flask was 

filled with 50 mL 2,4-dichlorophenol solution at varying initial concentrations and the requisite 

activated carbon dose in each experiment. After that, the mixtures were then shaken for a fixed 

time at 180 rpm in a rotary shaker at 298 K. After filtering the solution, the residual 2,4-

dichlorophenol solution was determined by using UV-Visible spectroscopy (Lambda 365, 

Perkin Elmer) at 284 nm absorbance. Each set of adsorption investigations was performed in 

triplicate, with the average of the three measurements given. The following equation was used 

to calculate 2,4-dichlorophenol adsorption capacity (qe) and removal efficiency (R%): 

 

𝑞𝑒 =  
(𝐶0−𝐶𝑒 )

𝑀
 × 𝑉                    (2.2) 

 

𝑅% =  
𝐶0−𝐶𝑒 

𝐶𝑒 
                     (2.3) 

 

where the quantity of DCP adsorbed per unit mass at equilibrium is represented by qe (mg/g), 
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the initial DCP concentration is represented by 𝐶0 (mg/L), the equilibrium concentration is 

represented by 𝐶𝑒 (mg/L) represents, the mass of the BSAC is represented by M (g), and the 

volume of the solution is represented by V (L). 

The detailed experimental set up for the removal of 2,4-dichlorophenol is described in Chapter 

3. 

2.6. Photocatalytic degradation of chlorpyrifos by activity of activated carbon/ ZrO2-ZnO 

nanocomposite and activated carbon/ Fe-ZnO nanocomposite 

In the present study, the synthesized nanocomposite was used for the photocatalytic degradation 

of water pollutants such as pesticides from water. The pesticides under study was the 

organophosphorus insecticide chlorpyrifos (CPs). Batch mode degradation experiments were 

conducted within a reactor for the degradation of organic pollutants [27,28]. The photocatalytic 

degradation was performed by utilizing a continuous flow of water at room temperature 

throughout the reaction process. A stock solution of 1000 ppm was first prepared by dissolving 

1 g (5 mL of 20 % of chlorpyrifos) of CPs in 1000 ml double-distilled water. Furthermore, 

dilutions were prepared to obtain the working solution of various concentration. In the present 

work, the required amount of activated carbon nanocomposite was dispersed in a 50 ml aqueous 

solution of varied CPs concentrations by vigorous stirring under dark conditions for 30 minutes 

to achieve adsorption-desorption equilibrium. After reaching equilibrium, the pollutant 

concentration was measured and used as the initial concentration so that the adsorption of the 

pollutant due to the activated carbon nanocomposite did not hinder the study of the overall 

photocatalytic effect.  Later, the light was switched on to start the photocatalytic reaction, and 

then after 10 minutes intervals, 3 mL of sample was withdrawn and centrifuged for 10 minutes. 

The concentration of residual CPs was determined using a UV-Vis (PerkinElmer UV/Vis -365) 

spectrophotometer at max of 221 nm. Using equations 2.3 the degradation efficiency (R %) of 

CPs concentration was calculated. 

A batch mode study was conducted for photocatalytic degradation of water pollutants by 

varying different parameters are described in Chapters 4 and 5. 

2.6.1. Photocatalytic reactor 

For the present study, photocatalytic reactions were performed inside a photocatalytic device, 

as described in the schematic diagram (Figure 2.3).  
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Figure 2.3. Schematic experimental setup for UV-light photocatalytic device. 

 

2.6.2. Liquid chromatography–mass spectrometry (LC-MS) analysis to identify end 

products of photocatalysis  

Liquid Chromatography-Mass Spectrometry is a technique that couple for identifying of 

degradation intermediates in aqueous solution [29]. Liquid Chromatography (LC) separates 

multicomponent mixtures, whereas Mass Spectrometry (MS) reveals the structural 

identification of individual components with high molecular specificity and detection 

sensitivity [30]. In this study, Liquid Chromatography-Mass Spectrometry (LC-MS) spectra 

(Make: INKAR, Model: Expression-S) is utilized to identify the degraded products after the 

photocatalytic reaction.  

2.7. Description of pollutants considered for the present study 

A brief description of the different pollutants considered for the current work is presented in 

the following section.   

2,4-dichlorophenol 

Chlorophenols (CPs) are phenol derivatives with one or more covalently linked chlorine atoms 

(Figure 2.4). These are organic contaminants found in soils, sediments, surface and ground 

waters. Chlorophenols are often used as preservatives or disinfectants for wood, paints, natural 

fibres, and leather because of their antibacterial properties [31]. It is one of the 65 pollutants 

identified by the US Environmental Protection Agency (EPA) as the most hazardous to human 

health [32]. 2,4-dichlorophenol is one of the most prevalent chlorophenols and a crucial 

intermediate in the synthesis of highly chlorinated phenols, pharmaceuticals, and insecticides 
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[33]. These pollutants are commonly found in effluents from industries such as pharmaceutical, 

petrochemical refineries, herbicide, pesticide, and coal conversion etc [34]. 2,4- DCP could 

constitute a significant concern to the ecosystem and public health due to their retention in the 

environment, high toxicity, and detrimental consequences on the kidney, liver, lungs, skin, etc. 

The general symptoms associated with exposure to these pollutants include overall weakness, 

fatigue, headaches, anorexia, nausea, hyperpyrexia, abdominal discomfort, and terminal spasm, 

among others [35]. As a result, the maximum permissible concentration of 2,4-DCP in drinking 

water, as recommended by World Health Organization (WHO) and EPA is 40 µgL-1. 

 

 

Figure 2.4. Molecular structure of 2,4-dichlorophenol. 

 
 

Chlorpyrifos  

Pesticides, which include fungicides, insecticides, bactericides, and herbicides, have improved 

agricultural yield for several decades. When used appropriately, pesticides greatly benefit 

mankind by controlling weeds, insects, pests, and mites that feed on crops [36]. Pesticides and 

insecticides in particular are used extensively, posing risks to the environment and public health 

because of their toxic, non-biodegradable and persistent nature. Some examples of typical 

pesticides are chlorpyrifos (CPs), cypermethrin, methamidophos, atrazine, chlorothalonil, etc. 

Among them, chlorpyrifos (O, O-diethyl O-3,5,6-trichloro-2-pyridyl phosphorothionate) a 

broad-spectrum organophosphate substance, is frequently used to control Diptera, Homoptera, 

and Lepidoptera on grain, cotton, fruit, nut, and vegetable crops etc [37]. CPs (Figure 2.5) has 

been identified as one of the substances hazardous to humans due to its persistent presence in 

soil and ground water. It enters running water by runoff and leaching from soil erosion, causing 

water contamination. In humans, CPs has a negative impact on the central nervous system, 

endocrine system, and cardiovascular system. The most commonly reported side effects of 
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chlorpyrifos poisoning are nausea, headache, salivation, dizziness, blurred vision, excessive 

perspiration, stomach cramps, muscle weakness, and, in extreme circumstances even death [38]. 

 

Figure 2.5. Molecular structure of chlorpyrifos. 

 
 

2,4,6-trichlorophenol  

2,4,6-trichlorophenol is an organic aromatic compound containing a benzene ring that carries a 

single hydroxyl group and three chloro groups (Figure 2.6). It appears as yellow-whitish solid 

with the chemical formula C6H3Cl3O and 197.4 g/mol molecular weight. 2,4,6-trichlorophenol 

is mainly used in producing preservatives for wood, pesticides, herbicides, and defoliants [39]. 

Among the chlorinated phenols, 2,4,6-trichlorophenol (TCP) is one of the chlorophenolic 

pollutants commonly found in wastewater [40,41]. The continued use of these compounds in 

numerous applications causes an increase in the level of a contaminant in soil and water, which 

has an adverse effect on public health [42].  

 

 

Figure 2.6. Molecular structure of 2,4,6-trichlorophenol. 

 
 

2.8. Description of different models used for the present study 

Adsorption models are important for determining an adsorbent's efficiency, the rate at which it 

removes a target pollutant, and the thermodynamics of the adsorption system [43]. The 
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mechanism of an adsorption process can also be determined with the use of these models. In 

order to understand the adsorption process, experimental adsorption data were fitted to various 

established mathematical equations and models in the current work. The various isotherm 

models, kinetic models, and thermodynamic equations that were employed are detailed below. 

2.8.1. Adsorption isotherms 

Adsorption isotherms are important for describing the interaction of pollutants with adsorbent 

surfaces and are helpful to optimize the design of the adsorption system for the removal of 

pollutants from aqueous solutions [44]. Adsorption isotherms are invaluable tools for 

determining adsorption processes, adsorption affinities, and adsorbent surface characteristics. 

The equilibrium concentration of an adsorbate on the surface of an adsorbent (qe) is represented 

by an adsorption isotherm depending on the concentration of the adsorbate in solution (Ce). 

Normally, the relationship between these 'qe' and 'Ce' is fitted to one or more equilibrium 

isotherm models. There are several isotherm models available for analysing experimental 

adsorption characteristics, and the most frequent isotherm models utilised for the application of 

activated carbon in water include the Langmuir, Freundlich, and Temkin models. 

Langmuir isotherm model 

Langmuir isotherm model, proposed by Irving Langmuir assumes that adsorption takes place 

on a homogeneous active site and no interactions occur between two adsorbate molecules on 

adjacent sites [45]. It corresponds to monolayer coverage of the adsorbate at the surface of the 

adsorbent and indicates chemisorption. The linear form of the Langmuir isotherm model is 

given by equation 2.4.   

 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚
𝐶𝑒 +

1

𝑞𝑚𝐾𝐿
                                                                           (2.4) 

 

where Ce is the adsorbate concentration at equilibrium (mg L-1), qe is the quantity of adsorbate 

per gram of adsorbent at equilibrium (mg g-1), KL is the Langmuir isotherm constant (L mg-1), 

and qm is the maximum adsorption capacity of the adsorbent (mg g-1). 

Another important parameter of Langmuir isotherm is the dimensionless separation factor (RL), 

which determines the favourability of the adsorption process [46]. The RL is given by equation 

2.5.  
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𝑅𝐿 =  
1

1+ 𝐾𝐿 𝐶𝑂
                     (2.5) 

 

The value of RL indicates whether the adsorption process is favourable (0<RL<1), linear (RL = 

1), irreversible (RL = 0), or unfavourable (RL > 1) [47].  

Freundlich isotherm model 

Freundlich model describes a heterogeneous system with non-uniform distribution of 

adsorption heat on the surface of the adsorbent and applies to multilayer adsorption processes 

[48]. The linear form of the Freundlich adsorption isotherm model is given by equation 2.6. 

 

𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔 𝐾𝐹  +
1

𝑛
𝑙𝑜𝑔 𝐶𝑒                   (2.6) 

 

where Ce = adsorbate concentration at equilibrium (mg L-1), qe = amount of adsorbate per 

gram of adsorbent at equilibrium (mg g-1), and KF = Freundlich adsorption capacity constant 

(mg g-1) (L mg-1), ‘1/n’ and ‘n’ indicating Freundlich adsorption intensity.  

The adsorption intensity is described by the Freundlich adsorption intensity 'n'. The greater the 

'n' value, the greater the adsorption intensity. Additionally, the adsorption process is said to 

follow a typical Langmuir isotherm if the value of ‘1/n’ is less than unity, while the cooperative 

nature of the adsorption process is specified if the value of "1/n" is greater than unity [48]. 

Temkin isotherm model 

Temkin isotherm suggests that due to adsorbate-adsorbent interaction, the adsorption heat 

reduces linearly with surface coverage and the adsorption is characterised by a homogeneous 

distribution of binding energies [49]. Equation 2.7 provides the linear form of the Temkin 

isotherm model. 

 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇
𝑙𝑛 𝐶𝑒 +

𝑅𝑇

𝑏𝑇
𝑙𝑛 𝐴𝑇                   (2.7) 

 

where bT denotes the Temkin constant related to the heat of sorption (kJ mol-1), AT denotes the 

Temkin isotherm equilibrium binding constant (L mg-1), R denotes the universal gas constant 

(8.314 J mol-1 K-1) and T denotes the temperature at 298 K. 

2.8.2. Adsorption kinetics 
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Adsorption kinetic studies help in evaluating adsorption mechanisms in terms of order and rate 

constants, as well as providing necessary information on potential rate-controlling steps [50]. 

In the current study, two kinetic models were used to investigate the kinetics of adsorption 

processes namely pseudo-first-order, and pseudo-second-order. 

Pseudo-first-order model 

The pseudo-first-order kinetic model proposed by Lagergren gives a simple kinetic evaluation 

of the adsorption of adsorbate from a liquid phase to a solid phase [51]. The pseudo-first-order 

model assumes that physical interactions such as van der Waals forces, π–π type of interactions 

and hydrogen bonding are the rate-limiting step [52]. The linear form of the pseudo-first-order 

model is given by equation 2.8. 

 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 −
𝑘1

2.303
𝑡                             (2.8) 

  

where qe denotes the equilibrium adsorption capacity (mg g-1), qt denotes the adsorption 

capacity at time t (mg g-1) and k1 denotes the pseudo-first-order rate constant (min-1). 

Pseudo-second-order model 

The pseudo-second-order model illustrates the chemisorptive behaviour of the adsorption 

process and is based on adsorption equilibrium capacity. The pseudo-second-order model 

suggests that the rate constant is proportional to the number of occupied active adsorption sites 

[53]. Equation 2.9 expresses the linear version of the pseudo-second-order rate model. 

 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2  +

1

𝑞𝑒
𝑡                        (2.9) 

 

where qe is the equilibrium adsorption capacity (mg g-1), qt is the adsorption capacity at time t 

(mg g-1), and k2 is the pseudo-second-order rate constant (min-1). 

2.8.3. Thermodynamic studies 

The effect of temperature on the adsorption process are investigated through thermodynamic 

studies. The adsorption thermodynamics study improves our understanding of the internal 

energy changes that occur throughout the adsorption process. The thermodynamic parameters 

like entropy (ΔS°) and enthalpy (ΔH°) change were determined using the intercept and slope 
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of the plot of lnKd vs 1/T of equation 2.10, however, the Gibbs free energy change (ΔG°) at 

various temperatures was determined by equation 2.11. 

 

𝑙𝑛𝐾𝑑  =
𝛥𝑆𝑜

𝑅
−

𝛥𝐻𝑜

𝑅𝑇
                  (2.10) 

 

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 

 

where Kd = distribution adsorption coefficient, T = absolute temperature (K), ΔS° = entropy 

change (J/mol/K), ΔH° = enthalpy change (J/mol), ΔG° = gibbs free energy change, and R = 

universal gas constant (8.314 J/mol K). 

2.8.4. Validation of the adsorption models 

Chi-squared test 

A chi-squared test (χ2) is a statistical hypothesis that is used to examine if the calculated and 

experimental data differ significantly. The chi-squared test (χ2) was employed in this work to 

examine the fitness of the isotherm and kinetics adsorptions models to the experimental result. 

Equation 2.12 is the mathematical formula for chi-square analysis. 

 

𝜒2 = ∑ =𝑛
𝑖=1

(𝑞𝑒(𝑒𝑥𝑝)−𝑞𝑒(𝑐𝑎𝑙))
2

𝑞𝑒(𝑐𝑎𝑙)
                 (2.12) 

 

The calculated data using various isotherm and kinetic models agrees with the experimental 

result in a small χ2 value. However, the variation between calculated and experimental data will 

result in a high χ2 value. As a result, it is essential to use χ2 to evaluate the data and select the 

best-fitting adsorption isotherm and kinetics models for the adsorbate on the adsorbents. 

2.8.5. Photodegradation kinetics 

Langmuir Hinshelwood kinetic model  

The most prevalent kinetic model employed in the heterogeneous catalytic process for the 

photocatalytic destruction of organic contaminants in solution is the Langmuir Hinshelwood 

kinetic. According to this model, the two reacting species are chemisorbed on the surface of the 

catalyst before the reaction occurs [54]. Furthermore, the limiting reaction rate is the rate of 

(2.11)  

 

ΔGo = -RTlnKd 

 



Chapter 2                                                                                                             Materials and methods 

52 
  

oxidation at maximum catalyst coverage. The Langmuir Hinshelwood kinetic model is 

expressed as follows: 

 

 𝑅 = −
𝐷𝑐

𝑑𝑡
=  

𝑘𝑎𝑝𝐶

1+ 𝐾𝑒𝐶
                  (2.13) 

 

where C is the pollutant concentration (mg L-1), ke is the equilibrium constant for pollutant 

adsorption on the photocatalyst surface (L mg-1), and kap is the apparent rate coefficient (min-1) 

[55].  

As the concentration of pollutant is generally very small for standard photocatalytic reactions, 

keC in equation 2.13 is much lower than 1, and therefore equation 2.14 changes to: 

                                                            

  −
𝐷𝑐

𝑑𝑡
=  𝑘𝑎𝑝𝐶                   (2.14) 

 

Another form of the L-H model can be determined by integrating equation 2.10 from 0 to t: 

 

𝑙𝑛
𝐶𝑖

𝐶𝑒
=  𝑘𝑎𝑝𝑡                      (2.15) 

 

where Ci denotes initial concentration of pollutant, and Ce denotes concentration of a pollutant 

at equilibrium. The kap value of various photocatalytic processes can be determined by using 

equation 2.15 [56]. 

where Ci denotes the pollutant's initial concentration and Ce denotes the pollutant's equilibrium 

concentration.  

Half-life time reaction 

The first-order kinetics reaction rate is determined using a half-life time reaction. Equation 2.16 

is used to calculate the half-life time (t1/2). 

 

𝑡1

2

 =   
𝑙𝑛 2

𝐾𝑎𝑝𝑝
=  

0.6931

𝐾𝑎𝑝
                  (2.16) 

                                                                           

where (t1/2) represents the half-life of reactions as determined by kap (minute) [57].  

2.9. Density functional theory (DFT) studies 

To understand the potential interaction between adsorbate and activated carbon, theoretical sim- 
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ulations using the density functional theory (DFT) approach were employed. Density functional 

theory has been applied because of its simplicity and computational effectiveness. 

The Gaussian 09/16 [58,59] programme package was used to perform all geometry 

optimizations, frequency calculations, and energy calculations using the B3LYP hybrid 

functional at the basis set 6-31G/LanL2DZ level of theory in a dielectric medium of ε = 80 

(corresponding to water). Different models of activated carbon were taken into consideration, 

and Gauss View 05/06 was utilised for building all the structures that were optimised in their 

electronic ground states. Equation 2.17 was used to determine the adsorption energy (EAds) of 

an adsorbate on the carbon surface. 

 

EAds= Eab− (Ea+ Eb) 

 

where Ea denotes the total energy of the adsorbate, Eb denotes the total energy of the activated 

carbon, and Eab denotes the total energy of the adsorbate and activated carbon in equilibrium. 

In general, if EAds is lower than -30 kJ/mol, interactions are regarded to be physisorption; if EAds 

is larger than -50 kJ/mol, the interactions are termed chemisorption. Furthermore, a greater 

negative EAds value indicates more adsorption [60]. 

The use of DFT method in adsorption investigations would provide a thorough knowledge of 

the adsorption phenomenon under investigation. Such research could assist in the development 

of an efficient adsorbent for a particular adsorbate removal as well as increase our 

understanding of the bonding and reactivity between the adsorbate and adsorbent. 

Further to understand the chemical reactivity and to get a better insight into the adsorption and 

degradation process, quantum chemical parameters such as η (chemical hardness), H (HOMO-

LUMO energy gap), μ (chemical potential), S (chemical softness), and ω (electrophilicity 

index) were used to comprehend the chemical reactivity of SWAC/ZrO2-ZnO 

nanocomposite.were calculated using the formulas given below: 

HOMO-LUMO energy gap 

The chemical reactivity of a molecule is determined by the HOMO-LUMO energy gap (H); 

thus, a high value of the HOMO-LUMO energy gap signifies that the molecule is less reactive 

and more stable. Equation 2.18 gives the HOMO–LUMO energy gap [61].  

 

H = ELUMO - EHOMO 

 

(2.18) 

(2.17) 
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where ELUMO represents the energy of the lowest unoccupied molecular orbital, whereas EHOMO 

represents the energy of the highest occupied molecular orbital. 

Chemical hardness (η) and chemical softness (S)  

The concepts of hardness (η) and softness (S) are important in understanding the behaviour of 

chemical systems. The molecular stability increases as hardness increases and thereby its 

reactivity decreases. The chemical hardness (η) of a molecule is given by equation 2.19. The 

molecular stability increases as its softness decreases and thereby its reactivity increases. 

Equation 2.20 gives the chemical softness (S) of a molecule [62]. 

 

𝜂 =  
𝐸𝐿𝑈𝑀𝑂−𝐸𝐻𝑂𝑀𝑂

2
                  (2.19) 

 

𝑆 =  
1

2𝜂
                   (2.20) 

Chemical potential and electronegativity  

The reactivity of a molecule is determined by chemical potential (μ) and electronegativity (X) 

which are represented by the equations 2.21 and 2.22 respectively [63]. 

 

𝜇 =  
𝐸𝐻𝑂𝑀𝑂+𝐸𝐿𝑈𝑀𝑂

2
                  (2.21) 

 

𝑋 =  
−(𝐸𝐻𝑂𝑀𝑂+𝐸𝐿𝑈𝑀𝑂)

2
                  (2.22) 

Electrophilicity index 

The electrophilicity index (ω) is a measurement of energy loss caused by maximum electron 

flow between donor and acceptor. The higher the electrophilicity index, the molecule becomes 

more reactive. Electrophilicity index is calculated using equation 2.23 [64]. 

 

𝜔 =  
𝜇2

2𝜂
                             (2.23) 

 

when ω is greater than 1.5 eV, it has a high electrophilicity, ω less than 0.8 eV is considered 

marginal, and when ω is greater than 0.8 and less than 1.5 eV is considered moderate. 
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CHAPTER 3 

 

EXPERIMENTAL AND THEORETICAL INSIGHT INTO THE 

ADSORPTION OF 2,4-DICHLOROPHENOL ON LOW-COST 

BAMBOO SHEATH ACTIVATED CARBON 

This chapter deals with the development of cost-effective adsorbent as bamboo sheath 

activated carbon (BSAC) for removal of 2,4-dichlorophenol (DCP) from wastewater. Several 

analytical methods such as FT-IR, BET Surface Area Analyzer, SEM, XRD were used to 

examine the prepared BSAC. The batch experiments were carried out under varying initial 

concentration, adsorbent dosage, temperature, contact time, and pH (2-12) to understand the 

effects of different operating parameters on the removal efficiency for DCP from wastewater. 

The adsorption kinetics was well described by pseudo second order adsorption kinetics model 

with R2 value of 0.99. Thermodynamic data indicated a negative ΔG° (spontaneous) and 

positive ΔH° process (endothermic). Theoretical studies using DFT (Density functional 

theory) simulations suggested that various interactions for DCP adsorption are possible on 

functionalized activated carbon surfaces such as (-CHO, -CO-, -CCO, -OH and -COOH). This 

study suggested that the bamboo sheath biomass of Dendrocalamus hamiltonii can be utilized 

to produce activated carbon (AC) for removing DCP from wastewater.                                                    
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3.1. Introduction 

Organic pollutants are hazardous compounds that have negative health and environmental 

effects. Among these organic pollutants, phenolic compounds are the most common 

contaminants found in wastewaters and drinking water [1,2]. Phenolic derivative such as 2,4-

dichlorophenol (DCP) is a non-biodegradable organic contaminant that has been widely used 

in pesticides, herbicides, germicides, in the manufacturing of plastics, dyes, antioxidants, paper, 

and in the petrochemical industries, etc. [3,4]. DCP compounds are known or believed to be 

carcinogenic, and they can induce mouth ulcers, central nervous system (CNS) paralysis, 

hemolytic anemia, protein denaturation, tissue erosion, damage to the liver, pancreas, and 

kidney, and are toxic to most aquatic organisms [5,6]. There are several techniques for 

removing phenolic compounds from water solution, including dichlorination [7], ozonation [8], 

catalytic wet oxidation [9], photocatalytic degradation utilizing TiO2 [10], solvent extraction 

[11], ultrasound-assisted magnetic adsorption [12], and adsorption [13]. However, the removal 

of organic pollutants by activated carbon adsorption is a well-established and broadly used 

technique for the treatment of domestic and industrial effluents [14-16]. 

Activated carbon (AC) is a unique adsorbent because of its large surface area, high adsorption 

capacity, pore structure, and reusability [17,18]. It is used to remove pollutants from wastewater 

including harmful chemicals such as pesticides, dyes, organic compounds, medications, heavy 

metals, and other contaminants [19,20]. Although AC has a high adsorption capability for 

organic contaminants, using commercial AC makes the entire process more expensive [18]. 

Therefore, it is necessary to synthesize highly efficient and cost-effective AC and can easily be 

synthesized from readily accessible bio-waste material available around us.  

Over the years many researchers have developed low-cost activated carbons utilizing fruit, 

paper, and textile waste [21].  For example, AC generated from guava seed (Psidium guajava) 

was used to remove chlorinated phenol from an aqueous medium [22], while AC derived from 

pistachio shells was employed for the removal of phenol and chlorinated phenol [23], Pongener 

et al. [24] reported the synthesis of AC from Manihot esculenta biomass and assessed its 

potential for fluoride removal from an aqueous medium, Li et al. [25] also proposed a high 

value-added AC prepared from waste vinasse for efficient removal of cationic dyes. Krishnaiah 

et al. [26] reported that chlorinated phenol could be removed using AC derived from papaya 

(Carica Papaya) seeds. Rashtbari et al. [12] presented an environmentally friendly and green 

pomegranate peel AC coated with nanoparticles for Cephalexin adsorption. The ultrasound-

assisted magnetic adsorption of 2,4-dichlorophenol using GO-Fe3O4 adsorbent has been studied 
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by Azari et al. [27]. In this present work, efforts have been undertaken to produce a new and 

less expensive AC derived from locally available bamboo sheath biomass as source material, 

and the adsorptive ability of the produced bamboo sheath activated carbon (BSAC) was 

performed for removal of DCP from aqueous medium. 

Several studies are done to understand the adsorption interactions between pollutants and the 

functional group present on the AC surface. Shen et al. [28] studied the hydrogen sulfide (H2S) 

interactions with the active sites of zigzag and armchair AC surfaces. They found that the 

adsorption of H2S on zigzag edge sites AC provides stronger force to attract H2S than the 

armchair edge sites. Supong et al. [29,30] investigated the interaction of 4-Nitrophenol and 

Bisphenol A with AC surfaces containing various functional groups (-OH, -COOH, and -CHO). 

Among these, -COOH functionalized AC interacted most strongly with 4-Nitrophenol and 

Bisphenol A. Jan et al. [31] investigated four different adsorption configurations of azo dye on 

AC surfaces containing different surface functional groups (-COOH, -OH, -CH2 or -CH3, -C=C, 

-C=O, -SO3, and -NO2). It was observed that dye put horizontally over the AC formed four 

intermolecular H-bonds and show more effectiveness than the others. Unfortunately, the 

detailed adsorption interactions between DCP molecules and the surface of AC remain unclear. 

Therefore, using the density functional theory (DFT) approach the adsorption interaction of 

DCP with the surface of AC can be elucidated and would aid in understanding the bonding and 

reactivity of DCP adsorption on the carbon surface.  

Therefore, keeping this in mind, the present study aimed to prepare activated carbon from 

locally available waste material bamboo sheaths. The prepared activated carbon was 

characterized using different analytical techniques and further used for the removal of DCP 

from water. Batch mode adsorption studies were conducted and the obtained experimental data 

were fitted to various isotherm and kinetic models. Further, a DFT study was planned to 

examine and understand the possible interactions occurring between 2,4-dichlorophenol and 

the surface of AC during the adsorption process. 

The novelty of the present work lies in the utilization of a waste bamboo sheath biomass to 

prepare a low-cost activated carbon for the effective removal of toxic 2,4-dichlorophenol from 

an aqueous solution. In addition, theoretical calculations using DFT provided an understanding 

of the possible interaction of 2,4-dichlorophenol with the activated carbon. DFT studies also 

provided an insight into the effect of a different functional group such as -OH, -CHO, -CO-, -

CCO, and -COOH on the adsorption process. Such studies would help in selecting the 

appropriate chemical activating agent to modify the carbon surface to enhance the adsorption 
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property of the carbon. The experimental and theoretical insight into the adsorption of 2,4-

dichlorophenol on low-cost bamboo sheath activated carbon is shown in Figure 3.1. 

 

Figure 3.1. Schematic representation for preparation of bamboo sheath activated carbon. 

 

3.2. Materials and methods 

3.2.1. Materials  

2,4-dichlorophenol (C6H4Cl2O) was purchased from Himedia. The molecular structure of 2,4-

dichlorophenol is presented in Figure 3.2. Stock solution of 1000 mg/L of the adsorbate was 

prepared and subsequently diluted to prepare varying concentrations of the working solutions. 

The raw material bamboo sheath of Dendrocalamus hamiltonii utilized for this experiment was 

obtained from the vicinity of Nagaland University, Lumami campus (26°28’29” N, 94°50’58” 

E). All other chemicals, such as HCl, and KOH, of analytical grade, were purchased by Sigma 

Aldrich and utilized without further purification. All the aqueous solution for the experiments 

were prepared using distilled water and the pH measurement was done using Eutech pH 700 

digital pH meter. Incubator shaker (Make; IKA Model; KS4000 i control) was used to shake 

the solution. The biomass was carbonized and activated using Muffle furnace (Make; EIE 

instruments pvt. ltd Model; EIE-1501). 
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Figure 3.2. Molecular structure of 2,4-dichlorophenol. 

 

3.2.2. Preparation of bamboo sheath activated carbon (BSAC) 

Bamboo sheath biomass (Dendrocalamus hamiltonii) was manually cut into pieces, then 

thoroughly cleaned with water and dried for 12 hours at 110 °C in an oven. After that, a muffle 

furnace was used to carbonize the oven-dried bamboo sheath for one hour at 400 °C; the 

carbonized carbon was crushed into a powder form. To activate the carbonized powder, KOH 

(potassium hydroxide) was utilized as an activating agent. 20 g potassium hydroxide (KOH) 

was dissolved in 250 mL distilled water for this activation method. Mixing powder carbonized 

char with KOH solution resulted in a 1:2 impregnation ratio. The mixture was then agitated for 

an hour before being dried for 24 hours at 105 °C in an oven to ensure that the mixture sample 

was completely dry. The impregnated dry carbonized char was then pyrolyzed in a muffle 

furnace for 1 hour at 700 °C. After cooling to room temperature, the activated carbon samples 

were collected and rinsed with distilled water and 0.1 M hydrochloric (HCl) acid until the pH 

remained constant. After drying the activated carbon samples at 105 °C, bamboo sheath 

activated carbon (BSAC) was obtained. 

3.2.3. Characterizations of BSAC 

Several analytical methods were used to examine the prepared BSAC. A Fourier Transform 

Infrared (FT-IR) spectrometer (Model: Spectrum Two, Made: Perkin Elmer) was used to record 

the functional groups present on the BSAC surface. BET Surface Area Analyzer (Model: 

Autosorb iQ MP-AG (2 STAT) Anton Paar) was used to investigated the total surface area and 

total pore volume by N2 adsorption-desorption isotherm studies along with the Barrett-Joyner-

Halenda model (BJH) pore size distribution of activated carbon. The surface topography of 

activated carbon was investigated using Scanning Electron Microscope (SEM) (Model: JSM 

6390LV, made by JEOL, Japan). The phase structure and degree of graphitization of the BSAC 

were determined by Powder X-ray diffraction analysis (XRD) (Rigaku, Model: Micromax-

007HF). 
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3.2.4. Adsorption study 

The batch adsorption approach was used to study BSAC adsorption studies for the removal of 

DCP from wastewater. The influence of important operational variables such as BSAC dosage, 

initial DCP concentration, contact time, temperature, and pH on removal efficiency was 

investigated. A 250 mL Erlenmeyer flask was filled with 50 mL DCP solution at varying initial 

concentrations and the requisite BSAC dose in each experiment. After that, the mixtures were 

then shaken for a fixed time at 180 rpm in a rotary shaker at 298 K. After filtering the solution, 

the residual DCP solution was determined by using UV-Visible spectroscopy (Lambda 365, 

Perkin Elmer) at 284 nm absorbance. Each set of adsorption investigations was performed in 

triplicate, with the average of the three measurements given. The following equation was used 

to calculate DCP adsorption capacity (qe) and removal efficiency (R%): 

 

𝑞𝑒 =  
(𝐶0−𝐶𝑒 )

𝑀
 × 𝑉                      (3.1) 

 

𝑅% =  
𝐶0−𝐶𝑒 

𝐶𝑒 
                     (3.2) 

 

where the quantity of DCP adsorbed per unit mass at equilibrium is represented by qe (mg/g), 

the initial DCP concentration is represented by 𝐶0 (mg/L), the equilibrium concentration is 

represented by 𝐶𝑒 (mg/L), the mass of the BSAC is represented by M (g), and the volume of the 

solution is represented by V (L). 

3.2.5. Adsorption isotherm 

For the study of adsorption isotherms, DCP solutions having varied concentrations (30 to 120 

mg/L) were stirred with an activated carbon dosage of 0.35 g at 30 °C until equilibrium was 

obtained. The adsorption process has been examined by matching the data from the experiment 

to the three most generally used Langmuir, Freundlich, and Temkin isotherms models [32,33]. 

The linear forms of the Langmuir isotherm, Freundlich isotherm, and Temkin isotherm models 

are represented by equations given below.  

 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚
𝐶𝑒 +

1

𝑞𝑚𝐾𝐿
                    (3.3) 
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𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔 𝐾𝐹  +
1

𝑛
𝑙𝑜𝑔 𝐶𝑒                                                                          (3.4) 

 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇
𝑙𝑛 𝐶𝑒 +

𝑅𝑇

𝑏𝑇
𝑙𝑛 𝐴𝑇                     (3.5) 

 

where the equilibrium adsorption capacity of activated carbon is represented by 𝑞𝑒 (mg/g), the 

equilibrium DCP concentration is represented by 𝐶𝑒 (mg/L), the maximum adsorption capacity 

is represented by 𝑞𝑚 (mg/g), Langmuir isotherm constant is represented by KL (L/mg), 

Freundlich constant is represented by 𝐾𝐹  (mg/g) (L/mg)1/n, Freundlich adsorption intensity is 

represented by n, the adsorption heat constant is represented by 𝑏𝑇 (kJ/mol), Temkin constant 

is represented by 𝐴𝑇 (L/mg), Temperature is represented by T (298 K) and the universal gas 

constant is represented by R (8.314 J/mol K). 

3.2.6. Adsorption kinetic  

The kinetic adsorption investigation gives important information for understanding DCP 

adsorption dynamics. Pseudo first order kinetic and pseudo second order kinetic models were 

examined in this work by assessing the absorption of the DCP by the BSAC at various time 

intervals. Equations 3.6 and 3.7 provide the linear forms of the pseudo first order kinetic and 

pseudo second order kinetic models [17,33], respectively. 

 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 −
𝑘1

2.303
𝑡                                (3.6) 

 
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2  +

1

𝑞𝑒
𝑡                     (3.7) 

 

where the adsorption capacity at equilibrium is represented by qe (mg/g), at the time (t) the 

adsorption capacity of BSAC is represented by qt (mg/g), pseudo first-order rate constant k1 is 

represented by (1/min), and pseudo second-order rate constant is represented by k2 (g/mg min). 

 

3.2.7. Chi-squared test 

A chi-squared test (χ2) is a statistical hypothesis that is used to examine if the calculated and 

experimental data differ significantly. The chi-squared test (χ2) was employed in this work to 
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examine the fitness of the isotherm and kinetic adsorption models to the experimental result. 

Equation 3.8 is the mathematical formula for chi-square analysis [34]. 

 

𝜒2 ∑ =𝑛
𝑖=1

(𝑞𝑒(𝑒𝑥𝑝)−𝑞𝑒(𝑐𝑎𝑙))
2

𝑞𝑒(𝑐𝑎𝑙)
                    (3.8) 

 

The calculated data using various isotherm and kinetic models agree with the experimental 

result in a small χ2 value. However, the variation between calculated and experimental data will 

result in a high χ2 value. As a result, it is essential to use χ2 to evaluate the data and select the 

best-fitting adsorption isotherm and kinetic models for the DCP on the adsorbents. 

3.3. Theoretical study of 2,4-dichlorophenol DCP adsorption onto BSAC 

3.3.1. Computational methodology 

To understand the potential interaction between DCP and activated carbon, theoretical 

simulations using the density functional theory (DFT) approach were employed. For optimizing 

the electronic ground state of all the structures, Gauss View 05 was used. The energy 

calculations and geometry optimizations were carried out with the Gaussian 09W software 

package and the B3LYP hybrid functional at the theoretical level of 6-31g in water with a 

dielectric constant (ε = 80). The adsorption energy of DCP on AC surface was calculated from 

equation 3.9: 

 

EAds= Eab− (Ea+ Eb)                    (3.9) 

    

where Ea denotes the total energy of the DCP molecule, Eb denotes the total energy of the AC, 

and Eab denotes the total energy of the DCP and AC in equilibrium. In general, if EAds is lower 

than -30 kJ/mol, interactions are regarded to be physisorption; if EAds is larger than -50 kJ/mol, 

the interactions are termed chemisorption. Furthermore, a greater negative EAds value indicates 

more adsorption [29]. 

 

3.3.2. Activated carbon modelling 

To investigate the possible adsorption interaction between the surfaces of AC and the adsorbate 

DCP, an appropriate structure for the AC surfaces must be established. Several researchers have 
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considered different models for theoretical investigations of AC surfaces such as carbonaceous 

surfaces [35], carbon nanotubes [36], nano-graphene sheets [37], benzene ring cluster models 

[28], platelet models [38], and activated carbon with a fullerene-like structure [39]. Some 

researchers have also found that the responsiveness of AC surfaces with active sites is mostly 

determined by the cluster model's form rather than its size [40]. Thus, for this research, a model 

of an armchair made up of four fused benzene ring clusters containing armchair edge sites was 

employed to replicate the AC surface. In the model of the armchair, one side of the carbon 

atoms was left unsaturated to provide an effective active site, whereas the rest sections were all 

ended with H-atoms. It has been well known that the availability of oxygenated-functionals 

onto AC has a major impact on its adsorptive characteristics. As a result, functional groups with 

oxygenated AC surface, -CCO, -CO-, -OH, -COOH, and -CHO were applied to the model of 

AC active site, to investigate the impact of these functional groups on the DCP adsorption 

mechanism. Figure 3.3 shows the AC surface optimized cluster models used in this research. 

Pristine armchair (AC-P), activated carbon with a function of -CCO i.e. (AC-CO), activated 

carbon with a function of -CO- i.e. (AC-O), activated carbon with a function of -OH i.e. (AC-

OH), activated carbon with a function of -CHO i.e. (AC-CHO), and activated carbon with a 

function of -COOH i.e. (AC-COOH) were the names given to the various clusters. 

 

  
 

(a) (b) (c) 

   

(d) (e) (f) 
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 (g)  

Figure 3.3. The optimized models of (a) DCP (b) AC-P (c) AC-CO (d) AC-O (e) AC-OH (f) 

AC-CHO (g) AC-COOH. 

 

3.4. Results and discussion 

3.4.1. Characterization of BSAC 

FT-IR spectrum in Figure 3.4 reveals information about the presence of various functional 

groups on the BSAC surface. The O-H stretching vibration of alcohol, carboxylic acid, or water 

might be attributed to the bands between 3380 and 3690 cm-1. The appearance of a peak around 

3010 cm-1was attributed to aromatic C-H stretching vibration. The peaks observed at 2943 cm-

1 and 2860 cm-1 might be due to aldehyde C-H stretching [41]. The presence of CH2 and CH3 

bending might explain the bands found between 1559 cm-1 and 1440 cm-1. The bands around 

1208 cm-1 region could be assigned to alkoxy C-O stretching. The presence of C-O stretch in 

alcohol, aldehyde, and carboxylic acid might explain the broad bands between 1700 and 1750 

cm-1 [6]. The alkane C=C bending vibrations may be seen at the peak around 964 cm-1. 

 

 

Figure 3.4. FT-IR spectra of bamboo sheath activated carbon (BSAC). 
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Figure 3.5 depicts the N2 adsorption/desorption isotherm and pore-size distribution of the 

BSAC. The isotherm is observed to be type IV, indicating that mesoporous materials can form. 

The BET surface area of BSAC is 287.005 m2g-1, and the total pore volume is 0.020 cm3g-1. 

The pore size distributions of BSAC were estimated and confirmed the existence of mesopores 

with a range of pore diameter of 2 to 50 nm using the BHJ from the desorption branches of the 

isotherms, as seen from the figure, the pore size distribution of BSAC was primarily narrow, 

with an average diameter of 3.409 nm. 

 

  

(a) (b) 

Figure 3.5. (a) Pore size distribution, (b) N2 adsorption desorption/isotherm studies of BSAC. 

 

SEM analysis revealed important details regarding the surface structure of BSAC. Figure 3.6 

shows a micrograph of BSAC that shows cylindrical pores of various shapes and sizes 

distributed all over the surface of BSAC. It can be observed that BSAC pores have sizes ranging 

from 10-30 μm. The BSAC sample shows an irregular surface structure, which might be due to 

the combination of chemical activation and heat treatment. 

 

 

Figure 3.6.  SEM image of bamboo sheath activated carbon (BSAC). 
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The surface crystalline structure of BSAC is analyzed using an XRD pattern (Figure 3.7).  The 

distinct diffraction peaks at the interval 20-26° indicate the formation of graphitic carbon with 

miller indices (0 0 2) [42]. The characteristic peak at 43° with miller indices (1 0 0) refers to 

aromatic carbon crystallites (JCPDS 00-025-0284). 

 

 

Figure 3.7. XRD patterns of bamboo sheath activated carbon (BSAC). 

 

3.4.2. Batch adsorption study 

The impact of adsorbent dose, initial DCP concentration, contact time, temperature, and pH 

were investigated using the batch adsorption method. Figure 3.8 shows the efficiency of DCP 

removal as a function of activated carbon dose. 

 

  

(a) (b) 
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(c) (d) 

 

(e) 

Figure 3.8. (a) Effect of adsorbent dose on DCP adsorption (b) Effect of initial concentration 

on DCP adsorption (c) Effect of contact time on DCP adsorption (d) Effect of temperature on 

DCP adsorption and (e) Effect of pH on DCP adsorption. 

 

3.4.2.1. Effect of BSAC dose on DCP adsorption 

Figure 3.8 (a) shows the effect of BSAC dose on DCP removal. It can be seen that the removal 

percentage of DCP concentration increases from 88.8 % to 95.5 % with an increase in BSAC 

dosage from 0.05 g to 0.35 g and remained nearly constant above the dose of 0.35 g. The initial 

increase in percentage removal might be due to the adsorbent's increased availability of 

adsorption sites, which allowed the DCP to penetrate the adsorption sites more easily [42]. 

However, at doses greater than 0.35 g, the percent removal remained nearly constant even after 

increasing the adsorbent doses which might be possible due to aggregation [43]. Therefore 0.35 

g of BSAC dose was chosen as the optimum dosage for subsequent experiments. 

3.4.2.2. Effect of initial concentration on DCP adsorption  

DCP removal by BSAC was investigated at a constant BSAC dosage (0.35 g), 25 °C tempera- 
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ture, and pH 6.6 by varying the DCP concentrations in the range between 80 mg/L to 200 mg/L. 

A plot of adsorption removal efficiency vs the initial DCP concentration is presented in Figure 

3.8 (b) and it can be seen that the highest percentage removal efficiency was achieved at a 

concentration of 100 mg/L. The greater removal % at lower DCP concentrations might be due 

to the adsorbent's surface having more adsorption sites than the amount of DCP molecules in 

the solution. But, the decrease in removal efficiency at concentrations greater than 100 mg/L 

could be attributed to the adsorbent's restricted number of active sites [29]. As a result, the 

optimum concentration is taken to be 100 mg/L for all following tests. 

3.4.2.3. Effect of contact time on DCP adsorption 

DCP removal by BSAC was investigated at different time intervals ranging from 20 to 120 

minutes at a fixed adsorbent dose (0.35 g), and DCP concentration (100 mg/L), respectively. 

Figure 3.8 (c) shows a graph of the BSAC's removal % efficiency vs contact time. The result 

indicates that the uptake of DCP concentration initially increased rapidly with the increased 

contact time and reaches the maximum at 40 minutes and thereafter, increase in contact duration 

did not affect DCP adsorption rate, and 40 minutes was considered near to equilibration [44,45]. 

As a result, a 40 minutes contact time was chosen as the best time for further adsorption 

investigations. 

3.4.2.4. Effect of temperature on DCP adsorption 

In the adsorption process, the temperature is one of the most important variables. The effect of 

temperature on DCP removal by BSAC was investigated at four different temperatures (298, 

308, 318, and 328 K), keeping the other parameters at optimum value (0.35 g adsorbent dose, 

100 mg/L DCP concentration, and 40 minutes contact time). Figure 3.8 (d) shows a plot of % 

removal against temperature. It has been observed that the percentage of DCP removed 

increased with increasing temperature, reaching a maximum of 97.5 percent at 328 K [46]. 

3.4.2.5. Effect of solution pH on DCP adsorption 

The effect of pH on the adsorption efficiency of DCP onto BSAC was determined by the 

variation of pH ranging from 2 to 12 at an optimum condition (adsorbent dose of 0.35 g, 100 

mg/L DCP concentration, and 40 minutes contact time).  The solution pH was adjusted to 2 to 

12 using 1 M NaOH or 1 M HCl. Figure 3.8 (e) shows that the percentage removal of DCP 

decreases (99.7 % to 91.2 %) with an increase in the pH of the solution from 2 to 12. Meanwhile, 

the BSAC's pHzpc (zero point charge) was determined to be 5.2, suggesting that at lower pH 
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(pH<pHzpc), the surface of the BSAC acquires a positive (+ve) charge, resulting in electrostatic 

interaction with negative (-ve) charge DCP concentration. At higher pH (pH>pHzpc), on the 

other hand, the BSAC surface becomes negatively charged, resulting in less DCP adsorption 

on the carbon. Figure 3.8 (e) clearly shows that when the pH rises, the adsorbent's removal 

effectiveness diminishes. 

3.4.3. Adsorption isotherms studies 

Studies of adsorption isotherms are essential for comprehending the nature of adsorption 

process. The adsorptive behavior of DCP onto the BSAC was evaluated by models of Langmuir  

Freundlich, and Temkin isotherms shown in Figure 3.9. 

 

   

(a) (b) (c) 

 

Figure 3.9. (a) Langmuir isotherm model (b) Freundlich isotherm model and (c) Temkin 

isotherm model. 

 

The adsorption isotherm characteristics for DCP adsorption onto BSAC are shown in Table 3.1. 

According to the chi-squared test (χ2 = 0.00055) and R2 value (0.9949), the Langmuir isotherm 

model best suited the experimental adsorption data, indicating that DCP adsorption on the 

BSAC proceeded via monolayer adsorption. The strong correlation factor (R2 = 0.99), the 

dimensionless separation value RL = 0.75621, and the qm (maximum adsorption capacity) of 

37.29 mg/g indicate that DCP adsorption on the BSAC is favorable. The Freundlich model 

provided the value of KF = 1.1245, and the value of n = 3.164 was determined to be greater than 

1. The smaller R2 value (R2 = 0.889) suggests that the model is unable to adequately explain the 

DCP adsorption process on prepared BSAC. The Temkin isotherm model was used to calculate 

the bT (Temkin constant) corresponding to the adsorption heat, and its value was 0.465 kJ/mol. 

The value of R2 = 0.94, indicating that Temkin's concept is unable to provide a complete 

description of the DCP adsorption process on prepared BSAC. 
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Table 3.1. Adsorption isotherm parameters for adsorption of DCP on BSAC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.4. Adsorption kinetic studies 

Two adsorption kinetic models, Pseudo first order and Pseudo second order were studied to 

describe the adsorption kinetics mechanism. The pseudo first order kinetic model gives a simple 

kinetic evaluation of the adsorption of adsorbate from a liquid phase to a solid phase and 

describes the physisorptive nature of the adsorption process [47]. While, the pseudo second 

order model is based on adsorption equilibrium capacity and describes the chemosorptive 

behavior of the adsorption process [48]. Figure 3.10 shows the kinetic graphs obtained, with 

their plot parameters presented in Table 3.2. As evidenced by the plot, the pseudo first order 

model has a large disparity between the experimental and calculated (qe) values, suggesting the 

model's poor applicability. The experimental (qe) value in the Pseudo second order kinetic 

model, on the other hand, was found to be similar to the calculated (qe) value. Furthermore, the 

pseudo second order kinetics model had the lowest chi-squared value (8.21×10-4) and the 

maximum R2 value (0.99), indicating that it is the best-fitted for DCP adsorption. As a result of 

the kinetics investigations, it can be stated that chemisorption regulates the total rate of DCP 

adsorption. 

Isotherm Parameters 

Langmuir qm 37.29951 

KL 0.00403 

RL 0.75621 

R2 0.9949 

χ2 0.00055 

Freundlich 1/n 0.316 

n 3.164 

KF 1.1245 

R2 0.88983 

χ2 0.00158 

Temkin bT 0.465 

AT 2.31059 

R2 0.94791 

χ2  1.06663 
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(a) (b) 

Figure 3.10. Adsorption kinetic plots of (a) Pseudo first order and (b) Pseudo second order 

model for adsorption of DCP on BSAC. 

 

Table 3.2. Adsorption kinetic parameters for adsorption of DCP on BSAC. 

      Pseudo first order                                                                          Pseudo second order 

qe (exp) qe (cal) k1 R2 χ2 qe (exp) qe (cal) k2 R2 χ2 

13.58  0.8009  0.028 0.768  6.47 × 10-2 13.58  13.63 0.105  0.999 8.21 × 10-4 

 

3.4.5. Thermodynamic study 

The thermodynamics parameters for adsorption of DCP on BSAC were determined at different 

temperatures ranging from 298 to 328 K. The thermodynamic parameters like entropy (ΔS°) 

and enthalpy (ΔH°) change were determined using the intercept and slope of the plot of ln Kd 

vs 1/T (Figure 3.11) of equation 10, however, the Gibbs free energy change (ΔG°) at various 

temperatures was determined by equation 3.11. The ΔH°, ΔS° and ΔG° values for the adsorption 

are given in Table 3.3. 

 

𝑙𝑛𝐾𝑑  =
𝛥𝑆𝑜

𝑅
−

𝛥𝐻𝑜

𝑅𝑇
                  (3.10) 

 

 

 

The value of ΔG° (kJ/mol) is negative (-1.2867 at 298 K; -1.8581 at 303 K; -2.4294 at 318 K; 

-3.0008 at 328 K) signifying that the adsorption process is feasible and spontaneous. The 

calculated ΔHº value is found to be positive (15.73 kJ/mol), signifying that the adsorption of 

  (3.11) ΔGo = -RTlnKd 
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DCP on BSAC is endothermic. The positive value of ΔS° (0.057 kJ/mol K) corresponds to the 

adsorption system's randomness. 

 

Table 3.3. Thermodynamic parameters for adsorption of DCP on BSAC. 

 

 

 

 

 

 

 

 

Figure 3.11. Van’t Hoff plot for the thermodynamic study of DCP adsorption onto BSAC. 

 

3.4.6. Theoretical calculations 

An essential method of interaction in the adsorption process is the creation of hydrogen bonds 

between DCP and functionalized AC [49]. Therefore, the use of computational technique such 

as DFT calculations in this study is to elucidate the effect of the hydrogen bond interaction of 

DCP on AC surfaces. The adsorption processes of pure AC and functionalized AC with DCP 

through the creation of the hydrogen bond were studied using an armchair model. Thus, an 

attempt has been made to understand the possible interaction of the -OH group of DCP with the 

pristine AC and oxygenated surface functional groups (-CCO, -CO-, -CHO, -COOH, and -OH) 

of AC via hydrogen bond formation. Figure 3.11 represents the optimized structures of AC 

surface and DCP interactions and the adsorption energies and bond distance obtained for the 

different interactions are listed in Table 3.4. 

Temperature 
(K) 

ΔG
o
 (kJ/mol) ΔH

o
 (kJ/mol) ΔS

o
 (kJ/mol K) 

0.057 15.73   -1.2867  

-1.8581  

-2.4294  

-3.0008  

298 

308 

318 

328 
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(d) 
  

(f) 

(e) 
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Figure 3.12. Optimized interaction structures of activated carbon and DCP interactions (a) 

(DCP)H----C(AC) (b) (DCP)OH----OC(AC) (c) (DCP)OH----O(AC) (d) (DCP)HO----

HO(AC) (e) (DCP)OH----OH(AC) (f) (DCP)OH----OHC(AC) (g) (DCP)OH----HOOC(AC). 

 

Table 3.4. Adsorption energies and bond distance between DCP and AC. 

 

 

 

 

 

 

 

 

 

 

3.4.6.1. DCP adsorption on pristine activated carbon  

The formation of a bond between a carbon atom at the armchair edge site and the -OH group of 

DCP was used to investigate the possible interaction of AC-P with DCP. Figure 3.12 (a) shows 

the optimized structure of AC-P and DCP interaction and the formation of a bond is represented 

as (DCP)OH----C(AC). The C-C bond lengths of the armchair edge sites attached to the 

hydrogen atom of DCP stretched from 1.42 Å to 1.45 Å and 1.24 Å to 1.25 Å on DCP 

adsorption. The weaker bond lengths of the armchair AC is because the electron cloud shifts in 

the direction of the adsorption site, i.e. the (DCP)OH----C(AC) bond. Furthermore, the 

  (g) 

System Mode of interaction Adsorption energy (kJ/mol) Bond length (Å) 

DCP+AC 

(DCP)OH----O(AC) 
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(DCP)OH----OH(AC) 

DCP+(AC)CHO (DCP)OH----OHC (AC) 

DCP+(AC)COOH (DCP)OH----HOOC(AC) 

-29.14 

-103.44  
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-97.68  1.68 (H
DCP

----O
AC

) 
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adsorption energy for the (DCP)OH----C(AC) system was found to be -23.49 kJ/mol, indicating 

that the adsorptive interaction between AC and DCP is favorable. 

3.4.6.2. DCP adsorption on activated carbon with the function of -CCO 

The adsorptive interactions of DCP and activated carbon with the function of -CCO was studied 

i.e. (DCP)OH----OC(AC). As seen from Figure 3.12 (b) the optimized interaction structures of 

(DCP)OH----OC(AC), and Table 3.4 lists the lengths of their corresponding bonds. The 

adsorption energy of (DCP)OH----OC(AC) interactions corresponded to - 97.68 kJ/mol and 

their HDCP-OACCO bond length of (DCP)OH----OC(AC) mode of interaction was 1.68 Å. The 

negative adsorption energies of (DCP)OH----OC(AC) indicate that it is favorable in the process 

of adsorption. 

3.4.6.3. DCP adsorption on activated carbon with the function of -CO-  

The interaction of -CO- functionalized activated carbon (AC-O) with the -OH group of DCP 

results in the bond formation of OHDCP----OAC. Figure 3.12 (c) shows the (DCP)OH----O(AC) 

interaction structure that was optimized. The O-H bond length of DCP increases from 0.97Å to 

1.02 Å and the C=O bond length of AC-O from 1.25 Å to 1.29Å. Thus, the C=O bond of -CO- 

functionalized activated carbon and the O-H bond of DCP become weaker, which might be 

attributed to the electron cloud being displaced more in the direction of the adsorption site. The 

adsorption energy of (DCP)OH----O(AC) was calculated to be -52.92 kJ/mol. As a result, all 

these findings suggest that DCP adsorption on -CO- functionalized activated carbon is 

advantageous. 

3.4.6.4. DCP adsorption on activated carbon with the function of -OH  

The adsorption of DCP onto the OH-functionalized AC surface was investigated using two 

types of interactions: (DCP)HO----HO(AC) shown in Figure 3.12 (d) and (DCP)OH----

OH(AC) shown in Figure 3.12 (e) represent the optimized interaction structures of (DCP)HO-

---HO(AC) and (DCP)OH----OH(AC) respectively, with the appropriate bond lengths listed in 

Table 3.4. The adsorption energies of (DCP)HO----HO(AC) and (DCP)OH----OH(AC) 

interactions were found to be -29.14 kJ/mol and -103.44 kJ/mol. The bond length of the ODCP-

HAC mode of interaction corresponded to 1.77Å while the bond length of HDCP-OAC 

corresponded to 1.00 Å. The shorter bond length of the HDCP-OAC system is shorter and the 

greater negative value of adsorption energy implies that the (DCP)OH----OH(AC) mode of 

interaction is more preferable to the (DCP)HO----HO(AC) form. 
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3.4.6.5. DCP adsorption on activated carbon with the function of -CHO 

To understand the adsorption of DCP adsorption on activated carbon with the function of -CHO 

i.e. (AC-CHO), the DCP interacts with AC-CHO via forming hydrogen bonds between its 

Hydrogen atom of DCP and an oxygen atom of AC-CHO, as presented in Figure 3.12 (f). The 

adsorption energy of (DCP)OH----OCH-(AC) corresponding to -42.40 kJ/mol suggests that the 

DCP adsorption on -CHO functionalized activated carbon (AC-CHO) is favorable. 

3.4.6.6. DCP Adsorption on activated carbon with the function of -COOH 

The adsorption interaction of DCP on activated carbon with the function of -COOH i.e. (AC-

COOH) occurred via the formation of two H-bonds between DCP and AC-COOH. The H-atom 

of AC-COOH formed a hydrogen bond with the O-atom of the DCP (HAC-COOH ----ODCP) at the 

same time as additional hydrogen bonds formed between the H-atom of DCP and O-atom of 

AC-COOH and (HDCP----OAC-COOH). The optimized structures are shown in Figure 3.12 (g). The 

ODCP---HAC-COOH and HDCP----OAC-COOH adsorption energy were determined to be -46.12 kJ/mol, 

with a bond length of 1.77 Å and 1.75 Å respectively. As a result of these findings, it appears 

that DCP adsorption on activated carbon with a function of -COOH is preferred. 

3.4.7. Relative adsorption energies of DCP on bamboo sheath activated carbon 

A relative investigation of the adsorption interaction of DCP onto surface functional groups of 

activated carbon was determined by considering their relative adsorption energies. Different 

optimized configurations of adsorbate and adsorbent are given in Figure 3.13. Among the 

various functional group found on the AC surface, AC with functions of –CCO, -CO-, -OH, -

CHO, and –COOH i.e. (AC-CO), (AC-O), (AC-OH), (AC-CHO) and (AC-COOH) were 

considered in this study. The interaction of the H-atom (from HO group) of DCP with the 

oxygen atom of OH-AC i.e. (DCP)OH----OH(AC) was shown with the highest negative 

adsorption energy in comparison to HOC-AC, HOOC-AC, OC-AC, and O-AC. Thus, the 

results confirmed that the introduction of hydroxyl groups on the surface of activated carbon 

improved the binding of DCP and strengthen the hydrogen bond with the AC surface as 

compared to all the other HO-AC, HOC-AC, HOOC-AC, OC-AC, and O-AC. In the sequence 

shown below, the relative adsorption energies and stability of the various forms of interactions 

decreased. 

(DCP)OH----OH(AC)>(DCP)OH----OC(AC)>(DCP)OH----O(AC)>(DCP)OH----

HOOC(AC)>(DCP)OH----OHC(A)>(DCP)HO----HO(AC) 
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Figure 3. 13. Relative energy diagram of DCP adsorption on functionalized activated carbon 

surfaces. 

 

3.4.8. Comparative study of bamboo sheath activated carbon with other adsorbents 

To understand the relative effectiveness of the produced BSAC for DCP removal from aqueous 

solution, a comparative study of the prepared activated carbon with various other adsorbents in 

the literature was made. The bamboo sheath activated carbon's maximum adsorption capacity 

(qm), as determined by the Langmuir isotherm, was compared to the qm of various other 

adsorbents described in the literature. Table 3.5 shows the results of the comparison, and it is 

observed that the current activated carbon has a better adsorption capacity for 2,4-

dichlorophenol than other adsorbents in the literature. As a result, waste bamboo sheath 

activated carbon could be used as a good optional adsorbent for removing DCP chemicals from 

waste water. 

 

Table 3.5. Comparative study of adsorption capacity of various adsorbents. 

Adsorbate Adsorbent Adsorption 

capacity (mg/g) 

Reference 

2,4-

dichlorophenol 

Bamboo sheath 37.29 Present case 

Plantain peels 14.25  [50] 

Palm pith carbon 19.16 [51] 

Coconut coir pith 19.12 [52] 
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Maize cob carbon 17.94  [53] 

Oil palm empty fruit bunches 27.25 [15] 

Phanerochaete chrysosporium 

biomass 

11.62 [54] 

Grapefruit 

Peel-derived carbon material 

22.09 [55] 

 Rice straw 36.85 [56] 

 Guava seed (Psidium Guajava) 20.9  [22] 

 

3.4.9. Cost analysis 

Cost estimate is a key aspect in determining the efficacy of the method used. The whole 

approximate cost of producing 250 g of BSAC was estimated, which included the prices of 

electricity, raw material, water, HCl, and KOH. The approximate cost analysis and the 

comparative cost studies are given in Table 3.6 and Table 3.7 respectively. The approximate 

cost for the production of 250 g BSAC was found to be ₹ 478. This cost was found to be lower 

than those commercially available carbon considered for the present study, indicating that the 

bamboo sheath activated carbon could be used as an economical adsorbent in various 

environmental applications. 

 

Table 3.6. Cost estimates for production of 250 g BSAC. 

 

Table 3.7. Comparative cost of BSAC with some commercially available activated carbon. 

Materials Consumption 

(approx.) 

Cost  

(approx.) 

KOH 500 g ₹ 420 

HCl 200 ml of 0.1 M HCl ₹1 (307/500 ml) 

Raw precursor 1.5 kg ₹0 

Electricity 14 kWh ₹42 

Water 50 L ₹15 

Total Cost/250 g 

(in Rupees) 

      ₹478 

*1 dollar ($) =Approx.74.37. Rupees (₹) 

Brand Cost/250 g 

Activated carbon (Merck) ₹7,059.60 

Activated charcoal (Merck) ₹9,179.70 
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3.6. Conclusion 

Waste bamboo sheath is inexpensive, indigenous and easily available in large quantity. Based 

on the experimental and theoretical investigations of the present work BSAC proved to be one 

of the powerful precursors capable of removing DCP from aqueous solutions. The SEM image 

revealed that the synthesized carbon has cylindrical pores with sizes ranging from 10 to 30 μm, 

and the XRD data confirmed that the synthesized carbon contains graphite-like micro 

crystallites. The batch adsorption suggested a maximum DCP removal efficiency of 95.5 % 

under optimum conditions. The data obtained for the adsorption process was found to be best 

fitted in Langmuir isotherm model, indicating a monolayer coverage of the adsorbent with a qm 

of 37.29 mg/g. The pseudo second order kinetic model described better adsorption kinetics with 

R2 value of 0.99 indicating that the adsorption process was a chemisorption. The 

thermodynamic studies suggested that the adsorption process is endothermic, temperature-

dependent, and spontaneous. DFT simulations also revealed that DCP adsorbs well on activated 

carbon. The -OH group interacts most strongly with DCP among the several functional groups 

(-CHO, -CO-, -CCO, -COOH) utilized to functionalize activated carbon. These findings imply 

that functionalizing activated carbon with -OH group may improve its interaction with DCP, 

resulting in improved adsorption. The results obtained along with the free and wide availability 

of waste bamboo sheath proves that it could be used as a potential raw material for the 

preparation of low-cost and effective AC. The synthesized BSAC shows great potential as 

adsorbents in the treatment of wastewater. In addition, theoretical investigations could provide 

critical insights into the interaction of AC surface and the adsorbate which can help in the design 

and development of AC with improved adsorption properties. 

 

 

Activated charcoal, NORIT(R) SA 2, 

Thermo Scientific™ 

₹ 4,434.00 

Activated charcoal, NORIT(R) A 

SUPRA, Thermo Scientific™ 

₹ 20,117.085 

Activated charcoal DARCO® (Merck) ₹5361.30 

Charcoal activated (Merck) ₹8,760.00 

Activated Charcoal Norit®(Sigma-

Aldrich) 

₹4,761.90 

BSAC (present case) ₹478 
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CHAPTER 4 

 

PHOTOCATALYTIC DEGRADATION OF THE 

ORGANOPHOSPHORUS INSECTICIDE CHLORPYRIFOS IN 

AQUEOUS SUSPENSIONS USING A NOVEL ACTIVATED CARBON 

ZrO2-ZnO NANOCOMPOSITE UNDER UV LIGHT 

This chapter deals with the photocatalytic degradation of the organophosphorus insecticide 

Chlorpyrifos in aqueous suspensions using Schima wallichii activated carbon supported on 

Zirconium dioxide-Zinc oxide (SWAC/ZrO2-ZnO) nanocomposite in UV light. Analytical 

techniques such as XRD, FT-IR, TEM-SEAD, XPS, PL and BET analyzer were used to 

characterize the SWAC/ZrO2-ZnO nanocomposite. SWAC/ZrO2-ZnO nanocomposite has a 

BET surface area of 223.387 m²g-1 and a total pore volume of 0.1845 cm3g-1. The chlorpyrifos 

photocatalytic degradation followed pseudo-first-order rate kinetics with a half-life period (t1/2) 

of 7.088 mins and Kap (apparent rate constant) of 0.09778 min-1. The mechanism of composite 

formation was explained using DFT investigations, which demonstrated a favourable 

immobilization of ZrO2-ZnO on SWAC. Chemical descriptors gained from DFT investigations, 

such as HOMO-LUMO energy, ionisation energy, dipole moment, chemical softness, and 

chemical hardness, supported an understanding of the relative efficiency and reactivity of ZrO2-

ZnO and SWAC/ZrO2-ZnO towards chlorpyrifos degradation. 
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4.1. Introduction 

Pesticides are substances designed to control pests. However, their widespread use in industrial 

and agricultural activities has become a matter of concern as the discharges from these sources 

contaminate water systems. Chlorpyrifos (CPs) is a common organophosphate insecticide used 

in agriculture to boost production and protect crops from insects and pests. The presence of 

chlorpyrifos in water can cause skin irritation, headaches, nausea, respiratory failure, stomach 

cramps, and even death in humans [1,2]. Therefore, developing a new and efficient method of 

wastewater treatment is necessary to remove the organic pollutants from the aqueous medium. 

Several novel approaches for chlorpyrifos-containing wastewater treatment have been 

suggested to date. These involve the application of electrochemical degradation [3], ionising 

radiation [4], biodegradation [5] batch adsorption [6], and photocatalytic degradation [7]. Out 

of various approaches, the development of the photocatalytic technique is one of the most 

potential processes for the degradation of organic contaminants due to its ease of use, high 

efficiency, lack of secondary pollution, and low cost [8]. This method takes place in presence 

of light wherein the semiconductor materials absorb the energy of a photon ≥Eg (bandgap) and 

promotes an electron from the valence band to the conduction band. This allows for the creation 

of an electron in the conduction band and a positive hole in the valence band. Thus, the electron 

behaves as a reductant and the positive hole as an oxidant in the photocatalytic method [9]. 

Some of the metal oxide nanoparticle photocatalysts employed for the degradation or removal 

of organic compounds in aqueous media are ZnS (Zinc sulfide), TiO2 (Titanium dioxide), ZnO 

(Zinc oxide), WO3 (Tungsten trioxide), CuO (Copper oxide), and ZrO2 (Zirconium dioxide) 

[10,11]. Under UV radiation, these metal oxides degrade the organic compounds, transforming 

them into harmless end products through various steps. Out of these, ZnO has been extensively 

studied because of its superior photocatalytic activity, stability, non-toxicity, and low cost [12]. 

However, ZnO has disadvantages such as photocorrosion and instability when exposed to light. 

Furthermore, a high recombination rate of photogenerated holes and electrons renders the 

photocatalytic process ineffective [13]. As a result, ongoing attempts are being made to increase 

the photocatalytic activity of ZnO by coupling or doping with metal/metal oxides. The well-

known metal oxide zirconium dioxide (ZrO2) has high thermal stability, excellent corrosion 

resistance, a high dielectric constant, and a wide band gap energy of ~5.0 eV [14]. Although 

the ZrO2 band gap value is insufficient for degradation studies, its monoclinic phase and 

composite form help to improve photocatalytic activity. Further presence of ZrO2 in ZnO/ZrO2 

complexes increases the generation of *OH radicals which is also responsible for the increase 
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in photoactivity. Therefore, the presence of ZrO2 can strengthen the thermo-mechanical and 

chemical stability of ZnO. Simultaneously, the presence of ZnO can reduce the band gap of 

ZrO2 [15]. In addition, ZnO undergoes dissolution at lower pH, but when coupled with ZrO2 it 

can improve the dissolution resistance at lower pH as reported [16]. 

Numerous researchers have concluded that incorporating an adsorbent and a photocatalyst 

system improves the removal percentage of organic pollutants [17,18]. Activated carbon (AC) 

is a type of co-adsorbent widely utilized as key support for the photocatalyst in the treatment of 

wastewater through photocatalytic degradation [20]. AC having high adsorption capacity is 

more preferable as an adsorbent support system for photocatalyst as it can easily absorb organic 

pollutant molecules close to the photocatalytic sites during the adsorption-degradation process. 

[21]. Metal oxides nanoparticles with AC show an excellent adsorbent which provides a large 

number of active sites that can interact chemically with the adsorbents thereby enhancing 

chemisorption [22]. However, earlier reported combinations were based on single photocatalyst 

systems rather than multiple heterojunctions, which might significantly enhance photocatalytic 

performance through electron-hole separation and better light absorption. Thus, in the present 

work, we report a novel nanocomposite that integrates AC with ZrO2-ZnO photocatalyst. 

Quantum chemical approaches have now shown to be a viable means of understanding the 

quantitative structure-activity connection and providing a theoretical foundation for the fast 

selection of highly competent materials [23]. Density functional theory (DFT) is one such 

quantum mechanical modeling approach used to study the electronic structure, properties, 

reactivity, and stability of atoms and molecules [24]. Employing these approaches, several 

researchers have succeeded in anticipating the theoretical reasoning of the reactivity and 

interaction features of nanomaterials [25]. Therefore, the current work strives to provide a 

theoretical basis to explain the reactivity of the AC nanocomposite toward CPs degradation. 

The goal of this research was to investigate the photodegradation of CPs in aqueous solutions 

utilizing ZrO2-ZnO nanoparticles as a catalyst supported on Schima wallichii fruits activated 

carbon. Theoretical investigations were utilized to support experimental data and to study the 

reactivity towards CPs degradation using water as the solvent medium. The schematic 

representation for preparation of activated Carbon/ZrO2-ZnO Nanocomposite under UV light 

is shown in the Figure 4.1 
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Figure 4.1. Schematic representation for preparation of activated Carbon/ZrO2-ZnO 

nanocomposite under UV-light. 

4.2. Materials and methods 

4.2.1. Materials  

Zinc acetate (Zn (CH3COO)2·H2O), Zirconium dioxide (ZrO2) and other chemicals such as HCl, 

NaOH, and KOH were utilized in the present study and were purchased from Sigma-Aldrich. 

Co., India. Tricel (20 % Chlorpyrifos) was purchased from Sumitomo Chemical India Ltd. The 

raw material Schima wallichii fruit utilized for this experiment was obtained directly from 

Nagaland University, Lumami Campus (26◦28’29” N, 94◦50’58” E).  

4.2.2. Synthesis of Schima wallichii activated carbon (SWAC) 

Synthesis of activated carbon was done using Schima wallichii biomass and KOH as an 

activating agent. Schima wallichii activated carbon is referred to as SWAC in all further 

discussions in this paper. In a typical preparation, the collected Schima wallichii biomass was 

properly cleaned with double-distilled water and oven-dried.  Dried samples were carbonized 

by employing a muffle furnace at 600 °C for 1 hour under static conditions in a self-generated 

atmosphere followed by grinding the carbonized sample into a powder form and sieved before 

KOH activation. For activation, an aqueous solution of KOH was prepared by dissolving 20 g 

of KOH in double-distilled water. The impregnation was carried out by mixing KOH solution 

and 10 g carbonized sample in a ratio of 2:1 [26]. The mixture was then stirred for about 1 hour 
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and oven-dried at 105 °C for 24. The mixture was further pyrolyzed in a muffle furnace at 700 

°C for 1 hour under static conditions in a self-generated atmosphere for the activation process. 

Afterward, the sample was then washed with 0.1 M NaOH and 0.1 M HCl followed by doubled-

distilled water until the residual solution attained a neutral pH. The prepared sample was dried 

in an oven and stored in containers for further analysis. 

4.2.3. Preparation of ZrO2-ZnO nanocomposite 

To prepare a ZrO2-ZnO nanocomposite, 2.2 g of Zn (CH3COO)2·H2O and 0.5 g of ZrO2 were 

added to 100 mL double-distilled water while vigorously stirred for 30 mins at room 

temperature. The pH of the mixture was adjusted by adding 2M NH4OH solution until the pH 

reached 9. The mixture solution was then sonicated for 30 mins to attain a homogenous mixture 

[26]. The mixture was then subjected to a stainless Teflon-lined autoclave for the hydrothermal 

process in an oven at the temperature of 160 °C for ⁓12 hours. The product was centrifuged, 

filtered, and washed multiple times with double-distilled water. Finally, after drying in an oven 

at 60 °C overnight.  ZrO2-ZnO nanocomposite was obtained. 

4.2.4. Synthesis of SWAC/ZrO2-ZnO nanocomposite  

For the synthesis of SWAC/ZrO2-ZnO nanocomposite, the mixture of 0.5 g of ZrO2-ZnO 

nanocomposite and 1 g of the prepared SWAC were dispersed in 100 ml double-distilled water, 

and the mixture was agitated for 30 mins at room temperature. Afterward, the precursor mixture 

was sonicated for about 30 mins to attain a homogenous mixture. The SWAC/ZrO2-ZnO 

nanocomposite was further subjected to a Teflon-lined autoclave for ⁓12 hours at 160 °C in an 

oven. Once the hydrothermal process was done, the solution was centrifuged washed with 

double-distilled water several times, and dried in an oven at 65 °C for 24 hours. The synthesized 

SWAC/ZrO2-ZnO nanocomposite was further characterized and its application for the 

degradation of chlorpyrifos was investigated. 

4.2.5. Characterization of the SWAC/ZrO2-ZnO  

Characterization of SWAC/ZrO2-ZnO nanocomposite was done using different analytical 

techniques. The structure of the SWAC/ZrO2-ZnO nanocomposite was assessed using a powder 

X-ray Diffraction (XRD) spectrum (Make: Rigaku Model: Smartlab, Japan).  Fourier 

Transform Infra-Red (FT-IR) spectrometer (Model: Spectrum Two, Made: Perkin Elmer) was 

used to identify the functional groups on the surface of the SWAC/ZrO2-ZnO nanocomposite. 

The morphologies and surface texture of the SWAC/ZrO2-ZnO nanocomposite were studied 

using a Transmission Electron Microscopy (TEM) (Model: JEM-2100, Made: JEOL, JAPAN), 
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BET Surface Area Analyzer (Model: Autosorb iQ MP-AG (2 STAT) Anton Paar) was used to 

investigated the total surface area and total pore volume by N2 adsorption-desorption isotherm 

studies along with the Barrett-Joyner-Halenda model (BJH) pore size distribution of activated 

carbon. EDX analysis for investigating elemental composition. Surface chemical states have 

been investigated using XPS. A Horiba Fluoromax 8-4CP spectrofluorometer with a 150 W 

Xenon Lamp was used to study photoluminescence (PL) spectra. The zero-point charge (pHpzc) 

of the SWAC/ZrO2-ZnO nanocomposite samples was investigated using the batch equilibrium 

method [27]. 

4.2.6. Photocatalysis 

The photocatalytic degradation of CPs was carried out with the use of an ultraviolet light-

assisted photocatalytic device, and details of the photocatalysis experiments are described 

below.  

4.2.6.1. Photocatalytic device 

In this work, photocatalytic degradation of CPs was carried out inside a photocatalytic reactor 

as described in Chapter 2. On top of a magnetic stirrer, a 250 mL Pyrex glass jar containing 50 

mL CPs solution was placed, and a dose of SWAC/ ZrO2-ZnO was stirred with the solution at 

the reactor's bottom. An Ultraviolet light (mercury lamp, 450W) with a maximum wavelength 

of 325 nm was placed 10 cm distance from the reaction mixture. A magnetic stirrer was installed 

directly under the double jacketed glass vessel to ensure that the reaction system was properly 

mixed. To keep the reactor temperature at 25 °C, a constant flow of water was employed 

throughout the reaction system. In addition, a reactor exhaust fan was installed to ensure that 

air was constantly circulated. 

4.2.6.2. Photocatalytic degradation 

The photocatalytic degradation was performed by utilizing a continuous flow of water at room 

temperature throughout the reaction process. A stock solution of 1000 ppm was first prepared 

by dissolving 1 g (5 mL of 20 % of chlorpyrifos) of CPs in 1000 ml double-distilled water. 

Furthermore, 100 ppm, 150 ppm, and 200 ppm were prepared by diluting the stock solution to 

the appropriate concentration. In the present work, the required amount of AC/ZrO2-ZnO 

nanocomposite was dispersed in a 50 ml aqueous solution of varied CPs concentrations by 

vigorous stirring under dark conditions for 30 minutes to achieve adsorption-desorption 

equilibrium. Later, the UV light was switched on to start the photocatalytic reaction, and then 
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(4.2) 

after 10 minute’s intervals, 3 mL of sample was withdrawn and centrifuged for 10 minutes. The 

concentration of residual CPs was determined using a UV-Vis (PerkinElmer UV/Vis -365) 

spectrophotometer at max of 221 nm. The following equations was used to calculate the 

degradation efficiency (R%) of CPs concentration. 

 

𝑅% =  
𝐶𝑜−𝐶𝑒 

𝐶𝑜 
× 100                       (4.1) 

 

where, Co (mg/L) is the initial concentration of CPs, and Ce (mg/L) is the equilibrium 

concentration of CPs. 

4.2.7. Computational studies 

To further understand the reactivity of the SWAC/ZrO2-ZnO nanocomposite, theoretical 

investigations using density functional theory (DFT) were performed. To investigate any 

potential interactions between the activated carbon surfaces and the ZrO2-ZnO catalyst, an 

appropriate structure for the activated carbon surfaces must be designed. According to reports, 

the carbon surfaces are made up of graphite clusters with 12-25 carbon atoms (3–7 carbon rings) 

[26, 29-31]. All the structures in this study were built using the Gauss View 05 software 

package, which was subsequently optimized using the Gaussian 09W software. The 

computations were carried out by B3LYP (Beck's three-parameter hybrid, functional 

correlation of Lee-Yang-Parr hybrid functional method), 6-31G/LanL2DZ basis set in water 

with a dielectric constant (ε = 80) to change the molecule geometry, lower the system's energy, 

and to achieve more stable conformation [31,32]. Quantum chemical parameters such as η 

(chemical hardness), H (HOMO-LUMO energy gap), μ (chemical potential), S (chemical 

softness), and ω (electrophilicity index) were used to comprehend the chemical reactivity of 

SWAC/ZrO2-ZnO nanocomposite. 

4.2.7.1. HOMO-LUMO energy gap 

The chemical reactivity of a molecule is determined by the HOMO-LUMO energy gap (H); 

thus, a high value of the HOMO-LUMO energy gap signifies that the molecule is less reactive 

and more stable. Equation 4.2 gives the HOMO–LUMO energy gap [33]. 

 

H = ELUMO- EHOMO                     (4.2) 
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where ELUMO represents the energy of the lowest unoccupied molecular orbital, whereas EHOMO 

represents the energy of the highest occupied molecular orbital. 

4.2.7.2. Chemical hardness (η) and chemical softness (S) 

The concepts of hardness (η) and softness (S) are important in understanding the behavior of 

chemical systems. The molecular stability increases as hardness increases and thereby its 

reactivity decreases. The chemical hardness (η) of a molecule is given by equation 4.3. The 

molecular stability increases as its softness decreases and thereby its reactivity increases. 

Equation 4.4 gives the chemical softness (S) of a molecule [34]. 

 

𝜂 =  
𝐸𝐿𝑈𝑀𝑂−𝐸𝐻𝑂𝑀𝑂

2
                    (4.3) 

 

𝑆 =  
1

2𝜂
                     (4.4) 

 

4.2.7.3. Chemical potential and electronegativity  

The reactivity of a molecule is determined by chemical potential (μ) and electronegativity (X) 

which are represented by the equations (4.5) and (4.6) respectively [35]. 

 

𝜇 =  
𝐸𝐻𝑂𝑀𝑂+𝐸𝐿𝑈𝑀𝑂

2
                    (4.5) 

 

𝑋 =  
−(𝐸𝐻𝑂𝑀𝑂+𝐸𝐿𝑈𝑀𝑂)

2
                    (4.6) 

 

4.2.7.4. Electrophilicity index 

The electrophilicity index (ω) is a measurement of energy loss caused by maximum electron 

flow between donor and acceptor. The higher the electrophilicity index, the molecule becomes 

more reactive. Electrophilicity index is calculated using equation 4.7 [36]. 

 

𝜔 =  
𝜇2

2𝜂
                     (4.7) 

 

when ω is greater than 1.5 eV, it has a high electrophilicity, ω less than 0.8 eV is considered 

marginal, and when ω is greater than0.8 and less than 1.5 eV is considered moderate. 
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4.3. Results and discussion 

4.3.1. Characterization of the synthesized SWAC/ZrO2-ZnO nanocomposite 

FT-IR analysis confirmed the surface functionalities of the SWAC/ZrO2-ZnO nanocomposite 

(Figure 4.2). Comparisons with previous reports, the wide bands are similar compared to ACs 

obtained from many different biomass sources having functional groups [38-49]. Peaks at 

3432cm-1 and 3690 cm-1 have been ascribed to O-H stretching vibrations of water, alcohol, or 

carboxylic acid, and the band is comparable to previous reports [38,42-49]. The peaks at 3020 

cm-1 appear similar to previous findings and might be due to the presence of aromatic C-H 

stretch vibration [43-44]. Aliphatic C-H stretching vibration may be responsible for the bands 

at 2946 cm-1 and 2852 cm-1 having similar to those reported in earlier reports [38, 43,45,48]. 

The presence of C-O stretch in alcohol, aldehyde, and carboxylic acid might explain the broad 

bands between 1700 and 1750 cm-1 that are similar to previous results [44-48]. The C=C 

aromatic peak was observed around 1562 cm-1 [38,44-48]. The transmittance at 1039 cm-1 and 

1208 cm-1was attributed to C-O stretching in alcohol, carboxylic acid, phenol, ester, or ester 

group derivatives being similar to those reported in earlier reports [38-39, 42-49]. The Zr-O 

vibrational mode is represented by the peak at 744 cm-1. The Zn-O and Zn-O-Zr stretching 

vibrations are represented by the band at 528 cm-1 and 619 cm-1 respectively [40,41]. 

 

 

Figure 4.2. FT-IR spectra of SWAC/ZrO2-ZnO nanocomposite. 

 

The crystal structure of the synthesized SWAC/ZrO2-ZnO nanocomposite was investigated 

using an XRD pattern, as shown in Figure 4.3. The peak at 2θ = 22.9° resembles the 
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characteristic of disordered aromatic carbon structure with miller indices (0 0 2), the intensity 

peak at 2θ= ∼26° and ∼44.17° corresponding to (1 0 0) and (1 0 1) planes of hexagonal 

graphitized carbon (JCPDS 00-025-0284). The presence of hexagonal zincite crystalline 

structure of ZnO is confirmed by the 2θ peaks at 34.43°, 57.16°, and 72.67°, with miller indices 

of (0 0 2), (1 1 0), and (0 0 4), respectively (JCPDS 01-075-1526). Furthermore, an X-ray 

diffractogram of commercial zirconia reveals the presence of a monoclinic phase, whereas an 

X-Ray Diffractogram of hydrothermally treated zirconia reveals cubic and tetragonal phases 

[50].  The ZrO2 peaks were found at 2θ = 30.1° corresponding to the cubic phase (1 1 1) (JCPDS 

01-089-9069) [50], 50.3°, and ∼60° lattice planes (1 1 2), and (1 0 3) correlate to tetragonal 

ZrO2 (JCPDS No. 01-079-1764). As a result, the Debye-Scherer equation was used to calculate 

the average crystalline size of SWAC/ZrO2-ZnO nanocomposite, which was found to be ∼39.41 

nm. 

 

 

Figure 4.3. (a) XRD analysis of synthesized SWAC/ZrO2-ZnO nanocomposite. 

 

TEM investigations revealed the presence of an amorphous SWAC/ZrO2-ZnO-thick layer. 

Simultaneously, irregularly shaped nanoparticles with crystallites ranging in size from a few 

nanometers to several nanometers emerge on the surface of other particles as shown in Figure 

4.4 [51]. Thus, the particle size of synthesized SWAC/ZrO2-ZnO was formed in the range of 

21- 44 nm. 
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Figure 4.4. TEM analysis of synthesized SWAC/ZrO2-ZnO nanocomposite. 

 

The SAED (Selected Area Electron Diffractions) pattern as shown in Figure 4 (c) suggests that 

the material is polycrystalline. The defused character of the material indicates its decreased 

crystallinity, which is predicted owing to the integration of ZrO2-ZnO nanocomposite particles 

inside the activated carbon envelop. The SAED patterns show spotty rings whose interplanar 

distances match with those of XRD crystal planes of hexagonal graphitized carbon (1 0 1), 

hexagonal zincite ZnO (0 0 2), and (0 0 4), and tetragonal ZrO2 (1 1 2) as shown in Figure 4.5 

[32,45]. 

 

 

Figure 4.5. SAED analysis of synthesized SWAC/ZrO2-ZnO nanocomposite. 

 

The XPS analysis was used to ascertain the chemical state of C, O, Zn and Zr contained on the 

surface of synthesized SWAC/ZrO2-ZnO nanocomposite. As shown in Figure 4.6, C, O, Zn, 

and Zr elements coexist on the nanocomposite's surface, with matching peaks at 284 eV (C 1s), 
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532 eV (O 1s), 1024 eV (Zn 2p 3/2), 1044 eV, (Zn 2p) and 184 eV (Zr 3d), respectively. The 

XPS spectra suggested the formation of a SWAC/ZrO2-ZnO nanocomposite [52,53]. 

 

 

Figure 4.6. XPS analysis of synthesized SWAC/ZrO2-ZnO nanocomposite. 

 

Figure 4.7 shows the PL (Photoluminescence) spectra of pure ZnO and the synthesized 

SWAC/ZrO2-ZnO composite. The recombination of electron hole pairs and the emission of 

photons are involved in photoluminescence. As photocatalytic efficiency increases, 

photoluminescence intensity and electron hole recombination efficiency decrease [21,54]. As 

seen in Figure 4.3 (e), ZnO has the highest PL intensity, suggesting the highest rate of electron-

hole recombination. The PL intensity reduces after the formation of the SWAC/ZrO2-ZnO 

nanocomposite, showing that the electron-hole recombination rate lowers, implying that the 

SWAC/ZrO2-ZnO nanocomposite has higher photocatalytic efficiency. 
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Figure 4.7. Photoluminescence analysis of synthesized SWAC/ZrO2-ZnO nanocomposite. 

 

EDX was used to further investigate the elemental compositions of the prepared SWAC/ZrO2-

ZnO nanocomposite (Figure 4.8). The EDX graph revealed that the prepared SWAC/ZrO2-ZnO 

nanocomposite contains 98.05 % carbon, 0.15 % oxygen, 0.58 % Zr and 1.21 % Zn. The 

presence of C, O, Zr and Zn peaks in the EDX graph is due to the use of carbon, Zirconium 

dioxide and Zinc acetate in the preparation of the SWAC/ZrO2-ZnO nanocomposite. 

 

 

Figure 4.8. EDX spectra of SWAC/ZrO2-ZnO nanocomposite. 

 

To investigate the surface area and porosity of the SWAC/ZrO2-ZnO nanocomposite, N2 

adsorption/desorption isotherm studies were performed along with the Barrett-Joyner-Halenda 

model (BJH) pore size distribution. The N2 adsorption/desorption isotherm of the SWAC/ZrO2-

ZnO nanocomposite is depicted in Figure 4.9 (b) (It presented a physisorption isotherm of type 
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I and IV. The presence of micropores in the SWAC/ZrO2-ZnO sample was demonstrated by a 

high adsorption limit at low relative pressure (p/po 0.99). The formation of a large number of 

mesopores in the SWAC/ZrO2-ZnO nanocomposite was demonstrated by the H4 type hysteresis 

loop at a relative pressure p/po range of 0.4 to 1.0, which results from mesopores filling and 

emptying by capillary condensation. SWAC/ZrO2-ZnO nanocomposite has a BET surface area 

of 223.387 m²g-1 and a total pore volume of 0.1845 cm3g-1. From the desorption branches of 

the isotherms, the pore size distributions were calculated using the BHJ as shown in Figure 4.9 

(a), the pore size distribution of SWAC/ZrO2-ZnO was primarily narrow, with an average 

diameter of 3.81 nm. 

 

 

Figure 4.9. (a) Pore size distribution and (b) N2 adsorption/desorption isotherm studies of the 

SWAC/ZrO2-ZnO nanocomposite. 

 

4.3.2. Photocatalytic activity 

4.3.2.1. Effect of SWAC/ZrO2-ZnO nanocomposite dosage 

The photocatalytic activity of the synthesized SWAC/ZrO2-ZnO nanocomposite for the 

degradation of CPs solutions was investigated at various doses (0.01-0.10 g) and for various 

concentrations (100 ppm, 150 ppm, and 200 ppm). For all CPs concentrations, the percentage 

of CPs degradation increased with the increase of nanocomposite doses till 0.05g (Figure 4.10). 

Under UV light irradiation for 50 minutes, the maximum percentage of degradation (97 %) was 

achieved for 100 ppm CPs concentration at the dosage of 0.05g SWAC/ZrO2-ZnO 

nanocomposite.  
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As the catalyst loading increases, the number of active sites in the solution increases, while UV 

light penetration reduces due to the high particle concentration, resulting in lower CPs 

degradation. Similar studies on other catalysts have been reported in the literature [8,55-56]. 

Thus, for further studies, 0.05 g of the SWAC/ZrO2-ZnO nanocomposite was taken to be the 

optimal dosage for CPs degradation process. 

 

 

Figure 4.10. (a) Effect of SWAC/ZrO2-ZnO nanocomposite dosage in the degradation of CPs 

solution. 

 

4.3.2.2. Effect of pH on CPs concentration 

To determine the optimal pH for CPs degradation, the experiment was carried out at different 

pH ranges from 2 to 10 with an initial CPs concentration of 100 ppm, nanocomposite dose of 

0.05 g, UV light irradiation time of 50 mins, and temperature of 298 K. Figure 4.11 shows the 

photodegradation of CPs increases with an increase in pH from 2 to 6 and decreased thereafter 

in a basic medium. The pHzpc (zero point charge) of SWAC/ZrO2-ZnO nanocomposite was 

found to be 6.8, which signifies that, the surface of the SWAC/ZrO2-ZnO nanocomposite is 

negatively charged above this pH and positively charged below this pH. Therefore, at lower 

pH, a positively charged photocatalyst surface is likely to have a higher electrostatic attraction 

affinity towards oppositely charged CPs solution. In basic conditions, hydroxyl radicals behave 

as weak acids, forming less reactive -O ions upon reaction with -OH ions. Furthermore, at basic 

pH, the breakdown of H2O2 to H2O and O2 occurs more quickly, resulting in decreased 

photocatalytic activity. Similar studies on other catalysts have been reported in the literature 

[9,56-57]. Therefore, at lower pH, a positively charged photocatalyst surface is likely to have a 

higher electrostatic attraction affinity towards oppositely charged CPs solution. As a result, the 

optimal pH for CPs photodegradation was found to be pH 6.0. 
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Figure 4.11. Effect of pH in the degradation of CPs solution. 

 

4.3.2.3. Effect of initial CPs concentration and light irradiation time 

The effect of initial concentration on the rate of CPs degradation was studied at varied CPs 

concentrations (100, 150, and 200 ppm) at the optimal dosage of 0.05 g SWAC/ZrO2-ZnO 

nanocomposite and pH=6). A graph of CPs removal % Vs time is shown in Figure 4.12. After 

50 minutes of UV light irradiation, 100 % degradation of CPs was observed for a 100 ppm 

solution. On the other hand, the removal percentage for 150 ppm and 200 ppm concentrations 

of CPs, was reduced to 80 percent and 70 percent, respectively. As a result, for all subsequent 

experiments, the optimal concentration is determined to be 100 ppm.  

 

 

Figure 4.12. Effect of initial CPs concentration and light irradiation time in the degradation of 

CPs solution. 
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In addition, the lesser availability of hydroxyl radical species in the reaction media might 

explain why the CPs degrades more slowly. Photocatalytic degradation is started by reactive 

hydroxyl radicals produced as a result of light exposure, and the degradation process occurs 

mostly on the nanocomposite's surface. When the CPs concentration increases, light particles 

become trapped between the CPs particles and are unable to reach the nanocomposite surface 

[55]. As a result, the formation of reactive hydroxyl radicals decreases, and the breakdown of 

CPs decreases. 

4.3.2.4. Effect of temperature 

The effect of temperature on the degradation of CPs was examined at 301, 303, 308, and 311 

K while maintaining the other parameters constant (dosage of 0.05 g SWAC/ZrO2-ZnO 

nanocomposite, 100 ppm CPs solution, and pH= 6 for 50 minutes). Figure 4.13 depicts a plot 

of percentage removal of CPs vs temperature. It was observed that with increases in temperature 

the removal percentage of CPs decreased [58]. 

 

 

Figure 4.13. Effect of temperature in the degradation of CPs solution. 

 

4.3.3. LC-MS analysis of CPs degradation  

LC-MS spectra (Make: INKAR, Model: Expression-S) is utilized to identify the degraded 

products after the photocatalytic reaction. Figure 4.14 represents the spectra of the reaction 

mixture after 50 mins of UV irradiation. Based on the detected components from mass spectra, 

an effort has been made to understand the degradation process in detail shows the product obtain 

were given in the Table 4.1 shows the components that have been identified. The decomposition 

process of CPs proceeds in a similar way as reported in the literature [8,59]. Photodegradation 

occurs via a free radical process, and the possible mechanism is illustrated in Figure 4.15. 



Chapter 4                                                                                            Photodegradation of Chlorpyrifos 

106 
 

 

Figure 4.14. LC-MS spectra of the photolytic degradation products of CPs. 

 

Table 4.1. LC-MS analysis of photodegraded chlorpyrifos. 

Sl. No. Photodegradation products m/z Probable structure 

1 O-(5,6-dichloro-3-hydroxypyridin-2-yl) 

O,O-diethyl phosphorothioate 

332 

 

2 O-(6-chloro-3,5-dihydroxypyridin-2-yl) 

O,O-diethyl phosphorothioate 

312 

 

3 O-(5,6-dichloro-3-hydroxypyridin-2-yl) 

O,O-dihydrogen phosphorothioate 

270.5 

 

4 O,O-diethyl O-hydrogen phosphorothioate 169.3 

 

5 5,6-dichloropyridin-3-ol 163.2 

 

6 2-chloropyridine-3,5-diol 144.4 

 

7 pyridine-2,3,5-triol 128 

 
8 Phosphorothioic O,O,O-acid 114.2 

 
9 phosphoric acid 97 

 
10 Pyridine 79.3 

 
11 2-aminoethan-1-ol 62 

 
12 acetic acid 60.3 

 
13 Ethanol 46.5 

 



Chapter 4                                                                                            Photodegradation of Chlorpyrifos 

107 
 

 

Figure 4.15. Photocatalytic degradation pathways of CPs using SWAC/ZrO2-ZnO 

nanocomposite. 

 

4.3.4. Photodegradation kinetics of chlorpyrifos 

The kinetic studies were carried out at optimum conditions i.e., with 100 ppm CPs solutions 

(50 ml), pH at 6, irradiation time of 50 mins, and 0.05 g of SWAC/ZnO-ZrO2 nanocomposite. 

The photocatalytic performance of the CPs concentration was determined by employing the 

Langmuir-Hinshelwood model [57]. The kinetics study was described using pseudo first-order 

rate and the half-life period. The equations are given as follows. 
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𝑙𝑛(𝐶𝑜/𝐶)  =  𝑘𝑎𝑝𝑡                    (4.8) 

 

𝑡1/2 =  
𝑙𝑛 2

𝑘𝑎𝑝
                     (4.9) 

 

where Co denotes the CPs initial concentration, C denotes the concentration at time t, Kap 

denotes the apparent reaction rate constant, and t1/2 denotes the half-life period. 

 

 

Figure 4.16. Pseudo first-order rate kinetics of CPs degradation loaded on SWAC/ZrO2-ZnO 

nanocomposite. 

 

For the SWAC/ZrO2-ZnO nanocomposite, the linear plot of ln (Co/C) vs time shows a strong 

correlation coefficient (R2 value: 0.99), indicating that the CPs degradation follows pseudo-

first-order rate kinetics (Figure 4.16). The photocatalytic rate constant (Kap)value was derived 

from the slope of the curve to be0.09778 min-1 and t1/2 was calculated using equation (12) to be 

7.088 mins. 

4.3.5. Catalyst efficiency for the degradation of CPs 

The experiment was performed using different catalysts such as pristine ZrO2, pristine ZnO, 

and prepared SWAC/ZrO2-ZnO nanocomposite while maintaining all other parameters at 

optimum condition (dose of 0.05 g, initial CPs concentration of 100 ppm, and UV light 

irradiation time of 50 minutes).In all situations, the prepared SWAC/ZrO2-ZnO nanocomposite 

catalysts surpass the pristine catalysts in terms of photocatalytic activity towards CPs 
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degradation (Figure 4.17). The decreasing order of photocatalytic efficiency towards CPs 

degradation are as follows:  prepared SWAC/ZrO2-ZnO (100 %)>pristine ZnO (65 %)>pristine 

ZrO2 (54 %). This suggests that photocatalytic activity improved after ZnO was doped with 

ZrO2 supported by activated carbon.  

 

 

Figure 4.17. Photocatalytic activity test of CPs degradation by ZrO2, ZnO and synthesized 

SWAC/ZrO2-ZnO nanocomposite. 

 

4.3.6. Effect of radical scavengers on photocatalytic degradation of CPs 

The type and amount of reactive oxidation species produced by photo-generated electrons and 

holes are closely related to photocatalytic activity. Four scavengers were used to explore the 

reactive species in the photocatalytic reaction process to further detect the main reactive 

oxidative species in the photocatalytic process for elucidating the photocatalytic mechanism. 

Scavengers for hydroxyl radicals (*OH), holes (h+), superoxide radicals (*O2-), and electrons 

(e-) were glycine, EDTA, BQ (p-benzoquinone), and CuSO4 in this experiment. As 

demonstrated inFigure 4.18, the percentage removal decreases from 100 % to 54.0 % (Glycine), 

66.7 % (EDTA), 77.3 % (CuSO4), and 60.0 % (BQ). In the addition of four types of scavengers 

significantly reduces the photodegradation efficiency of the SWAC/ZrO2-ZnO nanocomposite, 

indicating that *O2-, h+, e- and *OH may be the active species on the CPs degradation in the 

system. More importantly, the promoting effect of these reactive oxidation species decreases in 

the following order: hydroxyl radical (*OH)> superoxide radical (*O2-)> hole (h+) > electron 
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(e-). These findings clearly show that the most important reactive oxidation species, *OH, h+, 

e- and *O2- are significantly increased in the SWAC/ZrO2-ZnO nanocomposite. 

 

 

Figure 4.18. Photocatalytic degradation of CPs in the presence of different scavengers using 

SWAC/ZrO2-ZnO nanocomposite. 

 

4.3.7. Nanocomposite reusability and photostability 

The reusability of the produced nanocomposite for photocatalytic CPs degradation was tested 

for six cycles. To reuse the nanocomposite, the nanocomposite remaining in the reaction 

medium was separated by centrifuging the solution after each photocatalytic reaction. The 

nanocomposite was then washed with double distilled water and oven dried. The dried 

nanocomposite was then employed for photocatalytic CPs degradation (Figure 4.19). The CPs 

degradation rate in the first cycle was 100 %, which decreased to 92.60 % in the second cycle, 

88 % in the third cycle, 83 % in the fourth cycle and for the fifth cycle it degraded upto 74 %. 

With increasing usage, the degrading efficiency of the nanocomposite decreases significantly. 

This decrease in degradation efficiency might be attributed to a decrease in unoccupied 

adsorption sites on SWAC/ZrO2-ZnO nanocomposite for CPs adsorption. It might also be 

owing to the release of photoactive substances from the SWAC/ZrO2-ZnO nanocomposite 

during the recycling process.  The degradation efficiency of the nanocomposite was found to 

be approximately 68 % in the sixth cycle, indicating that the SWAC/ZrO2-ZnO nanocomposite 

still has outstanding utilisation capacity after numerous cycles. 
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Figure 4.19. CPs degradation efficiency of SWAC/ZrO2-ZnO nanocomposite upto six cycles. 

 

4.3.8. Computational studies 

Theoretical investigations were used to get insight into the reactivity of SWAC/ZrO2-ZnO 

nanocomposite. For the current study, four fused benzene ring configurations were used to 

model SWAC [60]. SWAC was coupled with ZrO2-ZnO through the formation of hydrogen 

bonding via O-linkage of the O-Zr-O bond in SWAC/ZrO2-ZnO nanocomposite. The optimized 

molecular structures of ZrO2-ZnO and SWAC/ZrO2-ZnO composite, as well as their HOMO 

and LUMO structures, are shown in Figure 4.20. 
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Figure 4.20. HOMO and LUMO molecular orbital of ZrO2-ZnO and SWAC/ZrO2-ZnO 

nanocomposite. 

 

Table 4.2 shows the quantum chemical descriptors and calculated values of ZrO2-ZnO and 

SWAC/ZrO2-ZnO nanocomposite, including HOMO-LUMO band gap energies, ionization 

potentials, and dipole moment. The dipole moment increases from 19.0179 to 37.2082 Debye 

and the energy gap decreases from 0.05745 to 0.02364 eV when ZrO2-ZnO is introduced into 

SWAC, as shown in the table. These modifications imply that the nanocomposite material 

produced is extremely reactive and has a favourable interaction. 

 

Table 4.2. Calculated molecular properties of ZrO2-ZnO and SWAC/ZrO2-ZnO 

nanocomposite. 

System Dipole moment Frontier orbital and energy gap 

X Y Z Total 

dipole 

moment 

(Debye) 

HOMO 

(eV) 

LUMO 

(eV) 

Energy 

gap (eV) 

ZrO2-ZnO -2.5874 -18.8411 0 19.0179 -0.14267 -0.08522 0.05745 

SWAC/ZrO2-

ZnO 

36.9314 3.1858 -3.2303 37.2082 -0.19174 -0.16810 0.02364 

 

The HOMO-LUMO band gap energies of SWAC/ZrO2-ZnO nanocomposite are compared to 

those of other Catalysts described in the literature in Table 4.3. According to the table, the 

HOMO-LUMO band gap energies of SWAC/ZrO2-ZnO nanocomposite have a lower energy 

gap than other catalysts. As a result of these modifications, the nanocomposite material formed 

is extremely reactive and has a favourable interaction. 

Table 4.3. Show the energy gap of different catalysts. 

System Energy gap (eV) Reference 

SWAC/ZrO2-ZnO 0.02364 Present case 
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ZnBTC 2.3004 [61] 

Mg(H2BTC)2(H2O)2 3.57 [62] 

TiO2‑NP/PAC composite 0.02501 [23] 

SWCNTs 1.16 [64] 

 

The molecular chemical descriptors of ZrO2-ZnO and SWAC/ZrO2-ZnO nanocomposite are 

shown in Table 4.4. The chemical hardness (η) of SWAC/ZrO2-ZnO was found to be lower 

than that of ZrO2-ZnO. Moreover, The chemical softness (S) of SWAC/ZrO2-ZnO 

nanocomposite is greater than ZrO2-ZnO indicating that SWAC/ZrO2-ZnO nanocomposite had 

a higher reactivity than ZrO2-ZnO [52]. These results signify that by doping ZrO2-ZnO 

nanoparticles into activated carbon, the reactivity of the nanocomposite increases. Also, 

SWAC/ZrO2-ZnO possesses greater electronegativity value (X=0.17992 eV) and 

electrophilicity index (ω=1.3693 eV) than ZrO2-ZnO (X= 0.11394 eV, ω= 0.0009 eV) 

suggesting that it is a better electron acceptor. Moreover, the μ value of the SWAC/ZrO2-ZnO 

nanocomposite is lower than that of ZrO2-ZnO, indicating that it is easier to gain electrons 

rather than to lose an electron. 

As a result of this computational work, it is clear that incorporating ZrO2-ZnO into SWAC 

improves its reactivity, which increases its effectiveness in removing CPs. Thus, these 

theoretical investigations help in the selection of highly effective materials for pollution 

removal by providing a theoretical concept of the reactivity of the materials. 

 

Table 4.4. Molecular chemical descriptors of ZrO2-ZnO and SWAC/ZrO2-ZnO 

nanocomposite. 

System η (eV) S (eV) μ (eV) ω (eV) X (eV) 

ZrO2-ZnO 0.028725 14.406 -0.11394 0.0009 0.11394 

SWAC/ZrO2-ZnO 0.01182 42.301 -0.17992 1.3693 0.17992 

 

4.3.9. Comparative study of SWAC/ZrO2-ZnO nanocomposite with other nanocomposite 

materials 

Table 4.5 presents a comparative study of SWAC/ZrO2-ZnO nanocomposite with other 

nanocomposite materials described in the literature to comprehend the degradation efficiency 
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of CPs. This suggests that the SWAC/ZrO2-ZnO nanocomposite has a relatively high activity 

under ideal circumstances and is a viable photocatalyst for the removal of CPs in water. 

Table 4.5. Comparative study of chlorpyrifos removal percentage (%) with other 

nanocomposite materials. 

Organic pollutant Nanocomposite materials Removal 

percentage (%) 

Reference 

Chlorpyrifos SWAC/ZrO2-ZnO nanocomposite 100 Present case 

CFGO/ZnO nanorod composite 99.4  [64]  

CuO/TiO2/PANI nanocomposite 95 [56]  

CeO2/TiO2/SiO2 nanocatalyst 90.8 [57]  

Fe: ZnO nanocomposite 93.5 [65]  

ZnS nanoparticles 85.29 [66]  

TiO2/H2O2 74.38 [67]  

CoFe2O4@TiO2/rGO nanocatalyst 89.9 [11] 

CuS/BSC heterojunction system > 95% [68] 

 

4.4. Conclusions 

In the present study, a novel SWAC/ZrO2-ZnO nanocomposite was developed by effectively 

immobilizing a ZrO2-ZnO photocatalyst on SWAC using a hydrothermal technique. FTIR, 

XRD, TEM-SEAD, XPS, LC-MS, and PL instruments were used to characterize SWAC/ZrO2-

ZnO nanocomposite. The XRD analysis showed that the SWAC/ZrO2-ZnO nanocomposite 

crystal size was found to be 39.41 nm. The LC-MS analysis revealed that the CPs molecule had 

been fragmented into smaller m/z ratios. The insecticide chlorpyrifos (100 ppm) was degraded 

(100 %) with a 0.05 g dose of SWAC/ZrO2-ZnO nanocomposite under UV light irradiation for 

50 mins at pH 6. SWAC/ZrO2-ZnO nanocomposite photodegradation of CPs follows pseudo 

first-order kinetics. Density functional theory (DFT) simulations also revealed the formation of 

hydrogen bonding via O-linkage of the O-Zr-O bond with SWAC to form chemically reactive 

SWAC/ZrO2-ZnO nanocomposite. Thus, the SWAC/ZrO2-ZnO nanocomposite could serve as 

a promising photocatalyst for the degradation of chlorpyrifos from an aqueous solution. 
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CHAPTER 5 

 

PHOTOCATALYTIC DEGRADATION OF CHLORPYRIFOS USING Fe-

DOPED ZnO/ACTIVATED CARBON NANOCOMPOSITE 

This chapter discusses the synthesis of Iron-Zinc dioxide nanocomposite supported on activated 

carbon. The nanocomposite was produced using a hydrothermal process, and its 

physicochemical characterization was carried out using several analytical methods such as 

Transmission Electron Microscope (TEM), X-Ray Diffractometer (XRD), Fourier Transform 

Infra-Red (FT-IR), Photoluminescence (PL), and UV-Visible Diffuse Reflectance Spectroscopy 

(DRS). The photocatalyst was utilised to degrade chlorpyrifos (CPs) from an aqueous solution 

using visible light irradiation. The degrading performance of the catalyst was investigated by 

different catalyst doses, CPs concentrations and light irradiation time, and pH of the solution. 

The degradation products were examined using LC-MS. The effect of various interfering ions 

on photocatalytic degradation of CPs as well as the reusability of the nanocomposite were also 

studied. 
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5.1. Introduction 

Over the last century, pesticides have played a pivotal role in increasing agricultural production 

and also used in urban households. This is because of their efficiency, affordability, and 

immediate toxicity [1]. However, it has been found that pesticides have negative impacts on 

species and can be harmful to human health [2-4]. For example, chlorpyrifos is an 

organophosphorus pesticide that is widely used to control insect and pest in various crops such 

as fruit, grain, vegetable, cotton as well as ornamental plants etc. The excessive use of 

chlorpyrifos can result in neurological disorders, growth abnormalities, brain cell replication, 

intracellular oxidative stress, and therefore interrupting normal cellular development and 

differentiation. Furthermore, exposure to chlorpyrifos during pregnancy may result in mental 

abnormalities in children. Pesticides containing chlorpyrifos are the most common pollutants 

in water sources, harming not only farmers but also spreading over long distances due to their 

prolonged durations [5,6]. As a result, removing chlorpyrifos from water systems is an urgent 

task [7]. Several techniques have been applied to remove chlorpyrifos pesticides from waste 

water. Among the different strategies available, photocatalysis has been found as the most 

effective and advantageous method for treating wastewater [8]. 

Semiconductor materials such as ZnS (Zinc sulfide), TiO2 (Titanium dioxide), ZnO (Zinc 

oxide), WO3 (Tungsten trioxide), CuO (Copper oxide), and ZrO2 (Zirconium dioxide) are often 

used photocatalysts for the degradation of organic pollutants [9,10]. ZnO is well-known as one 

of the most cost-effective and ecologically friendly wide bandgap semiconductor materials with 

exceptional features, making it suitable for a wide range of applications such as organic 

pollutant photodegradation, optoelectronic devices, solar cells, and sensors [11-13]. However, 

only UV light which makes up around 5 % of the solar spectrum can activate ZnO. As a result, 

several efforts have been made to prepare ZnO photocatalyst that is active in visible light. It 

may be done by doping ZnO with anionic non-metals and transition metals. Among these, 

doping ZnO with transition metal cations has been suggested as a useful technique for 

improving photocatalytic properties of the catalyst under visible light. Numerous studies found 

that Fe doped ZnO nanocrystalline particles have superior photocatalytic activity than pure 

ZnO. It was assumed that Fe (III) cations could serve as shallow traps in the photocatalyst's 

lattice, reducing the rate at which electrons and holes recombined. The best photocatalytic 

activities might be obtained by doping iron at a very low level. In addition to its use as a 

photocatalyst, ZnO and its doped nanoparticles have also been considered as potential 

photocatalysts for degrading of organic pollutants [14,15]. Furthermore, difficulties with the 
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use of ZnO is aggregation in suspension, especially at high loadings, making it more difficult 

to separate and recover after use. Another drawback of ZnO particle is its photo instability in 

aqueous solution and high recombination rate of photogenerated electron-hole pairs, which 

significantly lowers the photocatalytic activity of pure photocatalysts [16,17]. Alumina, zeolite, 

silica gel, fibre optic cable, glass beads, quartz, stainless steels, clays, and activated carbon have 

all been studied as photocatalyst particle supports for these problems [18,19].  

Activated carbon (AC) has been widely studied as a support for photocatalyst during 

photodegradation [20,21]. AC with a high adsorption capacity is desirable as an adsorbent 

support system for photocatalyst because it can readily absorb organic pollutant molecules close 

to the photocatalytic sites during the adsorption-degradation process [22]. Metal oxides 

nanoparticles with AC show an excellent adsorbent which provides a large number of active 

sites that can interact chemically with the adsorbents thereby enhancing chemisorption [23].  

The purpose of this present work is to investigate the photodegradation of chlorpyrifos 

(insecticide) in aqueous solutions utilizing active Fe-ZnO nanoparticles as a catalyst supported 

by activated carbon under visible light.  

5.2. Materials and methods 

5.2.1. Materials  

Zinc Oxide (ZnO), ferric nitrate hexahydrate (98 %), ammonia (25 %), and other chemicals 

such as HCl, NaOH, and KOH utilized in the present study were purchased from Sigma-

Aldrich. Co., India. Tricel (20 % Chlorpyrifos) was purchased from Sumitomo Chemical India 

Ltd. The raw material Schima wallichii was used for this experiment was collected locally from 

Nagaland University, Lumami Campus (26◦28’29” N, 94◦50’58” E).  

5.2.2. Synthesis of activated carbon 

For the present study, Schima wallichii biomass were utilized for activated carbon preparation. 

The detailed preparation procedure and characterization of the activated carbon have already 

been discussed under section 4.2.2 of Chapter 4. The synthesized activated carbon is name as 

of Schima wallichii activated carbon (SWAC) for this study. 

5.2.3. Synthesis of SWAC/Fe-ZnO nanocomposite 

For the synthesis of SWAC/Fe-ZnO nanocomposite, 0.15 g of ZnO nanoparticle was slowly 

added to 1 g of 100 mL ferric nitrate solution and the solution was simultaneously stirred for 

30 minutes. Thereafter, 0.3 g of the as-prepared SWAC was poured slowly into the above 
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mixture and the obtained solution was ultrasonicated for 1 h. Later, the sonicated mixture was 

shifted into a hydrothermal autoclave and kept at 150 ºC inside the oven for 24 h. After the 

hydrothermal treatment, the solution was washed appropriately with double refined water using 

a centrifuge machine so that the solution pH becomes neutral and finally the solution was dried 

at 65 ºC for 12 h. The schematic representation for preparation of activated Carbon/Fe-ZnO 

nanocomposite is shown in the Figure 5.1. 

 

 

Figure 5.1. Schematic representation of the SWAC/Fe-ZnO nanocomposite preparation 

process. 

 

5.2.4. Characterization of SWAC/Fe-ZnO nanocomposite 

The synthesized SWAC/Fe-ZnO nanocomposite was characterized by several analytical 

techniques. The functional groups present on the SWAC/Fe-ZnO nanocomposite were 

identified using Fourier Transform Infra-Red (FT-IR) Spectrometer (Model: Spectrum Two, 

Made: Perkin Elmer). The crystalline phase of the SWAC/Fe-ZnO nanocomposite was obtained 

using an X-Ray Diffractometer (Make: Rigaku Model: Smartlab, Japan). The shape and size 

distribution of the samples were studied by Transmission Electron Microscopy (TEM) (Model: 

JEM-2100, Made: JEOL, JAPAN). A UV-Visible Diffuse Reflectance Spectrophotometer 

(Shimadzu UV-2600) was used to measure the bandgap energy of the SWAC/Fe-ZnO 

nanocomposite. Photoluminescence spectrophotometer (Horiba Fluoromax-4CP 

spectrofluorometer, 150 W Xenon Lamp) was used to obtain the Photoluminescence (PL) 

spectra. BET Surface Area Analyzer (Model: AutosorbiQ MP-AG (2 STAT) Anton Paar) was 

used to investigated the total surface area and total pore volume by N2 adsorption/desorption 
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isotherm studies. The pore size distribution of the sample was obtained based on Barrett-Joyner-

Halenda (BJH) model. The batch equilibrium method was used to determine the zero point 

charge (pHzpc) of the nanocomposite sample [24] and the method has been described in Chapter 

2 section 2.4.10. 

5.2.5. Photocatalytic degradation experiment 

The photocatalytic reaction of chlorpyrifos (CPs) was carried out in a photocatalytic reactor 

consisting of a black box (dimension: 63 × 44 × 44 cm). A 250 mL Pyrex glass jar holding 50 

mL of chlorpyrifos solution was placed above a magnetic stirrer, and an amount of SWAC/Fe-

ZnO nanocomposite was mixed with the solution at the bottom of the reactor. A visible lamp 

with a maximum wavelength of 520 nm (High-pressure mercury lamp, 350 W) was placed at 

the top of the reactor, 10 cm away from the reaction mixture. The photocatalytic process was 

initiated by the use of visible radiation, which reached the SWAC/Fe-ZnO nanocomposite 

photocatalyst via the chlorpyriphos solution. A steady flow of water inside the reaction scheme 

was used to keep the reactor temperature at 25 °C. In addition, an exhaust fan was installed 

within the reactor to provide continuous air circulation. 

For the degradation of CPs, a stock solution of 1000 ppm was first prepared by dissolving 1 g 

(5 mL of 20 % of chlorpyrifos) of CPs in 1000 mL double-distilled water. Furthermore, the 

required concentration was achieved by the dilution of stock solution to various concentrations 

150 ppm, 200 ppm, and 250 ppm. For this study, SWAC/Fe-ZnO nanocomposite was mixed in 

a 50 mL CPs solution of varying concentrations (150, 200 and 250 ppm) by vigorously stirring 

the reaction mixture without exposure to light till 30 minutes so that adsorption-desorption 

equilibrium could be established within the reaction system. After equilibrium was established, 

the concentration of the dye was measured and this was taken as the initial concentration so that 

the adsorption of CPs due to the nanocomposite does not hinder the study of the overall 

photocatalytic effect. Then, the final concentration of the CPs solution was determined using a 

UV-Vis spectrophotometer at λmax of 221 nm and the measurement of the test solution was 

withdrawn after every 10 minutes. The CPs degradation percentage (R%) was calculated by 

equation given below. 

 

𝑅% =  
𝐶𝑜−𝐶𝑒 

𝐶𝑜 
× 100                    (5.1) 

  

where Co and Ce are the concentrations of CPs before and after the photocatalytic treatment. 
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5.3. Results and discussions 

5.3.1. Characterization of the synthesized Fe-ZnO /AC nanocomposite 

The FT-IR spectra of SWAC/Fe-ZnO nanocomposite is shown in Figure 5.2. The existence of 

aromatic C-H stretch vibration might explain the peaks at 3127 cm-1 [25]. C-O stretching in 

phenol, alcohol, carboxylic acid, ester or ester group derivatives was ascribed to the 

transmittance at 1090 cm-1 [26]. The aromatic C=C is responsible for the peak at 1526 cm-1 

[27]. The formation of the Fe-ZnO nanocomposite material is indicated by the peak obtained 

between 540 and 600 cm-1 [28]. The peaks at 568 cm-1 and 479 cm-1 correspond to the stretching 

vibrations of Fe-O and Zn-O, respectively [29,30]. 

 

 

Figure 5.2. FT-IR spectrum of SWAC/Fe-ZnO nanocomposite. 

 

The XRD patterns was used for detecting the crystalline phase of SWAC/Fe-ZnO 

nanocomposite (Figure 5.3). The intensity crystalline peak at 2θ= 26.5° corresponds to (1 0 0) 

planes of hexagonal graphitized carbon (JCPDS card no. 00-008-0415) [31]. The diffraction 

peaks obtained at 2θ value of 30.24° (1 0 0), 33.06° (0 0 2), 35.64° (1 0 1), 40.84° (2 2 2), 

53.94° (4 2 2), and 62.44° (1 0 3) are related to the hexagonal wurtzite crystal structure of pure 

ZnO [32]. The observed diffraction peaks are well matched with the published literature [33,34] 

and standard JCPDS card no. 01-075-1533. Despite the addition of Fe to ZnO, all observed 

peaks were almost similar to pure ZnO, indicating that Fe-doping caused no structural 
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deformation in the ZnO lattice [35]. This demonstrates that Fe ions were successfully 

substituted in ZnO lattice sites. The crystallite sizes of the catalysts were calculated using 

Scherrer's formula, and the average crystal size was found to be 29.9 nm. 

 

 

Figure 5.3.  XRD analysis of synthesized SWAC/Fe-ZnO nanocomposite. 

 

 

Figure 5.4. Morphological (TEM) analysis of SWAC/Fe-ZnO nanocomposite. 

 

Transmission Electron Microscope (TEM) was used to determine the morphology of 

SWAC/Fe-ZnO nanocomposite. The dark background in Figure 5.4 represents activated 
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carbon, and the light parts distributed on its surface are Fe-ZnO nanocomposite [36]. A 

nanorods like F-ZnO has a length ranging from 26 to 45 nm and diameters ranging from 1.9 to 

10 nm were observed on the edges of activated carbon. 

The optical band gap energy (Eg) of an SWAC/Fe-ZnO nanocomposite was determined using 

optical diffuse reflectance spectra (DRS). Eg value was calculated using the following Tauc's 

equation [37]: 

 

αhν = K (hν-Eg)n                                                                                                                                                                             (5.2) 

 

where Eg denotes optical bandgap, hν denotes photon energy, α denotes molar extinction 

coefficient, K is the proportionality constant, and n depends on the type of transition. 

According to reported literature, the Eg value of ZnO is 3.2 eV [9,38] while the Eg values of the 

SWAC/Fe-ZnO nanocomposite is found to be 2.1 eV based on the Tauc plot curve shown in 

Figure 5.5. With the addition of Fe ions in the SWAC/Fe-ZnO nanocomposite, the Eg value of 

ZnO decreased from 3.2 to 2.1 eV which shifts the light absorption in the visible region. 

 

 

Figure 5.5. Tauc plot for calculating optical band gap of synthesized SWAC/Fe-ZnO 

nanocomposite. 

 

Figure 5.6 shows Photoluminescence (PL) spectra of synthetic SWAC/Fe-ZnO nanocomposite 

and pure ZnO. Photoluminescence involves the recombination of electron hole pairs and the 

emission of photons. The intensity of photoluminescence and the effectiveness of electron hole 

recombination decrease as photocatalytic efficiency increases. As seen in Figure 5.6, ZnO has 
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the highest PL intensity, implying the highest rate of electron-hole recombination. Whereas the 

PL intensity decreases drastically after the SWAC/Fe-ZnO nanocomposite is formed, showing 

that the rate of electron-hole recombination is lowered. This suggest that the SWAC/Fe-ZnO 

nanocomposite has a higher photocatalytic efficiency as compared to ZnO. 

 

 

Figure 5.6. Photoluminescence analysis of synthesized SWAC/Fe-ZnO nanocomposite. 

 

Figure 5.7 depicts the N2 adsorption/desorption isotherm and pore-size distribution of the 

SWAC/Fe-ZnO. The isotherm is type IV, and the formation of a large number of mesopores in 

the SWAC/Fe-ZnO was demonstrated by the H4 type hysteresis loop, which occurs when 

mesopores fill and empty by capillary condensation at relative pressures p/po ranging from 0.4 

to 1.0 [39]. The BET surface area of SWAC/Fe-ZnO is 3013.04 m2g-1, and the total pore volume 

is 2.18 cm3g-1. The pore size distributions of SWAC/Fe-ZnO were estimated and confirmed the 

presence of mesopores with pore diameters ranging from 2 to 50 nm. 

 

  

(a) (b) 
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Figure 5.7. (a) Pore size distribution, (b) N2 adsorption/desorption isotherm studies of 

SWAC/Fe-ZnO nanocomposite. 

 

5.3.2. Photocatalytic Activity 

5.3.2.1. Effect of SWAC/Fe-ZnO nanocomposite dosage 

The photocatalytic activity of the SWAC/Fe-ZnO nanocomposite on the degradation of CPs 

solution was investigated using various nanocomposite doses (0.01- 0.10 g) for varied CPs 

solution concentrations (150, 200 and 250 ppm). It can be seen that for all the CPs 

concentration, the percentage of CPs degradation increased with increase the nanocomposite 

doses till 0.05 g (Figure 5.8). The highest percentage of degradation (96.4 %) was obtained for 

150 ppm CPs concentration at the dose of 0.05 g SWAC/Fe-ZnO nanocomposite after 60 

minutes of visible light irradiation. 

For this outcome, there might be a number of possible reasons: (i) SWAC is added to the 

nanocomposite to improve its surface area, which enables more CPs molecules to assemble 

around the SWAC/Fe-ZnO nanocomposite; (ii) The addition of impurity Fe ions to the ZnO 

matrix causes a decrease in the recombination of electron-hole pairs. However, when the dosage 

exceeds 0.05 g, it acts as a recombination centre for the photogenerated electron-hole species, 

causing the nanocomposite's photocatalytic activity to decrease. One possible explanation is 

that as the nanocomposite dosage increases above a certain dose, visible light penetration 

through the reaction mixture decreases due to which less amount of nano catalyst gets excited 

and ultimately less electron/holes and hydroxyl radical were produced, resulting in decrease in 

CPs degradation efficiency [40]. Thus, for further studies, 0.05 g of the SWAC/Fe-ZnO 

nanocomposite dose was chosen to be the optimum dose for the CPs degrading process. 
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Figure 5.8. Effect of SWAC/Fe-ZnO nanocomposite loading in the degradation of CPs 

solution. 

 

5.3.2.2. Effect of initial CPs concentration and light irradiation time 

The effect of initial concentration on the rate of CPs degradation was investigated for different 

CPs concentrations (150, 200, and 250 ppm) at the optimal dosage of 0.05 g SWAC/Fe-ZnO 

nanocomposite and pH= 6). Figure 5.9 shows a graph of CPs removal percentage vs time. At 

60 minutes, the maximum degradation of 96.08 % was recorded for a 150 ppm CPs solution. 

However, the removal percentage of CPs for 200 ppm and 250 ppm concentrations was 

decreased to 79.6 % and 69.9 %, respectively. Thus, for further studies, the optimum CPs 

concentration is chosen to be 150 ppm at contact time of 60 minutes. 

 

 

Figure 5.9. Effect of initial CPs concentration and light irradiation time in the degradation of 

CPs solution. 

 

5.3.2.3. Effect of pH on CPs concentration 

The pH of the solution plays an important role in the photocatalytic studies, as it controls the 

reaction during photodegradation and also affects the formation of hydroxyl radicals [41,42]. 

The effect of pH on the photocatalytic degradation of CPs was carried out at different pH ranges 

from 2 to 10 under optimum conditions (contact time = 60 min, CPs concentration = 150 ppm, 

and nanocomposite dosage = 0.05 g/L) shown in Figure 5.10. The pH of a solution alters the 

surface charge properties of the photocatalyst, which in turn affects the adsorption behaviour 

[43]. The pHzpc (zero point charge) of SWAC/Fe-ZnO nanocomposite was determined to be 
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7.2, indicating that the surface of the SWAC/Fe-ZnO nanocomposite is negatively charged 

above this pH and positively charged below this pH. 

The percentage of dye elimination increased with decreasing pH value and reached its 

maximum in acidic pH. At lower pH (pH<pHzpc), the nanocomposite surface becomes 

positively charged, and hence has a higher electrostatic attraction affinity to interact with 

negatively charged CPs, resulting in maximum CPs degradation [44]. 

 

 

Figure 5.10. Effect of pH in the degradation of CPs solution. 

 

5.3.3. LC-MS analysis of CPs degradation  

To detect the degradation products after the photocatalytic process, LC-MS spectra (Make: 

INKAR, Model: Expression-S) was used. The spectra of the reaction mixture after 60 minutes 

of Visible light irradiation is shown in Figure 5.11. An attempt has been made to comprehend 

the degradation process in detail based on the observed components from mass spectra (Table 

5.1). The decomposition of CPs proceeds in a manner similar to that described in the literature 

[45,46]. Figure 5.12 depicts a hypothetical mechanism for photodegradation through a free 

radical reaction. 
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Figure 5.11. LC-MS spectra of the photocatalytic degradation products of chlorpyrifos. 

 

Table 5.1. LC-MS analysis of photodegraded chlorpyrifos. 

m/z value Compound 

350 O, O-diethyl O-(3,5,6-trichloropyridin-2-yl) 

phosphorothioate (M/Z of the Cps 

171 O, O-diethyl O-hydrogen phosphorothioate 

162 5,6-dichloropyridin-3-ol 

114 Phosphorothioic O, O, O-acid 

80.3 Pyridine 

61 2-aminoethan-1-ol 

46 Ethanol 
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Figure 5.12. Schematic pathways for the degradation of chlorpyrifos. 

 

5.3.4. Kinetic studies 

The kinetic investigations were carried out under optimal circumstances, with 150 ppm CPs 

solutions (50 mL), pH at 2, irradiation time of 60 minutes, and 0.05 g of SWAC/Fe-ZnO 

nanocomposite. The photocatalytic performance of the CPs concentration was calculated using 

the Langmuir-Hinshelwood model [22]. The kinetic investigation was described using pseudo 

first-order rate and half-life period (t1/2), for that the equations are given in Chapter 2 (equation 

2.15 and equation 2.16.  
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Figure 5.13. Pseudo first-order rate kinetic of CPs degradation loaded on SWAC/Fe- ZnO 

nanocomposite. 

 

For the SWAC/Fe-ZnO nanocomposite, the linear plot of ln (Co/C) versus time exhibits a good 

correlation coefficient value (R2 = 0.97), showing that the CPs degradation follows pseudo-first-

order rate kinetics (Figure 5.13). Based on the slope of the curve, the photocatalytic rate 

constant (Kap) value is found to be 0.055 min-1, and t1/2 is determined (using equation 2.16 of 

Chapter 2) to be 1.28 minutes. 

5.3.5. Effect of radical scavengers on photocatalytic degradation of CPs 

Photocatalytic activity is directly correlated with the type and quantity of reactive oxidation 

species generated by photogenerated electrons and holes. To further identify the main reactive 

oxidative species in the photocatalytic process for describing the photocatalytic mechanism, 

four scavengers were used to examine the reactive species in the photocatalytic reaction 

process. In this experiment, the scavengers used for hydroxyl radicals (*OH), holes (h+), 

superoxide radicals (*O2-), and electrons (e-) were glycine, EDTA, BQ (p-benzoquinone), and 

CuSO4. Figure 5.14 shows that the percentage elimination of CPs reduces from 98.0 % to 58.0 

% (Glycine), 68.0 % (EDTA), 79.0 % (CuSO4), and 62.0 % (BQ). The use of four different 

types of scavengers considerably affects the photodegradation effectiveness of the SWAC/Fe-

ZnO nanocomposite, indicating the presence of active species like *O2-, h+, e-, and *OH in the 

system. More interestingly, the promoting effect of these reactive oxidation species declines in 

the following order:  

hydroxyl radical (*OH)> superoxide radical (*O2-)> hole (h+) > electron (e-) 
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Thus, from this result it can be clearly demonstrated that the presence of reactive oxidation 

species, *OH, h+, e-, and *O2-, are greatly enhanced in the SWAC/Fe-ZnO nanocomposite. 

 

 

Figure 5.14. Photocatalytic degradation of CPs in the presence of different scavengers using 

SWAC/Fe-ZnO nanocomposite. 

 

5.3.6. Nanocomposite reusability and photostability 

The degrading efficiency of the SWAC/Fe-ZnO was investigated by recycling the catalyst for 

numerous cycles. To reuse catalyst, the nanocomposite residue was collected by centrifuging 

the solution after each photocatalytic reaction. After that, the nanocomposite was washed with 

double distilled water and dried in an oven. The dried catalyst was again used for photocatalytic 

CPs degradation (Figure 5.15). The rate of CPs degradation in the first cycle was 98 %; it then 

decreased to 91.6 % in the second cycle, 83.4 % in the third cycle, 78.5 % in the fourth cycle, 

and finally 71 % in the fifth cycle. This decrease in degradation efficiency might be due to a 

decrease in unoccupied adsorption sites on SWAC/Fe-ZnO nanocomposite for CPs adsorption 

in each cycle. In the sixth cycle, it was shown that the nanocomposite's degradation efficiency 

was around 62.7 %, signifying that even after several cycles of use, the SWAC/Fe-ZnO catalyst 
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was still showing a good catalytic activity. These results indicate that the regenerated 

SWAC/Fe-ZnO catalyst could be used for several times. 

 

 

Figure 5.15. Chlorpyrifos degradation efficiency of SWAC/Fe-ZnO nanocomposite upto six 

cycles.  

 

5.4. Conclusion 

Fe-ZnO nanocomposite supported on activated carbon was synthesized using a hydrothermal 

method. The XRD analysis showed that the crystallite sizes of SWAC/Fe-ZnO nanocomposite 

was found to be 29.9 nm. BET Surface Area Analyzer was used to investigated the total surface 

area and total pore volume of SWAC/Fe-ZnO nanocomposite which was found to be 3013.04 

m2g-1 and 2.18 cm3g-1. From the UV-DRS spectra the band gap of Fe doped ZnO nanocomposite 

supported on activated carbon was found to be 2.1 eV. The SWAC/Fe-ZnO nanocomposite is 

effectively used for the removal of chlorpyrifos insecticide with a maximum degradation 

percentage of 98 % within 60 min for 150 ppm solution with 0.05 g of the catalyst. The 

photocatalytic degradation of chlorpyrifos followed the pseudo-first-order rate kinetics with an 

apparent rate constant of 0.055 min-1 and a half-life period of 1.26 min, according to the 

Langmuir-Hinshelwood model. The presence of interfering ions such as glycine, EDTA, copper 
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sulphate, and p-benzoquinone affects the degradation process of CPs by SWAC/Fe-ZnO 

nanocomposite, indicating that hydroxyl radicals are the dominant reactive species in the CPs 

degradation process. The SWAC/Fe-ZnO nanocomposite have excellent regeneration 

properties to be effective after the different cycle of use. Thus, SWAC/Fe-ZnO nanocomposite 

could serve as a promising photocatalyst for the degradation of chlorpyrifos from aqueous 

solution. 
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CHAPTER 6 

 

2,4,6-TRICHLOROPHENOL ADSORPTION USING ACTIVATED 

CARBON: A DFT ANALYSIS OF THE ROLE OF FUNCTIONAL 

GROUPS ON THE CARBONACEOUS SURFACE 
 

This chapter deals with density functional theory (DFT) simulations to explore the 

adsorptive behaviors of various oxygen and nitrogen containing functional groups present 

on activated carbon surface towards 2,4,6-trichlorophenol (TCP) molecules. The adsorption 

energy, molecular electrostatic potential, frontier molecular orbitals, and dipole moment of 

various configurations were investigated. The outcomes showed that the presence of 

carboxyl functionalized activated carbon improves the adsorption of TCP compared to 

amine, amide, hydroxyl, and carbonyl groups. Furthermore, the adsorption capacity is 

decreased when multiple functional groups are present next to each other. The results 

suggest that introducing functional groups on its surface can increase the carbon molecule’s 

dipole moment, thereby improving its polarity and adsorption ability.  
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6.1. Introduction 

Chlorinated phenols are one of the most influential families of poisonous non-biodegradable 

chemicals, and contamination by these compounds is considered a serious environmental 

concern. The US Environmental Protection Agency (EPA) has designated chlorophenols as a 

priority pollutant because of their toxicity and harmful effects on human health and the 

environment [1,2]. Among the chlorinated phenols, 2,4,6-trichlorophenol (TCP) is one of the 

chlorophenolic pollutants commonly found in wastewater [3-5]. Numerous industrial activities, 

including the manufacturing of pesticides, pulp bleaching, water chlorination, and dyes and 

plastics, result in the generation of wastewater containing 2,4,6-trichlorophenol (TCP) [6-8]. 

The continued use of these compounds in numerous applications causes an increase in the level 

of a contaminant in soil and water, which has an adverse effect on public health [9]. According 

to reports, TCP has negative effects on the nervous system of humans, such as gastrointestinal, 

respiratory, and cardiovascular problems [1,10-12]. Consequently, TCP-contaminated 

wastewater should be thoroughly treated before being discharged into the environment. 

Therefore, developing an effective approach for removing TCP from wastewater becomes 

essential. 

There are several approaches that can be used to remove TCP, such as advanced oxidation, 

adsorption, solvent extraction, and biological degradation [13,14]. Out of these, adsorption on 

the surface of activated carbon (AC) is one of the most successful and convenient ways of 

removing organic and inorganic pollutants from wastewater [15,16]. Some of the pollutants that 

can be removed by ACs include heavy metals, volatile organic compounds (VOCs), dyes, 

pesticides, phenols etc. [17-20]. The most attractive attributes of ACs are their large pore size, 

high surface area, and capacity to adsorb numerous contaminants at the same time [21,22]. The 

pore structure and surface area of the AC are responsible for the physical qualities, whereas the 

functionals on the AC surface are primarily responsible for the chemical characteristics [23]. 

The functional groups on the AC surface are either generated from biomass during 

carbonization or modified by chemical agents during the activation process. AC surfaces can 

be modified by oxidation or by adding nitrogen-containing groups to produce nitrogen and 

oxygen enriched carbons. Oxygenated functional groups were mostly generated to the surface 

of the AC during the activation process using KOH, NaOH, and H2SO4. Alternatively, nitrogen 

enriched AC can be produced from ammonia, urea, and melamine solution in ethyl alcohol etc. 

[24]. The surface chemical characteristic of AC is a key component that determines its 

adsorption ability. It is mainly influenced by the type and number of functional groups on the 
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surface of AC. The most common oxygen containing functional groups on the surface of carbon 

material are hydroxyl, carboxyl, and carbonyl [25,26]. There have been many experimental 

studies on the removal of TCP using AC. However, there have been relatively few 

investigations into the adsorption processes and their effects on oxygen and nitrogen functional 

groups on the surface of AC. Therefore, it is necessary to further focus on the detailed 

adsorption mechanism of TCP interacting with various oxygen and nitrogen containing 

functional groups of AC on the surface.  

In current times, research based on theoretical DFT simulations is regarded as one of the most 

potent techniques for predicting interaction processes between adsorbates and adsorbents in 

surface science [27,28]. Several investigations using DFT models have been made to 

comprehend the adsorption processes of organic pollutants on AC surfaces. For example, DFT 

analysis of Congo red dye adsorption on functionalized and pristine graphene has been reported 

by Achour et al. [29]. The electronic and molecular characteristics of adsorbates using DFT 

calculations to understand the behavior of atrazine adsorption on AC were done by Vieira et al. 

[30]. DFT studies using hydrogen bond lengths and associated thermodynamic parameters were 

also used to investigate the affinity of various oxygen functional groups on AC [31]. DFT 

simulations performed by Jan et al. [32] to examined the adsorption of azo dye on AC with 

different functionals groups, i.e., -CH2 or -CH3, -C=O, -OH, -C=C, -NO2, and -SO3, as well as 

a greater degree of substituted aromatic rings (H-Ar) and defect sites. Their observation 

suggested that the azo dye was found to form four intermolecular hydrogen bonds (H-bonds) 

with AC: H-bond 1 (NO-HO), H-bond 2 (OH-OC), H-bond 3 (SO-H-Ar), and H-bond 4 (SO-

H-Ar), respectively. Supong et al. [23,33] reported the interactions of Bisphenol A and 4-

Nitrophenol with AC surfaces having different functional groups (-COOH, -CHO, and -OH) 

using DFT calculation. Their study also revealed that the AC surface containing the carboxylic 

group had the strongest interactions with the Bisphenol A and 4-Nitrophenol. According to Yin 

et al. [34], phenol adsorption on activated carbon decreases with an increase in the 

concentration of oxygen functional groups. The effect of functionalized activated carbon on the 

adsorptive interaction of 2,4-dinitrophenol and 2,4-dichlorophenol has been examined in our 

earlier investigations using DFT studies [35,36]. The impact of oxygen and nitrogen functional 

groups on the adsorption of phenol was also examined by Liu et al. [37]. They observed that 

the presence of pyridine and carboxyl groups had the highest affinity for adsorbing phenol. 

DFT-based calculations were used to assess the effect of nitrogen-containing surface groups on 

AC on the adsorption of β-hexachlorocyclohexane and chlordecone. Their results indicate that 
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the functionalized AC with nitrogen-containing surface groups can be exploited as potential 

candidates for β-hexachlorocyclohexane and chlordecone removal from acidic water [38]. 

Most of the studies reported are on adsorption due to the presence of either Oxygen or Nitrogen 

functional groups on the carbon surface. However, in an ideal situation, different types of 

functional groups exist on the activated carbon surface. Thus, an attempt has been made in this 

chapter to analyze the interacting behaviors of TCP adsorption on AC surfaces containing 

oxygen and nitrogen functional group of AC surfaces. The impact of five primary functionals 

(amine, amide, hydroxyl, carboxyl, and carbonyl) on the adsorption of TCP was investigated, 

along with several forms of interacting processes.  

The innovative aspect of this work is the application of DFT simulations to analyze the 

interaction of TCP with pristine and functionalized AC. New information on the impact of 

several oxygenated and nitrogenated functional groups, including amine, amide, hydroxyl, 

carboxyl, and carbonyl, on TCP adsorption is presented. There have been several studies 

published on the adsorption of TCP on AC, but very few on the interaction mechanism. The 

current work thus provides a novel insight into the interaction between activated carbon surface 

and TCP through the formation of hydrogen bonds using DFT. The findings of this research 

may provide guidelines for designing activated carbon with particular properties. The schematic 

diagram of AC surface interaction with TCP molecule is shown in Figure 6.1 

 

Figure 6.1. Schematic diagram of AC surface interaction with TCP molecule. 
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6.2. Materials and methods 

In order to understand adsorption efficacy due to the presence of different functional groups on 

the carbon surface, a theoretical investigation employing the DFT method was conducted to 

study the chemical interactions between TCP and AC. In this study, the Gaussian 16 software 

package was used to carry out DFT simulations. The structure of the calculation model is 

optimized using B3LYP, which is commonly utilized in quantum chemical calculations. The 

chosen functional contained empirical dispersion components, which account for non-local 

interactions such as van der Waals interactions between adsorbate and surface. The 

convergence criterion was set to software defaults. The geometry optimization and single-point 

energy calculations were performed using the 6-31G (d,p) basis set for the H, C, N, O, and Cl 

atoms. This level of combination between B3LYP and 6-31G (d,p) has been recognized as an 

appropriate balance between accuracy and calculation time [17,39,40]. Each structure was 

generated using Gauss View 6 and was completely optimized to its electronic ground state. The 

following formula is used to calculate the absorption energy of the AC surface and TCP 

molecule. 

 

EAds = ETCP+AC - (ETCP+ EAC)                  (6.1) 

 

where EAds is the adsorption energy, ETCP is the total energy of TCP molecule, EAC is the total 

energy of AC, and ETCP+AC is the total energy of the TCP/AC combination in an equilibrium 

state. Stronger adsorption is correlated with a larger negative value of EAds. Normally, 

interactions are considered physisorption if EAds are less than -30 kJ/mol and chemisorption if 

EAds are greater than -50 kJ/mol. Generally, a higher negative value of adsorption energy implies 

easier adsorption [20,41]. 

A suitable structure for the AC surfaces must be constructed in order to examine any potential 

adsorption interactions between the surfaces of AC and the adsorbate TCP. According to 

reports, the structure of the carbon surfaces consists of clusters of graphite with 12-25 carbon 

atoms (3-7 carbon rings) [42-46]. Cluster models with four to seven fused benzene rings were 

also employed to simulate the surface of the activated carbon and it was found that the reactivity 

of active sites was significantly dependent on their local form rather than the size of the cluster 

[33,44,47]. Thus, an arm-chair model was employed in this study to simulate the activated 

carbon surface. This model consists of four fused benzene rings with unsaturated upper side 

carbon atoms representing the active site. The remaining carbon atoms on the lower side were 
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terminated with hydrogen atoms. This model, which had an active site-unsaturated carbon, was 

regarded as pristine activated carbon. The effect of oxygenated and nitrogenated functionals on 

the adsorption process was investigated by examining two nitrogen and three oxygen containing 

functional groups, namely amine, amide, hydroxyl, carboxyl, and carbonyl attached to the 

active site of the arm-chair model. All the activated carbon models are shown in Figure 6.2, 

together with the optimized structure of TCP. The models were termed pristine activated carbon 

(AC), amine-functionalized activated carbon (AC-NH2), amide functionalized activated carbon 

(AC-CONH2), hydroxyl functionalized activated carbon (AC-OH), carboxyl functionalized 

activated carbon (AC-COOH), and carbonyl functionalized activated carbon (AC-CHO) and 

multiple functionalized activated carbon (AC-(CHO+OH+COOH) and AC-

(NH2+CONH2+COOH). 

 

 

 

  

(a) (b) (c) 

 
  

(d) (e) (f) 

 

 

 

(g) (h) (i) 

Figure 6.2. The optimized model of (a) TCP (b) AC-P (c) AC-OH (d) AC-CHO (e) AC-COOH 

(f) AC-NH2 (g) AC-CONH2 (h) AC-(CHO+OH+COOH) (i) AC-(NH2+CONH2+COOH). 
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6.3. Results and discussion 

6.3.1. Theoretical calculations 

The purpose of the DFT calculations in this work is to understand the interaction of the TCP 

molecule interaction with AC surfaces having different functional groups. The formation of 

hydrogen bonds between chlorophenol pollutants and functionalized AC is considered to be an 

essential mode of interaction in the adsorption process [36]. An armchair model was used to 

study the adsorption processes of pure AC and functionalized AC with TCP through the 

formation of a hydrogen bond. Thus, an effort has been made to comprehend the potential bond 

formation between the -OH group of TCP with oxygenated and nitrogenated surface functional 

groups (-OH, -CHO, -COOH, -NH2, -CONH2, -(CHO+OH+COOH) and -

(NH2+CONH2+COOH)) of AC. Accordingly, the optimized structure between the interaction 

of TCP and AC surfaces with different functional groups is shown in Figure 6.3. From these 

structures, it can be seen that except for pristine AC, TCP prefers to bind to the functionalized 

AC through hydrogen atoms. Whereas, in the case of pristine AC, it prefers to attach to the AC 

through Cl rather than hydrogen. This may be attributed to the fact that AC forms a more stable 

complex with TCP through Cl linkage rather than H linkage. 

 

 

 

 

(a) (b) 

 

 

(c) (d) 
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(e) (f) 

  

(g) (h) 

 

Figure 6.3. Optimized interaction structures of AC surface and TCP interactions (a) AC+TCP 

(b) AC-NH2+TCP (c) AC-CONH2+TCP (d) AC-CHO+TCP (e) AC-COOH+TCP (f) AC-

OH+TCP (g) AC-(COOH+OH+CHO) +TCP (h) AC-(COOH+CONH2+NH2) +TCP. 

6.3.2. Adsorption energy analysis 

The feasibility of adsorption of adsorbates onto adsorbents can be described with the help of 

adsorption energy. Generally, chemisorption is characterized by adsorption energy between -

960 and -50 kJ/mol, whereas, for physisorption, the adsorption energy is between -30 and -10 

kJ/mol [48]. Therefore, an analysis of adsorption energy is a handy way to ascertain the nature 

of adsorption and the effect of different functional groups on the adsorption of TCP onto AC. 

Table 6.1 lists TCP's adsorption energies and bond distance with different functional groups. 

The computed results show that the adsorption energy between functional group-modified AC 

and TCP ranges between -12 and -158 kJ/mol. Physisorption is the mutual attraction between 

adsorbents and adsorbates through weak van der Waals forces. Conversely, chemisorption 

generally involves rearrangement of atoms, redistribution of electronic charges or cleavage, or 

formation of chemical bonds between adsorbate and adsorbent. 
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Table 6.1. Adsorption energies of TCP with different functional groups. 

System EAds (kJ/mol) 

AC+TCP -90.443 

AC-NH2+TCP -23.369 

AC-CONH2+TCP -12.468 

AC-CHO+TCP -71.316 

AC-COOH+TCP -158.714 

AC-OH+TCP -122.219 

AC-(CHO+OH+COOH)+TCP -27.042 

AC-(NH2+CONH2+COOH)+TCP -27.654 

 

Table 6.1 presented the computed adsorption energy values of AC and functionalized AC with 

TCP. The presence of functional groups have varying effects on TCP adsorption. Among them, 

the presence of -NH2, -CONH2, and -CHO groups are found to increase the adsorption energy 

hence the positive AC. Therefore, the presence of these functional groups on the surface of AC 

would cause a decrease in the adsorption capacity of the AC. On the other hand, the presence 

of -OH and -COOH on AC’s surface decreases the adsorption energy thereby enhances its 

adsorption ability towards TCP. Further, TCP gets attached to AC functionalized with -NH2, -

CONH2 and -CHO groups through physisorption since physisorption is characterized by 

adsorption energies between -30 and -10 kJ/mol. On the other hand, chemisorption operates 

between pristine AC, AC functionalized with -CHO, -COOH, -OH, with TCP. When multiple 

functional groups are present adjacent to one another and exist at the same time, it is found that 

the adsorption energy is lower than that of single oxygen containing functional groups and 

higher than that of nitrogen containing functional groups.  

 

 

 
 

(a) (b) 
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(c) (d) 

 
 

(e) (f) 

 

Figure 6.4. Optimized structure of (a) AC-(OH+H+H+H), (b) AC-(OH+H+H), (c) AC-

(OH+H), (d) interaction structure of AC-(OH+H+H+H) and TCP, (e) interaction structure of 

AC-(OH+H+H) and TCP, (f) interaction structure of AC-(OH+H) and TCP. 

 

To examine how the removal of unsaturated centers affects the interaction energy, three 

activated carbon models were constructed: AC-(OH+H+H+H), AC-(OH+H+H), and AC-

(OH+H). The adsorption energy of TCP with AC-(OH+H+H+H), AC-(OH+H+H), and AC-

(OH+H) were found to be around -19 kJ/mol. These results indicate that the number of 

unsaturated centers for a substituted AC has minimal effects on interaction energy. The results 

obtained are presented in the Table 6.2. 

 

Table 6.2. The adsorption energy of TCP with AC-(OH+H+H+H), AC-(OH+H+H), and AC-

(OH+H). 

System EAds (kJ/mol) 

TCP with AC-(OH+H+H+H)  -19.26 

TCP with AC-(OH+H+H)  -19.13 

TCP with AC-(OH+H) -19.21 
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The optimised AC-(OH+H+H+H), AC-(OH+H+H), and AC-(OH+H) structures are presented 

in Figures 6.4 (a), (b), (c) and their possible interaction with TCP are given in Figure 6.4 (d), 

(e), (f) respectively. 

6.3.3. Molecular electrostatic potential study 

Molecular electrostatic potential (MEP) is widely employed to examine relative electron 

density in a system. An analysis of MEP provides information regarding possible reactive sites, 

enabling one to predict the complexes that may be formed. Furthermore, it also gives the insight 

to understand the shift in electron density caused by the functional groups. MEP diagrams of 

AC and functionalized AC, along with a color bar to indicate the charge density, is depicted in 

Figure 6.5. The positively charged portion on the MEP diagram is shown in blue, while the 

negatively charged portion is shown in red or orange. Since the TCP in the aqueous solution 

has a positive charge, its electrostatic potential diagram in Figure 6.5 (g) is entirely blue. The 

hydrogen atoms in the carbonyl, carboxyl, hydroxyl, amine, and amide groups are also 

represented in blue as shown in Figure 6.5 (b), (c), (d), (e), (f), (g), and (h) demonstrating their 

positively charged character. The negatively charged region easily attracts the positively 

charged TCP in the carbon structure. In other words, the red or orange region of the carbon 

structure has a tendency to absorb TCP. 

 

 

   

(a) (b) (c) 

   

(d) (e) (f) 
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(g) (h) (i) 

Figure 6.5. Molecular electrostatic potential maps of different carbon structures. 

 

6.3.4. Frontier molecular orbitals and dipole moment study 

The tendency of a system to lose or gain electrons depends on its HOMO-LUMO energy level. 

Lower HOMO energy indicates that it is difficult for the system to lose electrons. Therefore, 

lower HOMO energy represents higher ionization potential. On the other hand, a low LUMO 

energy level signifies that it is easier for the systems to capture electrons. The HOMO-LUMO 

energy gap is calculated using the equation. 

 

Egap = ELUMO - EHOMO                          (6.2) 

 

where Egap, ELUMO, and EHOMO represent the HOMO-LUMO energy gap, LUMO energy level, 

and HOMO energy level, respectively. Egap symbolizes the reactivity of systems. A higher Egap 

value reflects a lesser electron transition ability and hence greater stability. Table 6.3 represents 

EHOMO, ELUMO, and Egap values. The Egap value of AC is found to be 0.0299 eV. It is clear from 

Table 6.3 that the addition of functional groups alters the Egap value by varying degrees. It is 

found that the presence of -CONH2, -CHO, and -NH2 functional groups increases the Egap of 

AC, thereby reducing its reactivity and increasing its stability. Whereas, introduction of -COOH 

and -OH groups lower the Egap value indicating an increase in reactivity and decrease in 

stability. The Egap value is found to decrease in the following order:  

-CONH2> -CHO> -OH> -NH2> -COOH 

Further, the presence of multiple functional groups is also found to increase the energy gap as 

compared to pristine AC. 

 

 

 

 

 



 Chapter 6                                           DFT analysis of TCP adsorption on functionalized AC surfaces  

153 
 

Table 6.3. Represents EHOMO, ELUMO, and Egap values of pristine AC and functionalized. 
 

System HOMO  LUMO Energy gap 

AC -0.1914 -0.1614 0.0299 

AC-CHO -0.2217 -0.0926 0.1290 

AC-COOH -0.2918 -0.2799 0.0119 

AC-OH -0.1820 -0.0827 0.0992 

AC-NH2 -0.2951 -0.2211 0.0740 

AC-CONH2 -0.2203 -0.0889 0.1313 

AC-(CHO+OH+COOH) -0.29562 -0.24355 0.0520 

AC-(NH2+CONH2+COOH) -0.28641 -0.23279 0.0536 

 

Dipole moment is associated with the spatial configuration and polarity of systems. A higher 

dipole moment implies greater polarity of the system under study. Carbon materials like 

activated carbon are nonpolar and thus insoluble in water. They exhibit greater adsorption 

characteristics for nonpolar organic materials in aqueous media. The polarity of AC may be 

improved by the introduction of functional groups on its surface, thereby enhancing its 

adsorption properties. 

 

Table 6.4. The dipole moment values of AC and functionalized AC. 

System Dipole moment (Debye) 

AC 5.699 

AC-CHO 7.858 

AC-COOH 5.598 

AC-OH 9.429 

AC-NH2 3.573 

AC-CONH2 5.986 

AC-(CHO+OH+COOH)  10.041 

AC-(NH2+CONH2+COOH) 9.153 

 

Table 6.4 lists the dipole moment values of AC and functionalized AC. It is evident from the 

data in Table 6.4 that the presence of a functional group changes the dipole moment of AC. The 

introduction of -COOH and -NH2 groups decreases the dipole moment, whereas the presence 

of -CONH2, -CHO, and -OH groups increases the total dipole moment. The variation in dipole 
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moment is attributed to the nature of functional groups. For instance, the introduction of the -

NH2 group decreases the dipole moment of AC by 2.162 Debye, whereas, the presence of -OH 

group increases the dipole moment of AC by 3.730 Debye. The influence of single 

functionalization on the dipole moment decreases in the following order: 

-OH> -CHO> -CONH2> -COOH> -NH2 

For AC containing multiple functional groups, dipole moment values are found to be greater 

than that of pristine AC and single functionalized AC, except the -OH group. 

6.4. Conclusion 

In this study, DFT with B3LYP/6-31G (d,p) method was used to examine the influence of 

oxygen and nitrogen-containing groups on AC’s surface towards TCP adsorption. The study 

was carried out to comprehend and assist the development of better adsorbents for TCP 

removal. From the present study, the following conclusions are made. 

• Adsorption energy analysis reveal that TCP adsorption on AC’s surface is highly sensitive 

towards the functional groups present on the carbon surface. 

•  It is found that the presence of -NH2, -CONH2, and -CHO groups decreases the adsorption 

efficiency of AC for TCP. On the other hand, presence of -COOH and -OH groups increases 

the adsorption abilities of AC for TCP removal. 

• The presence of multiple functional groups adjacent to each other lowers the adsorption 

capacity.  

• MEP analysis indicates that introducing functional groups causes a redistribution of 

electronic charge.  

• The energy gap (Egap) value is found to decrease in the following order:  

AC-CONH2> AC-CHO>AC-OH> AC-NH2> AC-COOH 

• The influence of single functionalization on the dipole moment decreases in the following 

order: 

AC-OH> AC-CHO> AC-CONH2>AC-COOH> AC-NH2 

From these results, it can be concluded that the adsorption capability of AC towards TCP 

adsorption is improved due to the presence of oxygen containing groups (except -CHO) and 

decreases due to the presence of nitrogen containing groups. Multiple functional group present 

on the carbon surface also decreases the adsorption capacity towards TCP. 
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CHAPTER 7 

 

SUMMARY AND CONCLUSION 

This chapter presents the overall summary and conclusions of the thesis. The future scope of 

the work is also highlighted in this chapter. 
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Biomass materials of bamboo sheath of Dendrocalamus hamiltonii and Schima wallichii were 

used as a potential precursor for the preparation of activated carbon (namely BSAC and 

SWAC). The synthesized activated carbon was then applied for the adsorption of 2,4-

dichlorophenol. further the prepared activated carbon nanocomposite was used for the synthesis 

of activated carbon nanocomposite for the study of chlorpyriphos degradation from wastewater. 

Also, density functional theory study was used to understand the removal mechanism of 

activated carbon for organic pollutants such as 2,4,6-trichlorophenol. A summary of the overall 

thesis work is presented below: 

1. Waste bamboo sheath is inexpensive, indigenous and easily available in large quantity. Based 

on the experimental and theoretical investigations of the present work BSAC proved to be a 

very good precursors capable of removing DCP from aqueous solutions. The SEM image 

revealed that the synthesized carbon has cylindrical pores with sizes ranging from 10 to 30 μm, 

and the XRD data confirmed that the synthesized carbon contains graphite-like micro 

crystallites. The batch adsorption suggested a maximum DCP removal efficiency of 95.5 % 

under optimum conditions. The data obtained for the adsorption process was found to be best 

fitted in Langmuir isotherm model, indicating a monolayer coverage of the adsorbent with a qm 

of 37.29 mg/g. The pseudo second order kinetic model described better adsorption kinetics with 

R2 value of 0.99 indicating that the adsorption process was a chemisorption. The 

thermodynamic studies suggested that the adsorption process is endothermic, temperature-

dependent, and spontaneous. DFT simulations also revealed that DCP adsorbs well on activated 

carbon. The -OH group interacts most strongly with DCP among the several functional groups 

(-CHO, -CO-, -CCO, -COOH) utilized to functionalize activated carbon. These findings imply 

that functionalizing activated carbon with -OH group may improve its interaction with DCP, 

resulting in improved adsorption. The results obtained from the present study indicates that 

waste bamboo sheath could be used as a potential raw material for the preparation of low-cost 

and effective AC. In addition, theoretical investigations could provide critical insights into the 

interaction of AC surface and the adsorbate which can help in the design and development of 

AC with improved adsorption properties. 

2. A novel SWAC/ZrO2-ZnO nanocomposite was developed by effectively immobilizing a 

ZrO2-ZnO photocatalyst on SWAC using a hydrothermal technique. FT-IR, XRD, TEM-

SEAD, XPS, LC-MS, and PL instruments were used to characterize SWAC/ZrO2-ZnO 

nanocomposite. The XRD analysis showed that the SWAC/ZrO2-ZnO nanocomposite crystal 

size was found to be 39.41 nm. The LC-MS analysis revealed that the CPs molecule had been 
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fragmented into smaller m/z ratios. The insecticide chlorpyrifos (100 ppm) was degraded (100 

%) with a 0.05 g dose of SWAC/ZrO2-ZnO nanocomposite under UV-light irradiation for 50 

mins at pH 6. SWAC/ZrO2-ZnO nanocomposite photodegradation of CPs follows pseudo first-

order kinetics. Density functional theory (DFT) simulations also revealed the formation of 

hydrogen bonding via O-linkage of the O-Zr-O bond with SWAC to form chemically reactive 

SWAC/ZrO2-ZnO nanocomposite. 

3. Fe-ZnO nanocomposite supported on activated carbon was synthesized using a hydrothermal 

method. The XRD analysis showed that the SWAC/Fe-ZnO nanocomposite crystallite sizes 

was found to be 29.9 nm. BET surface area analyzer was used to investigated the total surface 

area and total pore volume of SWAC/Fe-ZnO nanocomposite and found to be 3013.04 m2g-1 

and 2.18 cm3g-1. From the UV-DRS spectra the band gap of Fe doped ZnO nanocomposite 

supported on activated carbon was found to be 2.1 eV. The SWAC/Fe-ZnO nanocomposite is 

effectively used for the removal of chlorpyrifos insecticide with a maximum degradation 

percentage of 98 % within 60 min for 150 ppm solution. The photocatalytic degradation of 

chlorpyrifos followed the pseudo-first-order rate kinetics with an apparent rate constant of 

0.055 min-1 and a half-life period of 1.26 min, according to the Langmuir-Hinshelwood model. 

The presence of interfering ions such as glycine, EDTA, copper sulphate, and p-benzoquinone 

affects mostly the degradation of CPs by SWAC/ Fe-ZnO nanocomposite, indicating that 

hydroxyl radicals are the dominant reactive species in the CR degradation process. The SWAC/ 

Fe-ZnO nanocomposite have excellent regeneration properties and it could degrade around 62.7 

% of CPs at the sixth cycle of use. Thus, SWAC/Fe-ZnO nanocomposite could serve as a 

promising photocatalyst for the degradation of chlorpyrifos from a waste water. 

4. In this study, density functional theory with B3LYP/6-31G (d,p) method was used to examine 

the influence of oxygen and nitrogen-containing groups on AC’s surface towards TCP (2,4,6-

trichlorophenol) adsorption. From the present study, the following conclusions are made. 

• Adsorption energy analysis reveal that TCP adsorption on AC’s surface is highly sensitive 

towards the functional groups present on the carbon surface. 

•  It is found that the presence of -NH2, -CONH2, and -CHO groups decreases the adsorption 

efficiency of AC for TCP. On the other hand, presence of -COOH and -OH groups increase 

the adsorption abilities of AC for TCP removal. 

• The presence of multiple functional groups adjacent to each other lowers the adsorption 

capacity.  
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• MEP analysis indicates that introducing functional groups causes a redistribution of 

electronic charge.  

• The energy gap (Egap) value is found to decrease in the following order:  

AC-CONH2> AC-CHO>AC-OH> AC-NH2> AC-COOH 

• The influence of single functionalization on the dipole moment decreases in the following 

order: 

AC-OH> AC-CHO> AC-CONH2>AC-COOH> AC-NH2 

From these results, it can be concluded that the adsorption capability of AC towards TCP 

adsorption is improved due to the presence of oxygen containing groups (except -CHO) and 

decreases due to the presence of nitrogen containing groups. Multiple functional group present 

on the carbon surface also decreases the adsorption capacity towards TCP. 

Thus, it can be concluded from the current thesis work that activated carbon was successfully 

produced using cost-effective and widely available biomass sources. The synthetized activated 

carbon has a high potential for use as adsorbents in wastewater treatment. Also, the catalyst 

based on activated carbon nanocomposite materials has the potential to be an effective 

photocatalyst for the degradation of chlorpyrifos from wastewater. Furthermore, theoretical 

studies may give critical insights into the interaction of the activated carbon surface and the 

adsorbate, assisting in the design and development of activated carbon with improved 

adsorption properties. 

Future Prospective 

Based on the results obtained from the present study, a future study can be planned. Given 

below are some of the future prospective:  

➢ The activated carbon surface can be further modified using various methods to enhance 

its adsorption efficiency or to increase its affinity for a specific contaminant. 

➢ The synthesized carbons can be studied for their efficiency in removing inorganic 

contaminants such as heavy and trace metals from water samples. 

➢ Developing new visible-light hybrid photocatalyst by coupling ZnO with other metal 

oxides such as Ni-O, Fe2O3, CaO, Cu2O and supporting them on activated carbon to 

apply them in photo electrochemical water splitting reactions, photodegradation of 

herbicides, insecticides, and saturated hydrocarbon.  

➢ The photocatalytic performance could be enhanced to degrade more water 

contaminants, and the technique can also be used on an industrial scale. 
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➢ Density functional theory simulations can be used to examine the functionalized 

activated carbon surface towards pollutants adsorption. This type of study helps in the 

creation of better adsorbents for pollutants removal. 
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