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ABSTRACT 

Nowadays, the quality of water resources is a critical aspect of sustainable 

development. The rapid expansion of industrialization, along with the growing 

modernity and urbanization of society, is a significant human-caused factor 

contributing to water pollution and the ensuing decline of aquatic ecosystems. Among 

these contaminants, phenolic compounds, including 2-chlorophenol (2CP), catechol 

(CT), resorcinol (RS), 4-nitrophenol (4-NP), and bisphenol A (BPA), are classified as 

priority pollutants because of their high toxicity, chemical stability, resistance to 

biodegradation, and endocrine-disrupting properties. These compounds are associated 

with carcinogenicity, mutagenicity, hormonal imbalance, developmental disorders, 

and other chronic health effects, posing severe threats to aquatic organisms and human 

health, even at trace concentrations. Their ubiquitous detection in surface and 

groundwater highlights the urgent need for effective, sustainable, and environmentally 

benign remediation strategies. 

Conventional wastewater treatment procedures often suffer from limitations such 

secondary pollution, inadequate removal, high operating costs, and the production of 

hazardous byproducts. Adsorption and photocatalytic degradation have become viable 

substitutes in this regard. Adsorption is known for its ease of use, great effectiveness, 

and viability from an economic standpoint when it comes to eliminating contaminants 

from aqueous systems. However, it predominantly transfers contaminants from one 

phase to another without achieving complete mineralization. On the other hand, 

photocatalysis enables the oxidative degradation of organic pollutants into less 

harmful or mineralized products but may be limited by issues such as rapid electron–

hole recombination and restricted visible-light activity of pristine semiconductors. 

Therefore, integrating adsorption with photocatalysis provides a synergistic method, 

wherein pollutants are first concentrated onto the adsorbent surface and subsequently 

degraded through catalytic processes. 

In view of this, the present thesis focuses on the development of biomass-derived 

activated carbon (AC) and its semiconductor-based nanocomposites for the effective 

adsorption and degradation of phenolic contaminants from aqueous solution. AC was 

synthesized from locally available Croton caudatus biomass through KOH chemical 



 
 

activation to obtain a porous, high-surface-area adsorbent enriched with surface 

functional groups. Furthermore, AC was employed as a supporting matrix for the 

fabrication of heterojunction photocatalysts, including ZrO2–ZnO and Co-doped ZnO 

systems, to enhance charge separation, improve light absorption, and suppress 

recombination of electron-hole pairs. Density functional theory (DFT) simulations 

were also performed to support experimental studies by offering molecular-level 

understanding of adsorption energetics, interaction processes, and catalytic pathways. 

The integration of experimental and theoretical approaches enabled a comprehensive 

understanding of both adsorption and photocatalytic processes.  

To thoroughly address the above objectives, the thesis entitled “Adsorption and 

Photocatalytic Studies on Activated Carbon and its Composite: An Experimental 

and Theoretical Insight to Understand the Mechanism” is structured into the 

following chapters: 

Chapter 1 provides a detailed overview of water pollution with particular attention on 

the environmental and health impacts of phenolic contaminants. The chapter discusses 

conventional treatment technologies and highlights the limitations that necessitate the 

development of advanced remediation strategies. The chapter also discusses the 

fundamental concepts of heterogeneous photocatalysis and adsorption, the 

physicochemical and structural properties of AC, and the rationale for integrating AC 

with ZnO-based semiconductor materials. The limitations of pristine ZnO, including 

rapid electron–hole recombination, photocorrosion, agglomeration and restricted 

visible-light activity, are critically addressed, thereby establishing the need for 

heterojunction formation with ZrO2, transition metal modification and AC supporting 

system. The chapter also introduces Density Functional Theory (DFT) as a 

complementary tool to elucidate adsorption mechanisms and catalytic processes at the 

molecular level, and outlines the aims and objectives of the present study. 

Chapter 2 outlines the materials and experimental methodologies employed for the 

synthesis, characterisation, and assessment of AC and its nanocomposites. The 

preparation of biomass-derived AC, adsorption experiments and modeling approaches, 

hydrothermal synthesis of photocatalysts, photocatalytic degradation studies, and 

analytical techniques for mechanistic investigation are all outlined. The chapter further 



 
 

introduces a computational framework utilizing DFT simulations to augment 

experimental results. 

Chapter 3 presents the synthesis and application of activated carbon derived from 

Croton caudatus biomass (CCAC) for the adsorption of 2CP from aqueous solution. 

The CCAC was prepared via KOH chemical activation and systematically 

characterized to evaluate its structural, morphological, and surface chemical 

properties. Batch adsorption studies were conducted to examine the influence of 

operational parameters, and the adsorption behavior was analyzed using equilibrium 

isotherm, kinetic, and thermodynamic models. The adsorption process was found to 

follow Langmuir isotherm and pseudo-second-order (PSO) kinetics, indicating 

monolayer adsorption governed by chemisorption mechanisms. Thermodynamic 

evaluation confirmed the spontaneous and exothermic nature of the process. 

Regeneration and reuse experiments demonstrated the recyclability and practical 

applicability of the developed adsorbent even after five cycles. Furthermore, DFT 

simulations were performed to elucidate the interaction mechanism between 2CP and 

oxygen-containing functional (OCF) groups present on the CCAC surface. The 

theoretical findings revealed that carboxyl functional groups significantly enhance 

adsorption strength, and the presence of multiple functional groups further improves 

adsorption performance. A comparative and cost analysis established the economic 

feasibility of the synthesized biomass-derived AC for wastewater treatment 

applications. 

Chapter 4 extends the adsorption investigation to additional phenolic derivatives, 

namely CT and RS, in order to evaluate the versatility and adsorption performance of 

CCAC adsorbent toward structurally distinct pollutants. By examining 

dihydroxybenzene isomers with different hydroxyl group orientations, this study 

provides deeper insight into structure–adsorption relationships and the influence of 

functional group positioning on adsorption behavior. Systematic batch adsorption 

studies were conducted to evaluate the influence of pH, contact time, temperature, 

adsorbent dosage, and co-existing inorganic ions. Equilibrium data were best described 

by the Langmuir isotherm model, indicating monolayer adsorption, while kinetic 

studies followed a PSO model, suggesting chemisorption-controlled interactions. 



 
 

Thermodynamic analysis confirmed the spontaneous and endothermic nature of the 

adsorption process. Regeneration studies demonstrated the reusability and stability of 

the adsorbent over multiple cycles. Furthermore, DFT simulations provided 

molecular-level insights into adsorption mechanisms, highlighting the dominant role 

of hydrogen bonding and π–π interactions. Among various oxygen-containing 

functional groups, carboxyl-functionalized AC exhibited the strongest interaction with 

both CT and RS. 

Chapter 5 advances the remediation strategy from adsorption to photocatalytic 

degradation through the development of a novel CCAC/ZrO2–ZnO nanocomposite 

synthesized via a hydrothermal method. In this approach, biomass-derived AC was 

integrated with ZrO2–ZnO heterojunction photocatalysts to enhance charge separation 

efficiency, suppress electron–hole recombination, and improve light absorption 

characteristics. The photocatalytic performance of the synthesized nanocomposite was 

evaluated for the degradation of 4-NP under UV irradiation. Systematic optimization 

of operational parameters was performed, and the degradation kinetics followed 

pseudo-first-order (PFO) behavior consistent with the Langmuir–Hinshelwood model. 

Comparative catalytic efficiency tests confirmed the superior performance of the 

composite relative to pristine ZnO and ZrO2. Reusability and photostability studies 

demonstrated sustained catalytic activity over several cycles, indicating structural 

stability and practical applicability. Total organic carbon analysis and LC–MS 

investigations confirmed substantial mineralization and elucidated the degradation 

pathway of 4-NP through reactive oxygen species mechanisms. The photocatalyst was 

further validated under real wastewater conditions, demonstrating effective 

degradation in complex matrices. DFT simulations provided theoretical insight into 

electronic structure modifications and enhanced reactivity of the composite system. 

Additionally, molecular docking studies against bacterial targets suggested potential 

antibacterial interactions, offering broader implications for environmental and 

biomedical applications. 

Chapter 6 extends the photocatalytic investigation toward a visible-light-responsive 

system to enhance sustainability and practical applicability, as visible light constitutes 

the major fraction of the solar spectrum, whereas UV radiation represents only a minor 



 
 

portion. To overcome the wide band gap limitation of pristine ZnO (3.3 eV), cobalt 

doping was employed to narrow the band gap to 2.1 eV, enabling visible-light 

activation. A porous carbon/Co–ZnO heterojunction was synthesized via hydrothermal 

anchoring of Co-doped ZnO nanoparticles onto CCAC supporting materail. Structural 

and optical characterization confirmed successful heterojunction formation, improved 

charge separation, and enhanced light absorption. Under visible-light irradiation, the 

composite achieved 99.67 % BPA degradation within 60 min, following PFO kinetics. 

Radical scavenging studies identified hydroxyl radicals as the dominant reactive 

species. Mineralization and LC–MS analyses confirmed progressive breakdown of 

BPA into less harmful intermediates, while toxicity predictions indicated reduced 

ecological risk compared to the parent compound. Density Functional Theory (DFT) 

calculations further elucidated reactive sites and supported the proposed degradation 

mechanism. Overall, this study demonstrates a sustainable, biomass-derived, visible-

light-active photocatalyst with strong potential for solar-driven wastewater treatment 

applications. 

Chapter 7 consolidates the overall contributions of this thesis, highlighting the 

successful transformation of waste Croton caudatus biomass into value-added 

carbonaceous materials for environmental remediation. The work demonstrates a 

systematic progression from adsorption-based pollutant removal to advanced 

heterojunction photocatalytic mineralization, supported by molecular-level theoretical 

validation. Overall, the thesis establishes a sustainable framework that converts low-

cost biomass waste into multifunctional, reusable materials capable of both pollutant 

adsorption and photocatalytic degradation, offering a value-added environmental 

solution for advanced wastewater treatment. 

The future scope of this work is also outlined in this chapter. Future research will focus 

on exploring alternative biomass precursors to optimize pore structure and surface 

functionality, as well as developing multi-doped and ternary semiconductor systems 

to enhance visible-light activity and charge separation efficiency. Further studies will 

address the simultaneous removal of mixed emerging contaminants, including 

pharmaceuticals, microplastics, and per and polyfluoroalkyl substances (PFAS), under 

realistic wastewater conditions. Advanced electrochemical and spectroscopic 



 
 

techniques will be employed to better understand charge transfer dynamics and 

catalytic mechanisms, thereby supporting scale-up and practical implementation. 
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CHAPTER 1 

 

INTRODUCTION 

 

This chapter presents advances in the development of biomass-derived activated 

carbon and activated carbon-based nanocomposites for the removal of hazardous 

phenolic contaminants from wastewater. Synthesized activated carbon was produced 

by chemical activation followed by incorporation into semiconductor photocatalysts 

to improve degrading efficiency. The study addresses the limitations of pristine ZnO, 

including rapid electron–hole recombination and restricted visible-light activity, 

through heterostructure formation via transition metal modification and activated 

carbon as supporting material. The synthesized materials were assessed for the 

adsorption and the photocatalytic degradation of phenolic derivatives. Experimental 

studies were supplemented by density functional theory (DFT) simulations to clarify 

adsorption processes and chemical reactivity interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1  Introduction 

1 

 

1.1 Introduction 

Water is an essential natural resource for sustaining earth’s ecosystem. Nonetheless, 

the supply of safe and clean water has become increasingly limited in many parts of 

the world [1]. The rapid development of the world population, agricultural demands, 

rising industrialization, modern technological society, and a variety of geological, 

environmental, and climatic factors are all contributing to increased water pollution 

[2,3]. In recent years, a wide range of toxic contaminants, including phenolic 

compounds, endocrine-disrupting substances, dyes, personal care products, pesticides, 

and pharmaceuticals, have been found at hazardous concentrations in drinking water, 

groundwater, and surface water posing serious risks to both environmental 

sustainability and public health [4-6].  

Among the diverse classes of organic pollutants, phenol and substituted phenols are 

classified as priority organic pollutants due to their high toxicity, limited 

biodegradability, and adverse impacts on human health and aquatic life even at lower 

concentrations [7,8]. Exposure to phenolic chemicals has been associated to 

carcinogenesis, mutagenesis, endocrine disruption, and nervous system disorders 

[9,10]. The European Union and the United States Environmental Protection Agency 

have listed these compounds as a priority pollutant, with a maximum permitted 

concentration of 1 ppm in water bodies [11,12]. Given the severity of water 

contamination caused by elevated concentrations of toxic substances, the development 

of efficient, cost-effective, and ecologically benign treatment methods is necessary 

before being discharged into the aquatic environment. Various conventional and 

sophisticated treatment approaches have been developed to remove phenolic pollutants 

from wastewater, including biological treatment, membrane filtration, chemical 

oxidation, ion-exchange processes, coagulation-flocculation, and adsorption [13-15]. 

Figure 1.1 depicts commonly used physicochemical techniques for wastewater 

treatment. Among these methods, adsorption is considered one of the most effective 

wastewater treatment techniques for the removal of phenolic contaminants, owing to 

its simple operation, minimal or no pre-treatment requirements, environmental 

friendliness, absence of harmful by-products, and cost-effectiveness [16,17]. 

Adsorption is the process by which a material accumulates on a surface or contact. 

Adsorption takes place at the interface of a solid adsorbent and polluted water in water 
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treatment systems. The substance being removed from water is known as the 

adsorbate, and the material that facilitates its absorption is known as the adsorbent 

[18]. 

 

Figure 1.1. An overview of wastewater treatment techniques. 

Activated carbon (AC)-based adsorption is widely used for the effective removal of 

organic pollutants from aqueous media due to its extremely porous structure, large 

surface area, and various surface chemical properties [19-21]. Despite its efficiency, 

the large-scale commercial application of AC can be hindered because of its high 

manufacturing value, which are mostly caused by the use of costly and non-renewable 

precursors such as petroleum wastes, coal, peat, and lignite [22-24]. To address this 

limitation, current research efforts have shifted toward the use of low-cost and widely 

available precursors, such as agricultural wastes and waste biomass, for the long-term 

generation of AC. Biomass-derived AC is being considered as an alternative to 

expensive commercial AC due to its availability, renewability, and low cost [25,26]. 

AC is commonly used as a co-adsorbent and support material for photocatalysts in 

wastewater treatment using photocatalytic degradation processes [27]. Its efficiency 

as a catalytic support is due to its large specific surface area, high aspect ratio, and 

strong capacity to evenly scatter catalytically active metal particles, which are 

necessary characteristics for improved catalytic performance [28]. Although each 

approach has certain benefits and drawbacks, photocatalysis has received a lot of 

attention as an advanced oxidation process (AOP) that entirely mineralize persistent 

organic pollutants into environmentally friendly intermediates under room 
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temperature [29-31]. Numerous semiconductor photocatalysts have been extensively 

studied for the breakdown of organic contaminants in aquatic environments. Among 

the most commonly investigated materials are titanium dioxide (TiO2), tungsten 

trioxide (WO3), silicon dioxide (SiO2), zirconium dioxide (ZrO2), iron oxide (Fe2O3), 

zinc oxide (ZnO), and molybdenum disulfide (MoS2) [32]. 

Furthermore, the efficient design and optimization of wastewater treatment systems 

depend on a comprehensive understanding of the mechanisms controlling the removal 

of pollutants. In this regard, several studies have been conducted to gain deeper 

insights into the adsorption and catalytic mechanisms between AC and AC-based 

nanocomposites using density functional theory (DFT). For instance, Jan et al. [33] 

examined the impact of several surface functional groups on the adsorption behavior 

of azo dyes, such as –OH, –COOH, –NO2, –CH2 or –CH3, –C≡C, –C=O, and –SO3. In 

another study by Kebir et al. [34], the influence of various surface functional groups 

on AC was carried out for oxytetracycline adsorption, revealing a significant 

improvement in adsorption performance and a strong correlation with experimental 

data.  Additionally, the chemical reactivity of basic dyes in correlation with AC was 

examined using DFT-based descriptors by De Souza et al. [35]. Similarly, Al-Kahtani 

et al. [36] studied the photocatalytic degradation process of bisphenol A (BPA) 

utilizing a ZnS/NSDC nanocomposite and then corroborated the experimental results 

by DFT calculations. The synthesized nanocomposite demonstrates exceptional 

characteristics and can serve as a reusable photocatalyst for the breakdown of BPA in 

aqueous solutions. The mechanisms involved in the elimination processes will be 

computed using the Gaussian 09/16 W program via DFT approach for the adsorption 

and its catalytic activity.  

Given the growing significance of wastewater treatment, it is necessary to investigate 

the utilization of AC in adsorption processes and its nanocomposite derivatives in 

photocatalysis for the effective removal of phenolic contaminants from aqueous 

systems. 

1.2 Activated carbon  

AC can be described as carbonaceous materials that possess high porosity, notable                      
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physicochemical stability, an abundance of functional groups, significant adsorptive 

capability, and a high degree of surface reactivity [37]. AC is a tasteless, amorphous, 

microcrystalline, non-graphitic type of carbon, appearing as a black solid substance 

similar to powdered or granular charcoal. “Activated carbon” denotes carbonaceous 

substances characterized by significant porosity, exceptional physicochemical 

stability, substantial adsorptive capacity, robust mechanical strength, pronounced 

surface reactivity, and a highly developed pore morphology [38]. AC typically has 

several heteroatoms, including oxygen, sulfur, hydrogen, nitrogen, halogens, and other 

elements, integrated into its structure as surface-bound functional groups [39,40].  

 

Figure 1.2. Several functional groups present on the activated carbon surface [44]. 

These functional groups may be introduced through chemical treatments during the 

activation process or may be the result of the carbonization of biomass precursors. The 

surface chemistry of AC may be modified via oxidation or nitrogen doping to produce 

carbon-based materials enriched with oxygen and nitrogen. Oxygen-containing 
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functional groups, including as carboxyl, carbonyl, phenolic, and lactone groups, can 

be synthesized utilizing activating agents such potassium hydroxide (KOH), sodium 

hydroxide (NaOH), and sulfuric acid (H2SO4) [41,42]. Nitrogen-containing groups, 

including amide, amine, pyridinic, and pyrrolic functionalities, can be integrated by 

activation procedures utilizing ammonia, urea, or melamine solutions in ethanol [43]. 

Figure 1.2 depicts various functional groups that may be found on the surface of AC. 

Cuhadaroglu and Uygun [45] observe that AC does not possess a definitive chemical 

formula owing to its variable composition and structural heterogeneity. AC may be 

categorized into different forms based on its physical qualities, including powdered 

activated carbon (PAC), granular activated carbon (GAC), extruded activated carbon, 

activated carbon fibers, and activated carbon cloths. Owing to these versatile 

properties, AC is widely known as a highly adaptable carbonaceous material with 

numerous applications in supercapacitors, batteries, gas separation, wastewater 

treatment, energy storage systems, air purification, and catalytic processes.  

In recent years, AC has been widely employed for environmental protection, with more 

rigorous pollution control legislation substantially enhancing its demand for air and 

water treatment applications. Due to its extensive adsorption capacity, AC efficiently 

removes many harmful and persistent pollutants from water sources, such as 

pesticides, herbicides, chlorinated hydrocarbons, heavy metal ions, and phenolic 

compounds [46,47].  

Although AC exhibits excellent removal efficiency, challenges associated with 

regeneration and reuse under conventional conditions, along with relatively high 

operational costs, limit its practical applications [48]. As a result, significant efforts 

have been focused on creating low-cost adsorbents from waste materials for water 

filtration via batch and column adsorption methods [49]. The development of better 

AC with higher quality and performance has been driven by continuous developments 

in manufacturing processes and the research of alternate precursor materials. 

1.2.1 Crystalline structure of AC 

ACs possess a microcrystalline structure comprised of fused hexagonal carbon atom 

rings [50]. The microcrystalline structure of AC differs from that of graphite in terms 

of interlayer spacing. Graphite has an interlayer spacing of 0.335 nm, whereas AC has 



Chapter 1  Introduction 

6 

 

an interlayer spacing of 0.34 to 0.35 nm. The microcrystallite layers in ACs exhibit 

reduced orderliness. The disorder in microcrystallite layers is attributable to the 

existence of heteroatoms and unoccupied lattice sites in ACs [51]. Biscoe and Warren 

introduced the word “turbostratic” to describe the disordered variant of the graphitic 

structure found in AC [52]. Figure 1.3 illustrates the contrast between the three-

dimensional structure of graphite and the turbostratic structure of AC. 

  

(a) (b) 

Figure 1.3. Comparison of the three-dimensional crystal lattice of (a) graphite and (b) 

turbostratic structure. 

1.2.2 Porous structure of AC 

AC possesses a highly developed internal surface distinguish by a polydisperse porous 

structure including pores of various shapes and sizes. The most often utilized AC 

possesses a surface area usually between 500 and 1500 m2/g and a pore volume 

approximately ranging from 0.7 to 1.8 cm3/g. Nonetheless, the pore volume and 

surface area may reach up to 3000 m2/g and 1 cm3/g, respectively [53,54]. The 

International Union for Pure and Applied Chemistry (IUPAC) categorizes pores into 

three kinds based on size: micropores with an average diameter under 2 nm, mesopores 

with diameters ranging from 2 to 50 nm, and macropores with an average diameter 

above 50 nm [55]. 

Figure 1.4 depicts a porous structure characterized by macropores that connect directly 

to the external surface, mesopores that extend from the macropores, and micropores 

that further branch from the mesopores. The overall surface area of AC predominantly 

pertains to the surface area of micropores, so the majority of adsorption occurs within 

these micropores. Conversely, the mesopores and macropores function as transport 

pathways for the adsorbate to access the micropores. All pores possess walls, thereby 
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including two types of surfaces: an interior or microporous surface and an exterior 

surface. The internal or microporous surface denotes the walls of the micropores, 

whereas the external surface comprises the walls of the mesopores and macropores, 

together with the margins and the outward-facing aromatic sheets [56]. 

 
Figure 1.4. Schematic of activated carbon with different types of pores [57]. 

1.2.3 Raw material for the synthesis of AC 

AC may be derived from both naturally occurring and synthesized carbonaceous 

substances, according to by Girgis et al. [58]. AC is often categorized according to the 

precursor type, since the features of the initial material substantially affect the 

structural characteristics, physicochemical properties, and overall efficacy of the 

produced AC [59,60]. Cagnon et al. [61] highlighted that the inherent structure of the 

precursor is crucial in influencing the ultimate characteristics of AC. Commercial AC 

has traditionally been produced using non-renewable and quite costly resources such 

as lignite, coal, wood, peat, and petroleum wastes [62]. As a result, there has been a 

growing focus on the use of affordable, renewable agricultural residues and 

lignocellulosic biomass for the synthesis of AC. A diverse array of biomass precursors, 

including corn cobs, hazelnut shells, mulberry pruning residues, olive stones, jojoba 

seeds, Chinese fir sawdust, coconut shells, kenaf fibers, bamboo, rice husks, groundnut 

shells, paper mill sludge, Prosopis juliflora, sugarcane bagasse, jackfruit peel, and 

other agro-industrial by-products has been investigated as sustainable alternatives 

[63,64]. Despite their availability, renewability, and cost-effectiveness, these biomass 

sources possess a significant amount of volatile matter, which is advantageous for 

generating a highly porous structure of AC. The majority of biomass resources are 

disposed of as waste without appropriate use from a commercial perspective. 
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Consequently, transforming agro-waste or biomass into value-added goods like AC 

might reduce waste disposal expenses and mitigate adverse environmental impacts. 

1.2.4 Preparation of AC 

The activation process generates or increases porosity on the surface of AC, as seen in 

Figure 1.5. AC can be manufactured either directly from dried raw materials or through 

a two-step activation process including the carbonization of the precursor followed by 

activation [65]. Based on the activation technique used, ACs are typically 

manufactured by two methods: (i) physical or gas activation, and (ii) chemical 

activation. 

 
Figure 1.5. Two-dimensional representation of carbon activation [66]. 

(i) Physical activation 

Physical activation is a two-step procedure. The raw precursor is initially pyrolyzed in 

an inert environment at temperatures over 400 °C to remove a wide range of volatile 

components. Thereafter, the carbonized substance undergoes activation at high 

temperatures (600–1200 °C) employing oxidizing agents such steam, carbon dioxide, 

nitrogen, or their combinations [67,68]. This process generates AC characterized by a 

robust porous structure and commendable mechanical strength, generally regarded as 

a cost-efficient and eco-friendly technique due to the lack of chemical activating agents 

[69,70]. However, physical activation has limitations, including prolonged activation 

durations, high energy requirements, and a reduced adsorption capacity of the 

produced AC [71]. 

(ii) Chemical activation 

Chemical activation, often known as wet oxidation, can be performed in either a one- 

or two-step procedure. The one-step process involves immediately impregnating the 

dried precursor with chemical agents that oxidize and dehydrate it, followed by a 
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period of high temperature treatment [72]. The two-step approach entails the initial 

carbonization of dried raw material at temperatures ranging from 400-600 °C to 

generate char, succeeded by chemical impregnation and subsequent high-temperature 

activation [71]. To eliminate any remaining chemicals or by-products, the activated 

material is washed extensively with either acidic or alkaline solutions, and then rinsed 

with water. Chemical activation involves the incorporation of activating agents into 

the carbon matrix, which helps to promote the creation of pores. The washing 

procedure is essential for removing imbedded chemical species and creating a well-

defined porous structure in the final AC [73]. Typical activating agents are metal salts 

like FeCl3, ZnCl2, and MgCl2; alkaline chemicals such as Na2CO3, K2CO3, NaOH, and 

KOH; and acidic agents like HNO3, HCl, H3PO4, and H2SO4 [74,75]. These 

compounds engage with the carbonaceous matrix, yielding gaseous products that 

facilitate pore formation [76]. Furthermore, they serve as oxidizing or dehydrating 

agents, facilitating pyrolytic breakdown and augmenting carbon output by minimizing 

tar and ash production [77,78]. Activating agents are of great importance in the 

development of surface functional groups and pore structures. KOH is considered one 

of the most efficient agents for generating AC with a high specific surface area [79]. 

Chemical activation is preferred over physical activation because it produces a more 

homogeneous pore structure and a larger surface area [80]. Furthermore, the 

comparatively lower activation temperature and reduced processing duration render 

chemical activation economically beneficial [81]. 

1.2.5 Effect of activating agents 

The surface area and pore volume of AC can be substantially improved by employing 

appropriate chemical activating agents. Phosphoric acid (H3PO4), KOH, and zinc 

chloride (ZnCl2) are some of the most often used agents for enhancing the texture 

characteristics of AC [82,83]. The activation process using ZnCl2 facilitates the 

creation of inter- and intra-particle voids, resulting in AC distinguished by a large 

surface area and increased porosity [84]. Phosphoric acid is recognized for enhancing 

carbon production and producing a porous structure comprising both micropores and 

mesopores [85]. KOH activation mostly promotes the development of intricate 

microporous structures, yielding AC with a high specific surface area [86-88]. 
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1.2.6 Effect of impregnation ratio 

The impregnation ratio, defined as the weight ratio of activating agent to precursor, is 

considered an important attribute in chemical activation processes. Giraldo and 

Moreno-Pirajan [89] indicated that the impregnation ratio markedly affects the 

formation of porosity in AC. Utilizing ZnCl2 and KOH as activating agents in ratios 

of 2:1 to 3:1 (activating agent: precursor) resulted in an increase in both surface area 

and total pore volume when the ratio was elevated from 2 to 3. The increase in porosity 

was ascribed to the elimination of tar from the cross-linked carbon structure caused by 

the chemical treatment [90]. 

Singh et al. [91] established that KOH activation at 600 °C with an impregnation ratio 

of 1:2 yielded AC with optimal surface area and porosity. In another work, Akpen et 

al. [92] synthesized AC from the seeds of two mango types (local and dausha) utilizing 

anhydrous ZnCl2 at impregnation ratios of 1:2 and 1:3 for the purpose of wastewater 

color removal. The adsorption performance ranked as follows: local 1:2 > local 1:3 > 

dausha 1:2 > dausha 1:3, demonstrating that the impregnation ratio significantly 

influences adsorption efficiency. Sagili et al. [93] examined grape industrial waste 

treated with ZnCl2 and found that elevated impregnation ratios enhanced mesopore 

formation, whereas diminished ratios facilitated micropore development. This 

behavior was elucidated by the augmented swelling and heightened release of volatile 

substances at elevated ratios, resulting in pore expansion [94]. In contrast, reduced 

impregnation ratios restricted pore expansion and promoted micropore formation by 

decreasing tar accumulation. Various investigations have similarly validated that the 

impregnation ratio significantly influences the surface area and pore structure of AC 

[95,96]. 

1.2.7 Effect of temperature on surface area and pore volume 

The activation temperature is an important variable influencing the textural properties 

of AC. The ideal temperature range is contingent upon several elements, including the 

characteristics of the precursor, the nature of the activation substance, the heating 

approach, and the mixing process. Excessively high activation temperatures may cause 

a decrease in specific surface area and carbon yield, most likely due to the increased 

transformation of cross-linked solid-phase structures into volatile gaseous products 
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[97,98]. Conversely, inadequate activation temperatures might provide suboptimal 

porosity, since the energy supplied may be insufficient to commence full pyrolysis, 

resulting in partial reactions [99]. 

1.2.8 Applications of AC 

AC is a diverse and highly effective adsorbent extensively utilized in several industrial 

sectors of industry. In addition to its use in solar cells, gas-phase adsorption, solvent 

recovery, separation and purification technologies, catalytic processes, biomedical 

applications, pollution control, spill remediation, supercapacitors, energy storage 

devices, and batteries, AC is also employed in the removal of color, odor, and 

undesirable organic and inorganic contaminants from water [100-102]. The 

remarkable adsorption capability of AC is mostly due to its large surface area, 

advanced porous architecture, and elevated surface reactivity. Furthermore, the 

adjustability of its physicochemical features enhances its use across many domains 

[103]. 

AC is widely utilized for the removal of biological, organic, and inorganic 

contaminants from wastewater. Numerous research has shown that biomass-derived 

ACs are highly effective in treating water. Wang et al. [104] reported an adsorption 

capacity of 934.57 mg/g for methylene blue with AC obtained from distillers’ grains. 

Nasser et al. [105] investigated palm fruit bunch particles for the adsorption of basic 

dye (BR18), attaining a maximum adsorption capacity (qmax) of 242 mg/g. AC derived 

from argan nutshells had a maximum adsorption capacity of 1250 mg/g for bisphenol 

A at 293 K [106]. Supong et al. [107] performed experimental and theoretical studies 

on the adsorption of phenol and dinitrophenol with AC derived from Tithonia 

diversifolia, achieving removal efficiencies of 99.98 % and 97.81 %, respectively. 

Khalil et al. [108] similarly generated AC from sugarcane bagasse, exhibiting robust 

adsorption capabilities for phenolic chemicals. Bhomick et al. [109] synthesized 

activated biocarbon from Pinus kesiya cones using ZnCl2 activation, resulting in an 89 

% elimination of Alizarin Red S dye. Nourouzi et al. [110] examined waste newspaper-

derived activated carbon (WNAC) for the adsorption of glyphosate from aqueous 

solutions. 
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1.3 Adsorption process 

Adsorption is a surface phenomena that facilitates the transfer of molecules from a 

gaseous or liquid phase to a solid surface. The molecules or atoms on the solid surface 

have residual surface energy due to unbalanced forces, and when certain substances 

collide with the solid surface, they are drawn by these unbalanced forces and remain 

on the solid surface. The adsorption process can be classified as physisorption or 

chemisorption based on the characteristics of the adsorption forces. In physisorption, 

the adsorbate molecules adhere to the adsorbent surface by weak van der Waals forces 

[111]. Physical adsorption often occurs at low temperatures, characterized by a rapid 

adsorption rate, minimal adsorption heat, and a lack of selectivity. Chemisorption, 

conversely, pertains to the sharing or exchange of electrons between the surface of the 

adsorbent and the adsorbed molecule. A chemical bond formed between the adsorbate 

and the adsorbent surface as result of the reaction. Physical adsorption and chemical 

adsorption are interrelated often occur simultaneously [112].  

Adsorption isotherms models are used to represent the adsorption process at 

equilibrium. These models demonstrate the interaction between adsorbent and 

adsorbate and measure the quantity of material adhered to the surface. The 

predominant adsorption isotherms are the Langmuir, Freundlich, Temkin and 

Dubinin–Radushkevich (D-R) isotherm [113,114]. Another significant aspect of the 

adsorption process is the explore of adsorption kinetics, which describes the absorption 

rate of adsorbate, the nature of the adsorption mechanism, and the rate-controlling step. 

Several kinetic models, including the pseudo-first-order, pseudo-second-order, and 

Weber and Morris intraparticle diffusion model, are employed to study the kinetics of 

adsorption [115-117]. Moreover, thermodynamic investigations elucidate the 

influence of temperature on numerous thermodynamic parameters, including Gibbs 

free energy, enthalpy, and entropy [118]. Chapter 2 provides an extensive overview of 

adsorption isotherms, kinetic models, and thermodynamic parameters, respectively. 

1.4 Photocatalysis 

Photocatalysis is the process of accelerating or modifying a chemical reaction in the 

presence of a photocatalyst under ultraviolet or visible light irradiation [119]. Due to 

its cost-effectiveness, negligible secondary pollution, high efficiency, and ease of 



Chapter 1  Introduction 

13 

 

operation, it has become a very promising method for the degradation of phenolic 

substances [120]. Photocatalytic materials produce very reactive species when 

exposed to light, especially hydroxyl radicals (•OH) [121], which may oxidize organic 

contaminants and then mineralize them into water (H2O) and carbon dioxide (CO2) 

[122]. Both homogeneous and heterogeneous systems are commonly used to describe 

photocatalysis, depending on the phase relationship between the photocatalyst and the 

reactants [123]. Homogeneous photocatalysis involves the simultaneous presence of 

the photocatalyst and the reactants, allowing light irradiation to produce reactive 

hydroxyl radicals. The Photo-Fenton process (UV/Fe2+/H2O2) and ozone-based 

photolysis (UV/O3/H2O2) are two of the most often used homogeneous systems [124]. 

In contrast, heterogeneous photocatalysis occurs when reactants and photocatalysts 

interact in distinct phases, usually solid-liquid or solid-gas systems [125]. Due to its 

cost-effectiveness, reusability, ease of catalyst separation, and operational simplicity, 

this approach is commonly considered an excellent destructive technology for 

pollutant removal [126]. Semiconductor metal oxides are commonly employed in 

heterogeneous systems to break down harmful organic pollutants by using air oxygen 

as the oxidant and light as the energy source [127]. The current research focuses on 

synthesizing heterogeneous catalysts made of semiconductor metal oxides and using 

them to degrade pollutants. 

1.4.1 Mechanism of heterogeneous photocatalysis 

Below is a description of the mechanism that underlies heterogeneous photocatalysis, 

which breaks down very harmful and toxic chemicals into carbon dioxide (CO2) and 

water (H2O) [128]. 

(i) Excitation of the semiconductor 

The structure of a semiconductor metal oxide consists of a valence band (VB) and a 

conduction band (CB), with the electrons located in the VB [129]. Bandgap energy is 

the energy that is present between the two bands. Electrons (e−) in the VB are 

stimulated to the CB when the semiconductor metal oxide is exposed to light with an 

energy equal to or higher than the bandgap energy, creating a hole (h+) in the VB 

(Equation 1.1). While holes at the top of the VB take part in oxidation processes, 

photo-induced electrons at the bottom of the CB engage in reduction activities [130]. 
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Metal oxide + hv                   Metal oxide e−
CB + h+

CB            (1.1) 

(ii) Formation of hydroxyl radical 

During the photoreduction process, the photoexcited electron in the CB (e⁻CB) engages 

with oxygen (O2) adsorbed on the metal oxide (MO) surface, resulting in the 

generation of reactive superoxide radicals (•O2
─), as illustrated in Equation (1.2.) 

e−
CB + O2                             •O2

─
                 (1.2)   

The superoxide radical persists in its interaction with water molecules to produce 

H2O2, which subsequently decomposes and releases the •OH radical (Equation 1.5) 

[131]. The •O2
─

 radical then interacts with water molecules to produce H2O2, which 

ultimately decomposes, releasing the •OH radical (Equation 1.5). 

•O2
─

 + H+                    •OHH                 (1.3) 

•OHH + •OHH                     H2O2 + •O2              (1.4) 

H2O2 + •OHH                     •OH + •OH              (1.5) 

The hole (h+
VB) can undergo photo-oxidation with water to produce the reactive 

hydroxyl radical (•OH) (Equation 1.6) [132]. 

h+
VB + •OH                     •OH                 (1.6) 

(iii) Recombination reaction 

The generated hole (h+
VB) and electron (e−

CB) may recombine without taking part 

photoreaction, thus releasing the absorbed light energy as heat [133]. 

(iv) Photodegradation of phenolic compounds 

Phenolic contaminants adsorbed on semiconductor photocatalysts are oxidized by the 

hydroxyl radicals (•OH) produced. Due to their high oxidation potential 

(approximately 2.8 V relative to the standard hydrogen electrode), these highly 

reactive •OH species efficiently decompose organic pollutants, ultimately 

transforming them into mineralized byproducts such as CO2 and H2O, as illustrated in 

Equation (1.6) [134]. 

Phenolic compound + •OH                    CO2 + H2O             (1.6) 
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A schematic illustration of the photocatalytic mechanism is depicted in Figure 1.6. 

 

Figure 1.6. Photocatalytic degradation mechanism. 

1.4.2 Semiconductor materials as photocatalysts 

Extensive study has recently been undertaken on several semiconductor (metal oxide) 

photocatalysts and their physicochemical characteristics. An efficient metal oxide 

photocatalyst must demonstrate excellent photostability, chemical and biological 

inertness, low toxicity, and the capacity to utilize both ultraviolet and visible light. 

Furthermore, it must have an appropriate bandgap energy to effectively facilitate 

photocatalytic processes [135]. Table 1.1 provides a summary of the most common 

semiconductor metal oxides used as photocatalysts. 

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 

ZnS 3.60 344 

CuO 2.00 570 

BiVO4 2.40 500 

Ag3PO4 2.45 365 

g-C3N4 2.70 450 
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To function effectively as a photocatalyst, a semiconductor must possess an array of 

essential properties. Photocatalyst must be able to absorb photons and produce 

electron–hole pairs, while reducing the recombination of these charge carriers. 

Furthermore, the material must have a better structural and chemical stability. The 

redox potentials of the hydroxyl radical (•OH/H2O) system must reside inside the 

semiconductor's bandgap to facilitate efficient oxidation-reduction processes [136]. A 

semiconductor must possess specific characteristics to function effectively as a 

photocatalyst: it must absorb photons, generate electron-hole pairs, minimize 

recombination of these pairs, exhibit long-term stability, and have oxidation-reduction 

potentials of the OH and H2O pairs within the semiconductor material's bandgap 

domain [137]. 

Photocatalytic methods use semiconductor metal oxides like TiO2, SnO2, Bi2O3, ZrO2, 

and ZnO, as well as metal sulfides like ZnS, PbS, and CdS, to degrade pollutants. 

These materials use solar radiation for energy and atmospheric oxygen (O2) as an 

oxidizing agent [138]. Zinc oxide (ZnO) is commonly considered as a potential 

material among metal oxide photocatalysts because of its high photoactivity, strong 

oxidative capacity, low cost, operational efficacy under ambient settings, and non-

toxicity [139]. As a result, ZnO was chosen as the photocatalyst in this investigation, 

and the next section provides a brief description of its structural characteristics and 

properties. 

1.4.3 Zinc oxide as a photocatalyst 

Zinc oxide (ZnO) is categorized as an II–VI semiconductor due to zinc and oxygen's 

positions in Groups 2 and 6 of the periodic table, respectively. Due to its exceptional 

optical features, chemical sensing capabilities, semiconducting behavior, electrical 

conductivity, and piezoelectric qualities, ZnO is one of the most thoroughly studied 

metal oxides. Figure 1.7 demonstrates that ZnO occurs in three crystalline forms: 

hexagonal wurtzite, cubic zinc blende, and rock salt formations. The wurtzite phase is 

the most thermodynamically stable at ambient temperature. It demonstrates a 

tetrahedral coordination geometry wherein each Zn atom is connected to four oxygen 

atoms and vice versa [140]. ZnO is an n-type semiconductor that has a broad bandgap 

of about 3.37 eV, a high exciton binding energy of over 60 meV, and significant 
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absorption in the deep violet to near-ultraviolet (UV) spectrum at ambient temperature 

[141]. The characteristics of ZnO may change as it is reduced to the nanoscale or doped 

with foreign elements. ZnO has garnered considerable attention for the breakdown and 

total mineralization of water pollutants due to its low cost, high quantum efficiency, 

appropriate bandgap, robust redox potential, and efficient photocatalytic properties 

[142]. The principal physical and chemical features of wurtzite ZnO are summarized 

in Table 1.2. 

 

Figure 1.7. Different crystals forms of ZnO [143]. 

Table 1.2. Physical and chemical properties of wurtzite ZnO. 

 Properties ZnO nanoparticles 

 Molar mass (g/mol) 81.39 

 Light absorption (nm) <320 

 Atoms per unit cell (Z) 4 

 Lattice parameters a = 3.25Å, c = 5.205Å 

 Color White powder 

 Odor Odorless 

 Density (g/cm3) @ RT 5.6 

 Melting point (K) 2248 

 Flash point (K) 1709 

 Solubility Insoluble in water 

 Refractive index 2.0041 
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1.4.4 Limitations in ZnO photocatalysis 

ZnO has several limits even though it is widely used as an antibacterial agent in 

radiation-driven degradation of organic contaminants, wastewater treatment, and 

antifouling systems. The photo-instability of pure ZnO in aqueous conditions and the 

quick recombination of photogenerated electron-hole pairs are severe issues that 

drastically reduce its photocatalytic performance [144]. Moreover, pure ZnO 

nanoparticles tend to cluster at elevated concentrations, have a relatively low specific 

surface area in bulk form, and demonstrate improved colloidal stability in water, 

complicating their subsequent separation and recovery after treatment [145]. 

To address these issues, subsequent studies have focused on coupling or doping ZnO 

with other metals or metal oxides that further increase its efficiency [146,147]. The 

integration of these materials serves numerous significant functions: 

(i) The inclusion of appropriate hybrid materials allows for excellent trapping of 

photoexcited electrons and their transport to the semiconductor surface. The 

production of ZnO-based metal oxide-metal oxide heterostructures can greatly limit 

the recombination of photogenerated electron-hole pairs, thereby increasing 

photocatalytic effectiveness [148]. 

(ii) A suitable work function is an essential need for the included foreign material. 

Several factors including energy level alignment, interfacial placement, and the 

efficiency of electron transport from the semiconductor conduction band to the 

adsorbed electrolyte species primarily determine the overall performance of the hybrid 

system [149]. 

(iii) The supporting material should have a large surface area and a significant 

adsorption affinity for the target pollutants. Enhanced adsorption promotes effective 

degradation while reducing the development of intermediate byproducts during the 

photocatalytic process. 

(iv) The matrix should enable for the photocatalyst's fast and efficient recovery, 

allowing it to be reused immediately or after regeneration. 

 Band gap (eV) 3.37, Direct jump 

 Exciton binding energy (meV) 50 

 Thermal Conductivity (W/m/K) 0.7,1-1.5 
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1.4.5 AC as supporting material 

To address the inherent limitations of ZnO-based photocatalysis, AC is commonly 

used as a supporting material. ZnO-modified AC has a higher surface area, porosity, 

and cation exchange capacity than the pure photocatalyst [150]. AC has a highly 

porous structure, hydrophilic surface functional groups, and hydrophobic graphitic 

domains, making it ideal for both adsorption and catalysis [151]. AC typically has a 

large specific surface area (500-2000 m2/g) and strong surface reactivity [152]. As a 

result, in the current work, a ZnO/AC nanocomposite was created and used as an 

efficient photocatalytic system for pollutant degradation. 

The incorporation of AC and ZnO addresses several practical limitations associated 

with standalone ZnO photocatalysts, such as particle aggregation in suspension, 

challenges in implementing ZnO in continuous flow systems, and difficulties in post-

reaction separation and recovery of fine ZnO powders. The use of AC as a supporting 

matrix not only increases dispersion and stability, but it also considerably improves 

the photocatalytic performance of the pure semiconductor [153]. The primary benefits 

of using AC as a support for ZnO are as follows: 

(i) It has a large specific surface area and enables efficient charge separation between 

the VB and CB. This improved separation allows charge carriers to migrate to the 

surface and interact with pre-adsorbed redox species, resulting in increased 

photocatalytic efficiency. 

(ii) The intermediates produced during photocatalysis can be successfully adsorbed 

onto the surface of AC, allowing for continued degradation in following cycles and 

increasing the overall availability and efficiency of the photocatalyst [154]. 

(iii) The photocatalytic efficacy of the nanocomposite can be greatly improved by 

coupling semiconductors with AC, since this integration reduces photogenerated 

electron-hole pair recombination [155]. 

(iv) ZnO/AC composites have a higher electron transfer capacity, better dispersion 

stability, smaller crystallite sizes, and a lesser tendency for aggregation and surface 

passivation. 

1.4.6. Heterojunction formation of ZnO photocatalyst 

ZnO is widely regarded as a promising semiconductor photocatalyst owing to its att- 
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ractive physicochemical properties. Nevertheless, its practical photocatalytic 

performance is subject to several limitations. A foremost drawback is its susceptibility 

to photocorrosion and instability under prolonged light irradiation. Moreover, the rapid 

recombination of photogenerated electron–hole pairs significantly reduces its 

photocatalytic efficiency [156]. 

Another drawback of ZnO is its relatively wide bandgap, which confines its 

photoresponse to the ultraviolet region, limiting its efficient use of solar light in the 

visible spectrum [157]. Reduced bandgap energy is consequently required to enable 

visible-light-driven photodegradation. To overcome these issues, numerous 

modification procedures have been attempted, such as metal and nonmetal doping, 

noble metal deposition, and coupling with other semiconductors or carbon-based 

materials. These alterations improve charge separation by allowing the trapping and 

transport of photoexcited electrons on the semiconductor surface, hence increasing 

total photocatalytic activity [158]. 

In recent years, ZnO/metal heterojunction systems have received a lot of interest in 

photocatalysis because they collaborate the distinctive characteristics of metals and 

semiconductors while producing improved optical, electrical, and catalytic properties 

through synergistic interactions. To enhance ZnO photocatalytic performance, 

significant research efforts have been directed toward the production of ZnO-based 

nanocomposites. Several hybrid systems, such as ZnO-CuO, ZnO-Fe2O3, ZnO-NiO, 

and ZnO-ZrO2, were effectively synthesized. These adjustments increase the 

photoresponse range and enable more effective separation of photogenerated electron-

hole pairs, improving overall photocatalytic performance [159,160]. 

For example, ZnO/Cu2O/Si nanohybrid was synthesized using a simple, cost-effective, 

all-solution processing technique at a low temperature [162]. This ternary hybrid 

achieved an 81.6 % elimination of MB in 120 min under visible light illumination, 

significantly outperforming both the pure Si nanowires and the binary nanohybrids. 

Similarly, a work conducted by Yuan et al. [163] involves the creation of g-

C3N4/CeO2/ZnO nanoscale heterostructures for the degradation of MB under visible 

light. Shen et al. [161] proposed the synergistic VPC-PSA mechanism that for use in 

the Cu/ZnO/CoFe-CLDH composite system as shown in Figure 1.8. 
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Figure 1.8. Schematic representation of synergistic VPC-PSA procedure enhances 

Cu/ZnO/CoFe-CLDH catalytic mechanism for ROS generation and BPA degradation 

[161]. 

1.5 Overview of selected phenolic derivatives for degradation studies 

This study examined the photocatalytic degradation of phenolic chemicals, 

particularly 4-nitrophenol (4-NP) and bisphenol A (BPA). The production of many 

different types of industrial chemicals relies on phenolic compounds as essential 

intermediates, including colors, medicines, insecticides, polymers, resins, and 

disinfectants [164]. These chemicals are commonly found in industrial effluents and 

surface water bodies because of their widespread use in various sectors. Phenolic 

pollutants are highly toxic, persistent, and resistant to biodegradation, even at low 

concentrations. Their presence in aquatic environments poses serious risks to both 

human health and ecosystems [165]. Exposure to phenolic compounds can cause skin 

and eye irritation, headaches, nausea, liver and kidney damage, endocrine disruption, 

and other chronic health complications [166]. The efficient removal of phenolic 

contaminants from water sources is now an urgent environmental concern due to their 

toxicity, persistence, and prevalence. A brief overview of the phenolic pollutants that 

were studied in this thesis are described in Chapter 2. 

1.6 Density functional theory study  

Quantum chemical calculations have become an essential tool for studying the 

structural and electrical characteristics of molecular systems. Molecular energy, 

charge distribution, dipole moment, bonding properties, and other physicochemical 
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factors, especially for tiny and medium-sized molecules, may be thoroughly 

investigated using these computational approaches. Understanding adsorption 

mechanisms and bolstering the formulation and interpretation of experimental 

investigations are greatly enhanced by the insights gained from such computations. 

Quantum chemical calculations have become a significant method to understand the 

structure and characteristics properties of molecules in recent times. These calculations 

may provide extensive information on molecular energy, charge, dipole moment, 

chemical bond, and other properties for most small and medium molecular systems. 

The calculated results have significant implications for the investigation of adsorption 

mechanisms and the advancement of experimental research [167]. 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. As a result, an approach that goes beyond 

experimentation is required to forecast the unobservable features and enhance the 

interpretation of the experimental results [168]. Quantum mechanical methods offer 

effective solutions to issues that are not entirely resolved through experimental 

techniques. Theoretical techniques may predict a wide variety of molecular 

characteristics and behaviors, such as the relative energies and stabilities of molecules 

and solid-state systems [169]. Depending on the underlying quantum mechanical 

framework, computational methods are widely classified as ab initio methods, semi-

empirical or empirical approaches, molecular mechanics, and molecular dynamics 

simulations [170]. 

Density Functional Theory (DFT) was used in the current investigation, which is 

classified as ab initio and provides the best balance of computing efficiency and 

accuracy [171]. Ab initio methods, also known as first-principles approaches, allow 

the estimation of numerous system attributes based simply on basic structure 

knowledge, without the need of modifiable empirical parameters [172]. As a result, 

these methods offer a strong and complementary framework for studying molecular 

and material systems in comparison to traditional experimental techniques and solely 

theoretical quantum (field) models. 



Chapter 1  Introduction 

23 

 

In ab initio methods, the molecular Schrödinger equation is solved without the use of 

empirical or semi-empirical parameters, resulting in all results being directly derived 

from fundamental theoretical principles. Nevertheless, this does not indicate that the 

solutions are precise; rather, the approximations are meticulously defined within a 

first-principles framework, with an anticipated and qualitatively understood margin of 

error [173]. Ab initio calculations are increasingly important tools for both 

experimentalists and theorists. They contribute to a better knowledge of material 

characteristics, valid predictions of empirically observed events, and the rational 

design and development of novel materials [174]. 

DFT is now recognized as one of the most successful and extensively used methods 

for identifying the electrical structure of matter. In addition to electronic structure 

computations, DFT may be used to evaluate a variety of molecular features, such as 

optimal geometries, total energies, vibrational frequencies, electrical and magnetic 

properties, and reaction pathways [175,176]. DFT techniques have been used in a 

variety of computer programs, including VASP, Quantum ESPRESSO, SIESTA, and 

Gaussian [177]. In the current investigation, all DFT-based computations were 

performed using the Gaussian 09/16W software package. 

1.7 Present study 

AC is well known as an abundant and versatile adsorbent with lots of applications in 

water treatment. AC also has the benefit of being able to be coupled with 

photocatalysts, increasing the efficiency with which organic pollutants are removed. 

Nonetheless, the exorbitant cost and non-renewability of traditional precursor 

materials limit their large-scale utilization. Similarly, single semiconductor 

photocatalysts such as ZnO have intrinsic limitations. Long-term light irradiation 

causes photocorrosion and structural instability in ZnO. Furthermore, the 

photogenerated electron-hole pairs undergo fast recombination, considerably reducing 

their photocatalytic efficacy. Another significant drawback of ZnO is its broad 

bandgap, which confines its photoactivity predominantly to the UV region, hindering 

its effective use in visible light irradiation. 

To accomplish visible-light-responsive photocatalysis, two major concerns need to be 

addressed: narrowing bandgap and electron-hole recombination inhibition. Lowering 
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the bandgap increases photocatalytic effectiveness by extending light absorption into 

the visible spectrum and reducing charge carrier recombination. Therefore, the 

nanocomposite was further modified through transition metal doping to improve its 

visible-light-driven photocatalytic efficiency for the degradation of aqueous 

pollutants.  

Consequently, the present investigation focuses on the synthesis of AC and AC-based 

heterojunction photocatalyst for the removal of phenolic compounds from wastewater.  

AC was produced from locally available waste biomass which was then activated using 

chemical activating agent (e.g., KOH). On the other hand, the photocatalyst-supported 

AC nanocomposite, including AC coupled with ZnO/ZrO2 and Co-doped ZnO/AC was 

manufactured by a hydrothermal process. The physicochemical characteristics of the 

produced materials were thoroughly investigated utilizing a variety of analytical 

techniques. The produced AC was used for the adsorption of 2-chlorophenol, and 

catechol and resorcinol, while its nanocomposite materials were applied for the 

photocatalytic degradation of 4-nitrophenol and bisphenol A from aqueous solutions. 

Theoretical investigations utilizing DFT simulations were conducted to understand the 

adsorption mechanism and assess the chemical reactivity of both the adsorbent 

material and the target contaminants. The outline of the work undertaken in this thesis 

is presented in Figure 1.9. 

 

Figure 1.9. Scheme of the present study. 
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1.8 Aims and objectives of the work 

The objectives of the present work are as follows: 

1. Preparation of AC adsorbent from locally available biomass via KOH chemical 

activation. 

2. Preparation of AC with transition metal/ semiconductor materials using 

hydrothermal method. 

3. Characterization of synthesized material using various analytical techniques.  

4. Application studies for the adsorption & photodegradation of phenolic 

compounds. 

5. Computational approaches to understand the reaction mechanism between the 

adsorbent & adsorbate. 

The outline of the thesis is presented in Figure 1.10. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

 

This chapter describes the materials and procedures utilized for the synthesis, 

characterisation, and evaluation of activated carbon and its nanocomposites for 

wastewater treatment applications. Detailed analytical methods were employed to 

investigate structural, morphological, surface, and optical characteristics. Batch 

adsorption test were performed to assess pollutant removal efficacy, and the 

experimental results were evaluated utilizing isotherm, kinetic, and thermodynamic 

models to understand the adsorption mechanism. Experiments on photocatalytic 

degradation were conducted to evaluate catalytic efficacy and mineralization 

efficiency. Furthermore, density functional theory (DFT) simulations were utilized 

to elucidate the interaction processes and its chemical reactivity between the 

adsorbent surface and target contaminants. 
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2.1 Chemicals and reagents 

Chemicals including zinc acetate dihydrate (Zn(CH3COO)2·H2O), zirconium dioxide 

(ZrO2), cobalt nitrate hexahydrate (Co(NO3)2·6H2O), zinc oxide (ZnO), potassium 

hydroxide (KOH), sodium hydroxide (NaOH), hydrochloric acid (HCl), and ethanol 

were utilized in the experimental work. Phenolic compounds such as 2-chlorophenol 

(ClC6H4OH), catechol, and resorcinol, 4-nitrophenol (C6H5NO3) and bisphenol A were 

used for adsorption and degradation studies. All the chemicals and reagents utilized in 

the present work are of analytical grade and used without further purification. All 

testing experiments were conducted using double distilled water (DDW) from the 

Milli-Q system (18.2 MΩ cm). 

2.2 Raw precursor for the preparation of activated carbon 

The raw materials employed in the current investigation were chosen based on their 

availability, abundance, and environmental safety. Croton caudatus, a locally available 

biomass at Nagaland University (26° 13′29.60″ N | 94° 28′ 35.0″ E), India, was used 

as a precursor for the synthesis of activated carbon. The collected biomass was 

chopped into small pieces, extensively cleaned to eliminate any remaining impurities, 

and dried in a hot air oven at 105 °C for 24 hours. The dried biomass was then 

chemically activated to produce activated carbon. The next section describes in detail 

the biomass materials utilized in this investigation. 

Croton caudatus  

Croton caudatus (Euphorbiaceae family) is a scandent shrub found across tropical and 

subtropical Asia and Australia, including southern China, the Indian subcontinent, and 

Southeast Asia. The plant develops as a climbing shrub with long, flexible stems and 

is usually found along forest edges and in disturbed areas. Croton caudatus is a 

valuable and renewable biomass resource because to its widespread availability and 

rapid growth. The plant has been recognized for its traditional medicinal and utilitarian 

uses, but it is still mostly discarded for material applications [1,2]. Croton caudatus 

was chosen as an appropriate raw precursor for the synthesis of activated carbon in the 

present study due to its lignocellulosic content, local availability, and eco-friendliness 

(Figure 2.1). 
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Figure 2.1. Picture showing Croton caudatus plant. 

2.3 Synthesis of activated carbon 

In the current work, activated carbon derived from biomass material was produced by 

a two-step activation procedure. The raw precursor was first carbonized, then 

chemically activated with the KOH activating agent. This method results in porous 

material with increased yield and greater surface area. The production of activated 

carbon was labeled as CCAC (Croton caudatus activated carbon) and is described 

thoroughly in Chapters 3. 

2.4 Characterisation of CCAC 

Characterization of activated carbon is a crucial step prior to its application in any 

treatment process. The physical and chemical characteristics of the produced activated 

carbon were investigated comprehensively in this work utilizing a variety of analytical 

methods. Proximate analysis, which included the evaluation of moisture content, ash 

content, volatile matter, and fixed carbon, followed the American Society for Testing 

and Materials recommendations [3]. Furthermore, ultimate analysis was carried out to 

identify the elemental composition of the activated carbon.  

(i) Proximate analysis 

The proximate analysis involves heating activated carbon at different temperatures to 

measure moisture, volatile matter, fixed carbon, and ash content. The experimental 

protocols are outlined below. 

(ii) Moisture content 

A silica crucible was pre-heated at 110 ℃ for 1 hour, then cooled to room temperature 

in a desiccator. The activated carbon sample was then inserted in the pre-weighed silica 

crucible and dried at a higher temperature periodically. The drying sample was 

reweighed at 10-minute intervals until a consistent weight was achieved. Moisture 

content is computed using the Equation (2.1), which is the ratio of change in original 

weight expressed in percentage [3]. 

Moisture content (%) =  
(C−D)

(C−B)
 X 100               (2.1) 
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where B= crucible mass (g), C= crucible mass with original sample (g) and D = 

crucible mass after sample heating (g). 

(iii) Ash content 

A silica crucible was preheated in a muffle furnace at 650 ℃ for 1 hour before cooling 

to ambient temperature in a desiccator. The pre-weighed crucible with 1g of activated 

carbon was then heated in the furnace at 650 ℃. The sample was weighed every three 

hours until a consistent weight was reached [4]. 

Ash content (%) =  
(D−B)

(C−B)
 X 100                (2.2) 

(iv) Volatile matter 

A silica crucible initially overheated at 900 °C in a muffle furnace for 10 minutes 

before cooling to room temperature in a desiccator. After that, around 1 g of activated 

carbon was added to the preheated crucible, and it was partially covered and heated to 

900 °C for 10 min. Once heated, the sample-containing crucible was taken out and left 

to cool for 1 hour in a desiccator [3]. The volatile matter content was determined using 

the Equation (2.3). 

Volatile matter (%) =  
(C−D)

(C−B)
 X 100                (2.3) 

(v) Fixed carbon 

The fixed carbon content, indicated as a percentage, was determined by subtracting the 

total percentages of volatile matter, moisture content, and ash content from 100 %. The 

fixed carbon of the activated carbon was calculated using the equation below. 

Fixed Carbon (%) = 100 – (volatile matter % + ash content % + moisture content %) 

                  (2.4) 

(vi) Ultimate analysis 

The carbon, hydrogen, nitrogen, and oxygen content of the activated carbon sample 

was determined via ultimate analysis. CHNS/O elemental analyzer was used in the 

current investigation to study the prepared sample. 

2.5 Description of pollutants considered for adsorption studies  
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The subsequent section presents a concise overview of the pollutants examined in this 

study, namely 2-chlorophenol, catechol and resorcinol. 

(i) 2-chlorophenol 

Chlorophenols (CPs) are a kind of phenolic derivatives in which chlorine atom are 

covalently substituted in the ortho, meta, or para positions of the phenol ring. 2CPs are 

widely employed in a variety of applications, including pesticide and dye manufacture, 

water disinfection, preservative production, petrochemical industries, agriculture, 

biocides, cosmetics and pharmaceuticals [5]. The presence of 2CPs in water is 

associated with a foul odor, an unpleasant taste, and a deterioration in drinking water 

quality [6]. 2CPs have garnered substantial interest in recent years due to their low 

biodegradability and evident poisonous, carcinogenic, and mutagenic qualities. Once 

discharged into the environment, these chemicals frequently accumulate in 

wastewater, surface water, and groundwater, posing significant threats to human health 

and the environment even at low doses below 0.1 µg/L [7].  

 

Figure 2.2. Chemical structure of 2-chlorophenol. 

Furthermore, human exposure to such pollutant can cause long-term health problems, 

such as gastrointestinal diseases (e.g., diarrhea), nervous system damage, aberrant 

urine coloring, increased respiration rate, and sensations like nausea and vomiting. The 

toxicity of chlorophenols rises with the level of chlorination. Although these chemicals 

have important biocidal properties, they become extremely toxic at large doses [8]. As 

a result, the successful removal of 2CPs from wastewater has remained a persistent 

difficulty, emphasizing the need of developing efficient treatment strategies to 

eradicate these chemicals before they enter the aquatic environment. The structural 

representation of 2CP is presented in Figure 2.2. 

(ii) Catechol and resorcinol 

Catechol (CT) and resorcinol (RS) are dihydroxybenzene isomers that are commonly 

used in industrial solvents [9]. Catechol (1,2-dihydroxybenzene) is utilized extensively 

in the production of photographic and fur dyes, as a polymerization inhibitor, 

antioxidant, and food ingredient. In addition, catechol is often used in chemical labs to 
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detect and quantify different metal ions [10]. Resorcinol (1,3-dihydroxybenzene) is 

widely utilized in the production of synthetic fibers, resins, polymers, and colors [11]. 

These compounds are frequently detected in effluents released by industries such as 

petroleum refineries, cosmetics, textile processing, and pharmaceutical manufacture 

[12]. Following their discharge into the environment, they are regularly found in soil, 

surface water, and groundwater, posing serious threats to human health and ecological 

systems. 

(a) Catechol (b) Resorcinol 

Figure 2.3. Chemical structure of catechol and resorcinol. 

 

They are categorized as pollutants because of their limited biodegradability, high 

toxicity, increased oxygen consumption, and carcinogenic potential, even at low levels.  

Furthermore, persistent exposure to these pollutants can cause eye and skin irritation, 

gastrointestinal diseases such as diarrhea and stomach discomfort, pulmonary edema, 

DNA damage and vascular collapse. CT is more hazardous than RS, and both 

substances are regarded more toxic than phenol because they can alter erythrocyte 

function at low doses [13]. Consequently, there is a need to develop simple and 

economically viable strategies for the effective monitoring and removal of these 

contaminants from the environment. The molecular structure of catechol and 

resorcinol are depicted in Figure 2.3. 

2.6 Batch adsorption experiments for adsorption studies 

Batch adsorption tests were carried out to determine the removal of 2-chlorophenol, 

and catechol and resorcinol from aqueous solutions. In each experiment, a desired 

amount of adsorbent was introduced to a 250 mL Erlenmeyer conical flask containing 

a specified volume of phenolic solution (50 mL) at varying initial concentration. The 

pH of the solution was adjusted by adding 0.1M of NaOH or HCl. The mixture was 

then stirred on a rotary shaker at 180 rpm for a set amount of time under regulated 

temperature. Following adsorption, the solutions were filtered and the residual 

phenolic concentrations were measured with a UV-visible spectrophotometer (Model: 

Lambda 35, PerkinElmer) at the corresponding wavelengths. All tests were conducted 

in triplicate to ensure data quality. The adsorption capacity (qe) and removal efficiency 

(R %) of phenolic compounds were calculated using the following equations. 
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% Removal =   100 ×
Ci−Ce

CI
                (2.5)          

qe = V ×
Ci−Ce

Ms
                  (2.6)  

where, the initial and equilibrium concentrations of adsorbate in aqueous phase are 

expressed by Ci and Ce (mg/L) respectively, volume of the solution by V (L), and the 

mass of CCAC by Ms (g). 

A detailed discussion of batch mode adsorption experiments for the removal of 

phenolic compounds is provided in Chapters 3 and 4. 

2.7 Description of adsorption models  

Adsorption models are essential to evaluate adsorbent performance, offering insights 

into removal efficiency, pollutant absorption rates, and the thermodynamic properties 

of the adsorption system [14]. Moreover, these models enhance comprehension of the 

fundamental adsorption mechanisms. Therefore, the experimental adsorption data 

were analyzed in the present study using a variety of established mathematical models 

and equations to understand the adsorption behavior. The isotherm, kinetic, and 

thermodynamic models utilized in this study are outlined in the subsequent sections. 

2.7.1 Isotherm models 

Adsorption isotherms are vital for understanding the interaction of pollutants and 

adsorbent surfaces, and they play an important role in improving adsorption system 

design for contaminant removal from aqueous medium [15]. These models offer 

important insights into the surface properties of the adsorbent, the nature of the 

adsorption process, and the affinity between the adsorbent and adsorbate. An 

adsorption isotherm highlights the correlation between the equilibrium quantity of 

adsorbate per unit mass of adsorbent (qe) and the equilibrium concentration of the 

adsorbate in solution (Ce) at a constant temperature. The correlation between qe and Ce 

is often examined by fitting the empirical data to one or more equilibrium isotherm 

models. To comprehend adsorption behavior, a variety of isotherm models have been 

utilized. The Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich (D-R) 

isotherm models are among the most frequently used in studies that involve activated 

carbon for water treatment. 
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(i) Langmuir isotherm  

The Langmuir isotherm model, initially introduced by Irving Langmuir, proposes that 

adsorption takes place at distinct homogenous active sites on the adsorbent surface, 

with no interaction between adsorbate molecules occupying adjacent sites [16]. The 

model defines monolayer adsorption, characterized by the formation of a singular layer 

of adsorbate molecules on the surface, often linked to chemisorption phenomena. 

Equation (2.7) and Equation (2.8) presents the linearized and non-linearized form of 

the Langmuir isotherm. 

Linearized form,
𝐶𝑒

𝑞𝑒
=

1

𝑄𝑚 𝐾𝐿   
+

1

𝑄𝑚
𝐶𝑒                (2.7) 

Non − Linearized form, 𝑞𝑒 =
𝑄𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
               (2.8) 

where, Cₑ is the equilibrium concentration of the adsorbate in the solution (mg/L), and 

qe indicates the quantity of adsorbate adsorbed per unit mass of the adsorbent at 

equilibrium (mg/g). The constant KL represents the Langmuir isotherm parameter 

related to the affinity between the adsorbate and the adsorbent (L/mg), whereas Q𝑚 

denotes the maximum monolayer adsorption capacity of the adsorbent (mg/g). 

Another significant parameter associated with the Langmuir isotherm is the 

dimensionless separation factor (RL), which is an indicator of the adsorption process’s 

favorability [17]. The mathematical expression for RL is presented in Equation (2.9). 

𝑅𝐿 =  
1

1+ 𝐾𝐿 𝐶𝑂
                  (2.9) 

The nature of the adsorption process is determined by the value of RL. Adsorption is 

described as favorable (0<RL<1), linear (RL=1), irreversible (RL=0), and unfavorable 

(RL>1), respectively [18]. 

(ii) Freundlich isotherm 

The Freundlich isotherm model is appropriate for characterizing multilayer adsorption 

phenomena and characterizes adsorption that takes place on heterogeneous surfaces 

with a non-uniform distribution of adsorption energies [19]. Equation (2.10) and 

Equation (2.11) represents the Freundlich isotherm in its linear and non-linear form. 
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Linear form, log 𝑞𝑒 = log 𝐾𝐹 + (1
𝑛⁄ ) log 𝐶𝑒                    (2.10) 

Non − linear form, 𝑞𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛             (2.11) 

where, Ce = adsorbate concentration at equilibrium (mg/L), qe = amount of adsorbate 

per gram of adsorbent at equilibrium (mg/g), and KF = Freundlich adsorption capacity 

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

Adsorption intensity is denoted by the Freundlich adsorption intensity ‘n’. The 

adsorption intensity increases as the ‘n’ value increases. Furthermore, the adsorption 

process is considered to adhere to a conventional Langmuir isotherm when the value 

of ‘1/n’ is less than unity, while the cooperative nature of the adsorption process is 

indicated when the value of “1/n” is greater than unity [20]. 

(iii) Temkin isotherm  

The Temkin isotherm model proposes that the heat of adsorption declines linearly with 

increasing surface coverage as a result of adsorbate-adsorbent interactions, and that 

the binding energies are evenly distributed throughout the surface [21]. The linearized 

form of the Temkin isotherm is delineated in Equation (2.12). 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇
ln(𝐴𝑇𝐶𝑒)               (2.12) 

where, bT corresponds to the Temkin constant associated with the heat of sorption 

(kJ/mol), whereas AT is the Temkin equilibrium binding constant (L/mg). The symbol 

R represents the universal gas constant (8.314 J/mol/K), whereas T specifies the 

absolute temperature at 298 K. 

(iv) Dubinin–Radushkevich (D-R) isotherm 

The Dubinin–Radushkevich (D–R) isotherm model is utilized to assess porosity, 

apparent free energy, and the overall characteristics of the adsorption process [22]. 

This model is very effective in differentiating between physical and chemical 

adsorption interactions. The mean free energy of adsorption (E) obtained from the D–

R model elucidates the fundamental adsorption process. An E value between 1-8 

kJ/mol indicates physisorption, while values ranging from 8 to 16 kJ/mol signify 
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chemisorption [23]. The linear representation of the D-R isotherm model is expressed 

by Equation (2.13).  

ln qe = lnqDR +  βε2               (2.13) 

ε = RT ln  [1 +
1

Ce
]               (2.14) 

The mean free energy is subsequently computed using Equation (2.15). 

E =
1

(2β)
1

2⁄
                (2.15) 

where qe = amount of adsorbate per gram of adsorbent at equilibrium (mg/g), qDR = 

theoretical monolayer adsorption capacity (mg/g), β = D-R constant, ε = Polanyi 

potential, E = mean free energy (kJ/mol), R = universal gas constant (8.314 J/mol/K) 

and T= Temperature at 298 K. 

2.7.2 Kinetic models 

Adsorption kinetic studies are important for assessing the adsorption process by 

determining the reaction order, rate constants, and potential rate-controlling stages 

[24]. This work employed three kinetic models, including pseudo-first-order, pseudo-

second-order, and intraparticle diffusion to assess adsorption kinetics. 

(i) Pseudo-first-order 

The pseudo-first-order (PFO) kinetic model, initially proposed by Lagergren, provides 

a simplified framework for characterizing the adsorption of a solute from the liquid 

phase onto a solid surface [25]. This model posits that the rate-limiting step is 

determined by physical interactions, including van der Waals forces, π–π interactions, 

and hydrogen bonding [26]. Equation (2.16) and Equation (2.17) presents the 

linearized and non-linearized form of the PFO equation. 

Linearized form, log  (qe − qt) = log qe −  
k1

2.303
 t            (2.16) 

Non − linearized form, qt = qe(1 − e−k1t)             (2.17) 

where, qe = equilibrium adsorption capacity (mg/g), qt =adsorption capacity at time t 

(mg/g), k1 = rate constant of PFO (1/min). 
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(ii) Pseudo-second-order  

The pseudo-second-order (PSO) kinetic model, based on adsorption equilibrium 

capacity, is commonly used to elucidate the chemisorption mechanism of the 

adsorption process. This model proposes that the adsorption rate is directly 

proportional to the quantity of occupied active sites on the adsorbent surface [27]. The 

linear and non-linear form of the PSO kinetic equation is presented in Equation (2.18) 

and Equation (2.19). 

Linear form,
t

qt
=  

1

k2qe
2  +  

t

qe
               (2.18) 

Non − linear form, qt =
qe

2k2t

1+qek2t
              (2.19) 

where, qe = equilibrium adsorption capacity (mg/g), qt = adsorption capacity at time t 

(mg/g), k2 = rate constant of PSO (1/min). 

(iii) Intraparticle diffusion 

The intraparticle diffusion (ID) model, proposed by Weber and Morris (1963), was 

utilized to clarify the diffusion mechanism and identify the rate-controlling stage of 

the adsorption process [28]. This model describes adsorption as including two 

principal stages: the migration of adsorbate molecules from the bulk solution to the 

external surface of the adsorbent, succeeded by their diffusion into the interior pores 

of the adsorbent [29]. The ID concept is mathematically expressed in Equation (2.20) 

[30]. 

qt = kidt0.5 + c               (2.20) 

where qt = amount of adsorption at any time, t = time, kid = intra-particle diffusion rate 

constant (mg/g.min1/2) and c = thickness of the boundary layer. 

2.7.3 Thermodynamics  

The effect of temperature on the adsorption process was assessed by thermodynamic 

analysis. These investigations elucidate the changes in internal energy attributed to 

adsorption [31]. The thermodynamic parameters, namely the variations in enthalpy 

(ΔH°) and entropy (ΔS°), were ascertained from the slope and intercept of the linear 
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graph of ln Kd against 1/T, as described by Equation (2.21). The change in Gibbs free 

energy (ΔG°) at various temperatures was determined utilizing Equation (2.23). 

lnKd =  
∆S

R
−  

∆H

RT
               (2.21) 

Kd =  
qe

Ce
                           (2.22) 

∆G =  −RT lnKL                (2.23) 

where, Kd = thermodynamic distribution coefficient, qe = adsorbed concentration on 

the adsorbent, Ce = initial concentration at equilibrium, T (K) = absolute temperature, 

R = gas constant (8.314 J/mol/K). 

2.7.4 Model validation 

The most favorable isotherm and kinetic models were determined by statistical error 

analysis utilizing the residual root mean square error (RMSE) and chi-square (𝜒2) tests 

to evaluate the goodness of fit between the experimental and calculated data [32].  

χ2 =  ∑
(qe−qc)2

qc
 m

i=1                   (2.24) 

The 𝜒2 values were computed utilizing the Equation (2.24). The experimental and 

calculated adsorption capabilities from batch investigations are represented by qe and 

qc, respectively, with ‘m’ denoting the number of observations. A low 𝜒2 value 

signifies a strong correlation between the experimental data and the model predictions, 

indicating an effective fit of the kinetic or isotherm model. The values of the RMSE 

were determined using the Equation (2.25). 

RMSE = √
1

m−2
∑ (m

i=1 qe − qc)2                (2.25) 

where a lower RMSE value suggests a more accurate curve fitting [33]. 

2.8 Synthesis of photocatalysts and supporting material 

The synthesis route and operational conditions influence the structural, morphological, 

electrical, optical, and stoichiometric characteristics of nanomaterials [34]. As a result, 

choosing a suitable synthesis process is important to producing a highly active 

photocatalyst. This study examined photocatalytic degradation employing 
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nanocomposite photocatalysts, including ZrO2-ZnO, CCAC/ZrO2-ZnO, and 

CCAC/Co-ZnO, respectively. 

2.8.1 Synthesis of ZrO2-ZnO and Co-ZnO nanocomposite supported on CCAC 

Metal oxide nanocomposites have been synthesized using a variety of techniques, 

including co-precipitation, microemulsion, polyol, and reverse micelle methods [35-

38]; however, these approaches are frequently associated with low efficiency, particle 

agglomeration, poor crystallinity, and broad particle size distributions [39]. The 

present research used a hydrothermal approach to develop high-purity and uniformly 

sized ZrO2-ZnO and Co-ZnO nanocomposites.  

Hydrothermal synthesis is one of the most widely used methods for the preparation of 

metal oxide nanocomposites [40]. During this process, higher temperature and 

pressure are generated within a sealed hydrothermal autoclave, which significantly 

alter the physicochemical properties of water, thereby increasing the mobility and 

solubility of reactant species and promoting crystallization reactions [41]. Owing to its 

simplicity, low reaction temperatures, and one-step processing capability, 

hydrothermal synthesis is considered a promising method for the fabrication of 

nanomaterials [42]. In this work, ZrO2-ZnO and Co-ZnO nanocomposites based on 

CCAC were obtained using the hydrothermal approach. Chapters 5 and 6 provide 

detailed synthesis processes for CCAC/ZrO2-ZnO and CCAC/Co-ZnO 

nanocomposites, respectively.  

2.9 Photocatalytic reactor 

In the present study, photocatalytic reactions were carried out in a photocatalytic 

reactor (63 x 44 x 44 cm) enclosed within a black box, as illustrated in the schematic 

diagram (Figure 2.4). The photocatalytic reactor consisted of a double-jacketed glass 

tank with two ports: one for adding samples and the other for inserting a condenser to 

condense heated vapors, in the borosilicate glass outer jacket. The inner jacket 

consisted of a Pyrex glass jar holding a 450 W mercury lamp (UV source) producing 

radiation at 325 nm with an intensity of 1500 mW cm-2, positioned 5 cm away from 

the reaction mixture. For visible-light tests, a high-pressure mercury lamp (350 W) 

with a maximum wavelength of 520 nm was put at the same distance as the reaction 

solution. A magnetic stirrer placed beneath the double-jacketed tank ensured uniform 
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mixing of the reaction system. The temperature was kept stable by continually 

pumping water through the outer jacket with a pump. In addition, an exhaust fan was 

put in the reactor chamber to ensure that air circulated throughout the system. 

Figure 2.4. Schematic representation of experimental photocatalytic reactor. 

2.10 Description of pollutants considered for photodegradation studies 

The subsequent section presents a concise overview of the pollutants examined in this 

study, namely 4-nitrophenol, and bisphenol A. 

 

(i) 4-nitrophenol 

Nitrophenols are anthropogenic, inhibitory, and biorefractory organic compounds. 

They have been widely used in the chemical industry for pesticides, drugs, and colors 

[43]. 4-Nitrophenol (4-NP) is a phenolic molecule with a benzene ring that has both 

nitro (–NO2) and hydroxyl (–OH) functional groups on it. According to the European 

Economic Union and the United States Environmental Protection Agency, 4-NP is 

classified as a priority pollutant due to its high toxicity, with a maximum permissible 

concentration of 1 ppm in water [44]. 4-NP poses significant health hazards to humans, 

animals, and aquatic organisms, even at minimal concentrations. Exposure to such 

pollutant may lead to many acute and chronic health impacts, including gastrointestinal 

and respiratory illnesses, organ damage to the liver and kidneys, skin and eye irritation, 

and cardiovascular disorders. Additional side effects may include increased saliva 

production, decreased hunger, deterioration of proteins, and interference with the 

neurological and circulatory systems [45,46]. Given these serious health risks, it is 

critical to treat 4-NP-containing wastewater thoroughly before it is discharged into 

aquatic environments. The chemical structure of 4-NP is depicted in Figure 2.5. 

Figure 2.5. Molecular structure of 4-nitrophenol. 

(ii) Bisphenol A 

Bisphenol A (BPA) is a commonly found endocrine-disrupting chemical (EDC) in 

groundwater, surface water, industrial effluent, and landfill leachate. Its ubiquitous 

occurrence is primarily due to its extensive use as a precursor in the production of 

epoxy resins, polycarbonate plastics, and a variety of polymeric materials, such as 
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rubber additives, food packaging products, dental sealants, PVC pipelines, and 

specialty chemicals [47,48]. BPA is composed of two phenolic rings connected by an 

acetone-derived bridge, which is the source of the identifier “A” (acetone). BPA is 

consistently released into the environment due to its extensive usage in industries, 

adversely affecting ecosystems and human health. Besides its effects on the endocrine 

system, BPA is also known to have carcinogenic and genotoxic properties. 

Experimental studies indicate that BPA exposure may promote the development of 

cancer cells, especially in breast and prostate tissues [49]. Furthermore, it has been 

associated with reproductive problems, obesity, and developmental anomalies. The 

persistence and toxicity of BPA are significantly affected by its physicochemical 

properties, such as its considerable aqueous solubility (~200 mg/L at 25 °C), chemical 

stability, and resistance to biodegradation, facilitating its accumulation in aquatic 

environments even at trace concentrations (pM–nM levels) [50-52]. In response to 

these concerns, the United States Environmental Protection Agency (USEPA) has 

incorporated BPA into the Drinking Water Contaminant Candidate List 5 [53]. 

Consequently, the development of strategies that are highly effective in the removal of 

BPA from aqueous environments continues to be a critical priority. The chemical 

structure of BPA is depicted in Figure 2.6. 

Figure 2.6. Molecular structure of bisphenol A. 

2.11 Photocatalytic degradation experiments 

Batch-mode photocatalytic degradation tests were conducted in a reactor system to 

remove 4-nitrophenol and bisphenol A [54-56]. The degradation investigations were 

carried out with constant water circulation at room temperature during the reaction 

time. After reaching equilibrium, the pollutant concentration was measured and used 

as the starting concentration to ensure that adsorption by the nanocomposite did not 

interfere the overall photocatalytic activity. Following that, photocatalytic degradation 

was initiated, and at regular intervals of 10 min, 3.5 mL aliquots were taken out, 

centrifuged, and monitored with a UV-visible spectrophotometer at the corresponding 

λmax values. The degradation efficiency (R %) of the target pollutants was calculated 

using Equation (2.5).  
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Batch photocatalytic degradation experiments were carried out with various operating 

parameters, as described in Chapters 5 and 6.  

2.12 Liquid chromatography–mass spectrometry and total organic carbon 

analyses 

Liquid chromatography-mass spectrometry (LC-MS) is a powerful analytical method 

commonly used to identify degradation intermediates in aquatic environments [57]. 

Liquid chromatography enables the separation of complex multicomponent mixtures, 

while mass spectrometry provides structural identification of individual compounds 

with high molecular specificity and detection sensitivity. In the current investigation, 

an LC-MS system was used to detect the degradation products produced during the 

photocatalytic activity. 

Total organic carbon (TOC) measurement is a prevalent method for assessing the 

extent of mineralization in photocatalytic degradation processes [58]. TOC analysis 

assesses the total carbon content in organic compounds within the solution. TOC 

analyzers are versatile and can be used to analyze a wide range of liquid samples, 

including drinking water, wastewater, surface water, and industrial process water. The 

measurement is expressed as the concentration of carbon in parts per million (ppm) or 

milligrams per litre (mg/L) [59]. Therefore, it provides direct evidence of the 

conversion of organic pollutants into inorganic end-products such as CO2 and H2O. 

In this investigation, the extent of complete mineralization is confirmed by a reduction 

in TOC in contrast to a mere transformation into intermediate by-products. The 

mineralization efficiency was calculated using the Equation (2.26). 

Mineralization =  
TOCinitial− TOCfinal

TOCinitial
 × 100             (2.26) 

2.13 Photodegradation kinetics  

(i) Langmuir Hinshelwood kinetic model 

To describe heterogeneous photocatalytic degradation of organic contaminants in 

aquatic environments, the Langmuir-Hinshelwood (L-H) kinetic model is the most 

commonly used model. This approach proposes that the reactive species are initially 

chemisorbed onto the surface of the catalyst prior to the reaction [60]. Moreover, the 
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overall reaction rate is governed by the surface oxidation step under conditions of 

maximum catalyst coverage. The L-H rate equation is presented as follows: 

ln (
C0

Ct
) =  Kapt               (2.27) 

where Kap is the apparent reaction rate constant, calculated from the slope of the graph 

of ln(C0 /Ct) vs time, C0 = initial concentration, and Ct = concentration at time t, 

respectively. 

(ii) Half-life time reaction 

The half-life of a reaction is utilized to determine the rate of a first-order kinetic 

process. The half-life (t1/2) is determined using Equation (2.28). 

𝑡1

2

=  
𝑙𝑛 2

𝑘𝑎𝑝
=  

0.693

𝑘𝑎𝑝
                (2.28) 

where t1/2 is the half-life time of reactions calculated from kap (min) [61]. 

2.14 Density functional theory study 

Theoretical simulations employing the density functional theory (DFT) approach were 

conducted understand the potential interactions between the adsorbate and activated 

carbon. DFT was applied for its conceptual simplicity and computational efficiency in 

simulating molecular interactions. 

All geometry optimizations, frequency evaluations, and energy calculations were 

conducted utilizing the Gaussian 09/16 software package [62,63]. The calculations 

utilized the B3LYP hybrid functional with the 6-31G/LanL2DZ basis set, 

incorporating a dielectric constant of ε = 80 to replicate an aquatic environment. 

GaussView 05/06 was utilized to build the molecular structures, which were then 

optimized in their electronic ground states after a variety of structural models of 

activated carbon were studied. The adsorption energy (Eadsorption) of the adsorbate on 

the carbon surface was computed utilizing Equation (2.29). 

Eadsorption = Esystem – (Eadsorbent + Eadsorbate)            (2.29) 

where, Esystem= Total energy of the adsorbent and adsorbate, Eadsorbent = Total energy of 

the adsorbent (AC), Eadsorbate = Total energy of the adsorbate. Moreover, a higher value 
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of negative Eadsorption indicates a more stable arrangement, whereas a positive Eadsorption 

value denotes unfavorable adsorption [64] . 

The underlying adsorption mechanisms can be better understood by the use of DFT in 

adsorption investigations. This research promotes the systematic advancement of 

highly effective adsorbents for targeted contaminant elimination and enhances the 

comprehension of the interactions, bonding properties, and reactivity between the 

adsorbate and the adsorbent surface. 

To enhance understanding of chemical reactivity and to gain deeper insight into 

adsorption and degradation mechanisms, quantum chemical descriptors, including 

HOMO-LUMO energy gap, chemical potential, chemical softness and hardness, 

electronegativity, electrophilicity index, maximum charge transfer, electrostatic 

potential surfaces, and Fukui function analysis were assessed to evaluate the reactivity 

of both the photocatalyst and the pollutant. Detailed discussions of these parameters 

are provided in Chapters 5 and 6. 

2.15 Analytical instruments used for characterization 

The synthesized CCAC, CCAC/ZrO2-ZnO and CCAC/Co-ZnO nanocomposites were 

studied using various analytical techniques. These include, CHNS elemental analyzer 

(Model: EA3000, Eurovector), Fourier Transform Infrared Spectroscopy (FT-IR; 

Model: Spectrum Two, Perkin Elmer), Brunauer-Emmett-Teller Surface Area Analysis 

(BET; Model: Smart Sob 93, Smart Instruments), Scanning Electron Microscopy 

(SEM; Model: JSM 6390LV, JEOL), X-Ray Diffraction (XRD; Model: ULTIMA IV, 

Rigaku), Transmission Electron Microscopy (TEM; Model: JEM 2100, JEOL), 

Energy-Dispersive X-Ray (EDX; PHI 5000 Versa Probe III), X-Ray Photoelectron 

Spectroscopy (XPS; Model: PHI 5000 VersaProbe III, Physical Electronics), UV-

Visible Diffuse Reflectance Spectroscopy (DRS; Shimadzu, and wavelength), 

Photoluminescence (PL; Horiba Fluoromax4CP spectrofluorometer), Liquid 

Chromatography–Mass Spectrometry (LC-MS; INKAR, Expression-S) 

Spectrophotometer and Total Organic Carbon (TOC; Shimazu Model 5000 A). Brief 

descriptions of the analytical equipment used in this work are provided below: - 
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(i) Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FT-IR) spectroscopy is a widely employed method for 

detecting surface chemical functional groups in materials [65]. In this investigation, 

FT-IR spectra have been carried out to identify the functional groups on the surface of 

synthesized samples. For spectral analysis, pellets were prepared by thoroughly 

mixing activated carbon with KBr in a 1:100 ratio, followed by compression using a 

hydraulic pellet press. The spectra were collected using an FT-IR spectrometer with a 

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

(ii) BET Surface Area, average pore diameter and total pore volume 

The Brunauer-Emmett-Teller (BET) technique is widely used to evaluate the specific 

surface area and pore properties of porous materials using multilayer gas adsorption. 

The present work employed a BET surface area analyzer to measure the specific 

surface area, average pore diameter and total pore volume of the synthesized materials 

through nitrogen (N2) adsorption-desorption isotherms. Furthermore, the pore size 

distribution was measured using the Barrett-Joyner-Halenda (BJH) technique.  

(iii) X-Ray Diffraction 

X-ray diffraction (XRD) analysis is a widely used technique for determining the 

crystalline structure and degree of crystallinity of materials using their diffraction 

patterns. In this procedure, an incoming X-ray beam interacts with the sample, and the 

intensity and diffraction angles of the scattered X-rays are measured. The average 

crystallite size was calculated using the Scherrer equation [66]. 

D = 0.9 λ/β Cos θ               (2.30) 

where λ denotes the X-ray radiation wavelength, θ is the Bragg’s angle, 

and β is the full width at half-maximum (FWHM). 

Powder X-ray diffraction (PXRD) was used in this research to collect the diffraction 

patterns of the synthesized materials and determine their crystalline or amorphous 

nature by comparing them to standard diffraction databases via JCPDS/ICDD 

reference number. PXRD measurements were performed on an X-ray diffractometer 

using CuKα radiation at a scan rate of 0.2° min-1. 
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(iv) Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is widely utilized for investigating the surface 

morphological properties of materials [67]. In this work, SEM was used to explore the 

surface morphology of CCAC, since surface characteristics play an important role in 

controlling the interactions between the adsorbent and adsorbate. 

(v) Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a powerful characterisation method that 

offers high spatial resolution information on material shape, particle size distribution, 

crystal structure, lattice strain, defects, and chemical composition at atomic scale [68]. 

TEM data is derived from interactions between the material and the incoming electron 

beam. The word “transmission” electron microscopy refers to the process of detecting 

electrons as they pass through the sample. To transmit electrons, TEM samples must 

be thin, often less than ~200 nm, depending on the material composition and desired 

information. The electron beam having energy around 100-300 keV is used. The 

chamber in TEM has to be housed containing vacuum. It allows to avoid any 

contamination while analysis. Therefore, TEM was utilized in this study to examine 

the morphology, particle size distribution, and surface texture of the synthesized 

nanocomposites. 

(vi) High-Resolution TEM 

High-resolution (HRTEM) is a sophisticated imaging technology that can resolve the 

fine structural characteristics (typically smaller than 4-5 nm) of materials at the atomic 

level precision. HRTEM provides detail information on the microstructure, including 

internal morphology, crystal structure, atomic arrangement, and the existence of 

defects and impurities [69]. HRTEM commonly used to study lattice imperfections 

such as vacancies and point defects, as well as to detect crystallographic patterns and 

material composition [70]. Additionally, it enables estimation of defect volume 

fractions, thereby contributing to a better understanding of the mechanical properties 

of materials. The highest resolution of TEM is 0.050 nm which is achieved through 

high end HRTEM. Herein, the present work utilised HRTEM interplanar spacing of 

the lattice fringes in the prepared nanomaterials. 
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(vii) Selected-Area Electron Diffraction 

Selected area electron diffraction (SAED) is a crystallographic experimental technique 

typically performed using TEM. SAED is the diffraction pattern formed when the 

electrons are diffracted, which results in the formation of dark background and bright 

spots. SAED patterns provide valuable information about sample crystallinity, 

including whether they are amorphous, single crystalline, or polycrystalline, as well as 

the associated crystallographic planes [71]. Diffuse, continuous, and broad rings are 

characteristic of amorphous materials, whereas sharp, bright spot patterns indicate 

single crystalline structures. In contrast, randomly distributed or overlapping 

diffraction rings are indicative of polycrystalline materials. The present study used 

SAED patterns to evaluate the crystallinity and structural features of the synthesized 

materials.  

(viii) Energy-Dispersive X-Ray Spectroscopy 

Energy-dispersive X-ray spectroscopy (EDS/EDX) is a powerful, non-destructive 

analytical method used to qualitatively and quantitatively determine elemental 

composition in materials [72]. It is typically used in conjunction with SEM/TEM, 

which allows for simultaneous morphological imaging and elemental analysis, 

providing vital information for chemical composition. EDS analysis allows for 

elemental characterisation of materials in macro, micro, and nanoscale dimensions. 

The current work utilized EDS analysis to confirm the elemental composition of the 

synthesized materials. 

(ix) X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical method that 

uses core-level binding energies to determine the elemental composition, 

chemical/electronic states, and stoichiometry of materials [73]. High-energy X-ray 

photons expel electrons from atoms’ core orbitals, resulting in XPS spectra. In this 

investigation, an X-ray photoelectron spectrometer was used to investigate the 

elemental composition and oxidation states of the photocatalysts. 

(x) UV-Visible Diffuse Reflectance Spectroscopy 

The optical characteristics and band gap energy of photocatalysts may be effectively  
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investigated using UV–visible diffuse reflectance spectroscopy (UV–Vis DRS) [74]. 

This approach is based on measuring the electromagnetic radiation reflected by 

powder samples. In this work, the band gap energies of the photocatalysts were 

determined using a UV-visible diffuse reflectance spectrophotometer. 

(xi) Photoluminescence  

Photoluminescence (PL) spectroscopy is a non-destructive analytical method in which 

a material absorbs incoming photons and moves electrons from the ground state to the 

excited state on femtoseconds [75]. PL analysis was used to quantify the band gap 

energy of photocatalysts and analyze the recombination behavior of photogenerated 

electron-hole pairs in semiconductor materials for the present study. The 

photoluminescence spectra were obtained with a photoluminescence 

spectrophotometer. 

(vii) Zero-point charge 

The batch equilibrium technique was used to calculate the point of zero charge (pHzpc) 

in the carbon and carbon-based nanomaterials. The point of zero charge (pHzpc) refers 

to the pH where the net surface charge of CCAC and/or carbon-based nanocomposite 

(photocatalyst) material is zero. When the solution pH is lower than the pHzpc, the 

surface of activated carbon becomes positively charged (pH < pHzpc), whereas at 

higher pH values, the surface develops a negative charge (pH > pHzpc) [76]. 

The batch equilibrium technique was used to estimate the pHzpc for CCAC and/or 

carbon-based nanocomposite samples [77]. For this purpose, 0.1 g of the material was 

introduced to Erlenmeyer flasks with 50 mL of 0.1 M potassium nitrate (KNO3) 

solution. Each suspension’s pH was changed from 2 to 12 using 0.1 M HNO3/ KOH. 

The flasks were then sealed and stirred on a mechanical shaker for 24 hours to reach 

balance. Following equilibration, the final pH values were recorded. The difference 

between initial and final pH values (ΔpH = pHinitial − pHfinal) was plotted against the 

initial pH. The pHzpc  was found as the pH at which ΔpH equals zero, corresponding to 

the point where the ΔpH versus pH starting curve meets with the baseline. 
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CHAPTER 3 

 

ACTIVATED CARBON ADSORBENT DERIVED FROM 

WASTE BIOMASS, “CROTON CAUDATUS” FOR EFFICIENT 

REMOVAL OF 2-CHLOROPHENOL FROM AQUEOUS 

SOLUTION: KINETICS, ISOTHERM, THERMODYNAMICS 

AND DFT SIMULATION 

 

This chapter aims to prepare an activated carbon (AC)1 adsorbent developed from 

Croton caudatus biomass material for the adsorption of 2-chlorophenol (2CP) from 

wastewater. Activated carbon was prepared by KOH activation at 2:1 impregnation 

ratio and 700 oC temperature using a muffle furnace under self-generated 

atmosphere for 2 hours. Several techniques and methodologies such as proximate 

analysis, ultimate (CHNS) analysis, BET, SEM, FT-IR, XRD and point of zero 

charge (pHpzc) have been used to determine physicochemical properties of the 

activated carbon. Batch adsorption studies were conducted for 2-chlorophenol 

adsorption and the optimum adsorbent dose, initial concentration, pH, reaction time 

and temperature were found to be 0.15 g/L, 80 mg/L, 4, 60 min and 298K, 

respectively. The equilibrium isotherm study for 2-chlorophenol adsorption was 

fitted well to the Langmuir model with the adsorption capacity of 53.619 mg/g, 

while the adsorption kinetics was best described by pseudo-second order model. 

Thermodynamic parameters demonstrated a negative ΔH (exothermic) and negative 

ΔG (spontaneous) values. Studies on regeneration have shown that saturated carbon 

can be recycled up to five times with considerable removal efficiency. Besides, 

density functional theory (DFT) simulation revealed that the adsorption of 2-

chlorophenol onto AC adsorbent is favorable. Among the oxygen-containing 

functional groups, the carboxyl group appeared to have a greater influence on the 

adsorption process than the hydroxyl and carbonyl groups with the highest negative 

 
1 AC refers to activated carbon derived from Croton caudatus biomass, hereafter labeled as 

CCAC in following chapters. 



 

 
 

Eadsorption of -42.16 kJ/mol. Furthermore, the inclusion of three oxygen-containing 

functional groups improves the adsorption capacity of AC towards 2CP relative to a 

single functional group. 
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3.1 Introduction  

Water pollution has become a major issue due to the release of inorganic and organic 

contaminants from various domestic and industrial effluents. Among the various 

aromatic organic pollutants that are found in water, phenolic compounds such as 

chlorophenols (CPs) have attracted enormous attention in recent years due to their poor 

biodegradable, toxic, carcinogenic, and mutagenic nature [1,2]. CPs are a class of 

phenolic derivates in which the Cl atom is covalently bound to the phenol molecule at 

the ortho, meta and para position. The presence of CPs in water is associated with a 

foul odor, an unpleasant taste, and deterioration of water quality suitable for drinking 

[3,4]. CPs are extensively used in pesticide, dye manufacturing, water disinfection 

operations, preserver production, petrochemicals, agriculture, biocide, cosmetic, 

industrial, and medicinal applications [5–7]. Since these compounds have been 

released into the environment, they are typically found in wastewaters, surface water, 

and ground water, inflicting severe damage to human health and the ecosystem [8]. 

CPs are weakly acidic and possess the ability to penetrate human skin and are absorbed 

easily by the gastrointestinal tract [9]. Furthermore, human exposure to such a 

pollutant can induce long-term impacts such as diarrhea, human nervous system 

impairment, excretion of black urine, as well as increased respiration rate, vomiting, 

and nausea [10–12]. Additionally, the U.S. EPA Clean Water Act and European 

Decision 2455/2001/EC has labeled them a priority contaminant due to their acute 

toxicity, carcinogenic characteristics, structural stability, and environmental 

persistence, even at low doses below 0.1 𝜇g/L [13,14].The toxicity of chlorophenol 

rises as the level of chlorination increases. Despite their helpful biocidal properties, 

they are hazardous at higher concentrations [15]. Owing to this, effective chlorophenol 

removal from wastewater has been a continual challenge. 

A variety of water treatment technologies have been developed to treat pollutants, 

including physical, chemical, and biological methods [16]. Moreover, traditional and 

cutting-edge approaches have been used to address the issue of monochlorinated 

phenols in wastewater, and much research has been undertaken. These include 

chemical coagulation, electrochemical oxidation, modified surfactant natural zeolite, 

adsorption, photochemical treatment, solvent extraction, biological treatment with 

anaerobic sludge, reverse osmosis, photodegradation, fuel oil fly ash, membrane 
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separation and ozonation, respectively [17-24]. However, many of these methods are 

having its limitations unsuccessful and raise the overall cost of manufacturing because 

of their high energy consumption, complexity, low efficiency, challenging operational 

approaches, and the production of harmful by products. Adsorption, on the other hand, 

is considered one of the best available technologies due to its excellent efficiency, 

simplicity in design, and formation of fewer secondary components [25,26].  

A variety of adsorbents have been investigated for removing phenolic derivates from 

wastewater, including clay, activated carbon, polymers, zeolites, and chitosan [27-30]. 

Notably, it was found that activated carbon (AC) is the most potent adsorbent among 

others because of its unique properties, including large porosity, enormous surface 

area, abundant functional groups, and significant chemical and thermal stability [31-

34]. Moreover, the use of commercial AC has also been limited because of its 

expensive cost of raw material and low recyclability [35,36]. Therefore, utilizing 

diverse biomass resources to synthesize activated carbon emerged as an option with 

several advantages such as affordability, availability, environmental friendliness, and 

renewability [37,38]. In this regard, studies have been undertaken on the treatment of 

organic pollutants from wastewater with activated carbon. For example, 2-

chlorophenol was removed from aqueous solutions with AC prepared using Ricinus 

communis pericarp [3]. As described by Ezung et al. [39], AC was developed from 

biomass of bamboo sheath, and its ability to remove 2,4-dichlorophenol from aqueous 

medium was studied. Supong et al. [31] reported that Bisphenol A could be removed 

effectively from wastewater using Tithonia diversifolia activated carbon. AC 

synthesized from Neem leaf was used as a potential adsorbent for the removal of 4-

Nitrophenol, Phenol, and 4-CP, as suggested by Rincón-Silva et al. [40]. Biochar 

prepared from pine fruit shells for the adsorption of phenol was reported by 

Mohammed et al. [17]. Altıntıg et al. [41,42] have successfully synthesized the 

magnetic AC adsorbent such as Fe-AC and Fe3O4-AC for the efficient removal of dyes 

(methylene blue and malachite green) from aqueous media. The removal of rhodamine 

B using magnetic AC/CeO2 nanocomposite has been reported by Tuzen et al. [43]. 

Thus, in this study, attempts were made to design a novel and less priced AC by 

utilizing locally available Croton caudatus biomass for the adsorption of 2-

chlorophenol (2CP) from wastewater. 
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Density functional theory (DFT) has been used to study the adsorption mechanism 

between adsorbate and adsorbent over the years. For example, Supong et al. [44,45] 

reported the interaction of 2,4-dinitrophenol and cresol with AC surfaces containing 

different oxygen containing functional groups (–OH, –CHO and –COOH). Among the 

functional groups, the results were found that (AC)COOH functional group interacted 

more strongly with 2,4-dinitrophenol and cresol. The effect of SO2 on Hg adsorption 

on carbonaceous surfaces were investigated using DFT method by Liu et al. [46]. Jan 

et al. [47] studied the effect of various functional groups (–OH, –COOH, –NO2, –CH2 

or –CH3, –C=C, –C=O, and –SO3) for the adsorption of azo dye. Shen et al. [48] 

investigated the interactions of hydrogen sulphide (H2S) with the active sites of 

armchair and zigzag surfaces of AC. It has been found that the adsorption of H2S is 

attracted more strongly to zigzag edge sites than to armchair edge sites.  

Studies using DFT simulation suggested that 2,4-dichlorophenol adsorption could be 

affected by several interactions on functionalized activated carbon surfaces (–CHO, –

CO–, –CCO, –OH and –COOH). Among these, –OH functionalized group attached to 

AC surface tended to influence the adsorption process for the removal of 2,4-

dichlorophenol [39]. However, the adsorption interactions between the surface of AC 

and 2CP molecules are still not well understood. Thus, DFT studies were utilized to 

investigate the impact of oxygen functional groups like hydroxyl (–OH), carbonyl (–

CHO) and carboxyl (–COOH) groups on the mechanism of 2CP adsorption by the AC 

surface. This insight will be extremely useful in creating effective sorbents for the 

removal of 2CP from aqueous medium. 

Therefore, the current study aimed to evaluate the removal of 2CP onto AC prepared 

from Croton caudatus biomass both experimentally and computationally. The 

produced adsorbent was then analyzed using various techniques and batch operation 

were performed. In addition to the regeneration studies, thermodynamic and kinetic 

equilibrium adsorption isotherms of adsorption were also investigated. Moreover, DFT 

studies were carried out to elucidate the bonding and reactivity of pristine activated 

carbon (p_AC) and functionalized activated carbon such as hydroxyl functionalized 

activated carbon –OH(AC), carbonyl functionalized activated carbon –CHO(AC), and 

carboxyl functionalized activated carbon –COOH(AC). Therefore, the results of this 

work may provide novel strategies and better understanding in selecting the suitable 
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chemical activating agent to tailor the carbon surface in the removal of phenolic 

chemicals from wastewater. 

3.2 Materials and method 

3.2.1 Materials 

Croton caudatus biomass used in the study was gathered locally at Nagaland 

University (26° 13′29.60″ N | 94° 28′ 35.0″ E), India. The entire plant’s resources were 

utilized to produce activated carbon. The collected material was cut into small pieces 

(average length of 1.5 cm) and rinsed multiple times with deionized water to eliminate 

any residues from the surface. The CCB was then oven-dried at 105oC for 24 hours to 

reduce the moisture content from the water. 2-Chlorophenol (ClC6H4OH, molecular 

weight= 128.56 g/mol, purity ≥ 98%) was supplied by Sigma (Sigma-Aldrich 

Chemicals Pvt. Ltd., Bangalore, India). Figure 3.1 depicts the structural representation 

of 2CP. A stock solution of 1000 mg/L of the adsorbate was obtained by adding the 

desired amount of 2CP in deionized water and then diluted to produce working 

solutions of different proportions. Analytical-grade chemicals (Merck Specialities Pvt. 

Ltd., Mumbai, India) were utilized for all the remaining work without further 

purification. 

 

Figure 3.1. Chemical structure of 2-chlorophenol. 

3.2.2 Preparation of activated carbon 

The preparation of activated carbon was carried out into two stages with slight 

modification as described by Youssef et al. [49]. The dried raw material was initially 

carbonized at 500 °C for 1 hour in a muffle furnace. The carbonized sample were then 

grinded using mortar and pestle to attain uniform size carbon char (average size of ∼1 

mm). Afterwards, the powdered carbonized char was further immersed in potassium 

hydroxide (KOH) solution for activation. For chemical activation, a mixture of 40 g of 
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KOH pellets and 20 g of carbonized char was dissolved in 500 mL of deionized water 

maintaining the ratio of 2:1 (KOH: carbonized carbon) [31]. The KOH impregnated 

sample was magnetically agitated for 2 hours and dried at 110 °C overnight in an oven. 

The impregnated carbon sample was then pyrolyzed at 700 °C using a muffle furnace 

under self-generated atmosphere for 2 hours. The mixture was cooled to room 

temperature and then washed in a solution of 0.1 M hydrochloric acid (HCl), 0.1M 

sodium hydroxide (NaOH) and hot deionized water until the pH was between 6 and 7. 

The collected samples were dried in a 110°C hot air oven for 24 hours and the obtained 

activated carbon was labeled as CCAC (Croton caudatus activated carbon). 

Furthermore, the prepared sample were stored in air tight container prior to further use. 

The preparation procedure of CCAC is shown in Figure 3.2. 

 
Figure 3.2. Schematic representation for the preparation of Croton caudatus activated 

carbon. 

3.2.3 Activated carbon characterization 

Proximate analysis of CCAC for determination of ash content, moisture content, fixed 

carbon and volatile matters was done by using standard ASTM D1762-84 method [50] 

while ultimate analysis was performed using CHNS elemental analyzer (Model: 

EA3000, Eurovector, Italy) to determine the carbon, hydrogen, nitrogen and sulphur 

contents. Pore structure and surface area measurements of CCAC were determined 
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through N2 adsorption–desorption isotherm at 77K using a Surface Area Analyzer 

(Model: Smart Sob 93, Smart Instruments, India). X-ray diffraction analysis was 

carried out to determine the crystallinity or amorphous nature of CCAC. The analysis 

was performed by X-ray diffractometer (XRD; Model: ULTIMA IV, Rigaku, Japan) 

using CuKα radiation with a diffraction angle (2θ) varied from 10º to 80º. The surface 

physical morphology of CCAC was observed through a scanning electron microscope 

(SEM; Model: JSM 6390LV, JEOL, USA) at an accelerating voltage of 20 kV. The 

surface functional groups of CCAC were identified through Fourier-transform infrared 

spectroscopy (FT-IR; Model: Spectrum Two, Perkin Elmer, USA). The spectrum data 

was recorded with a resolution of 4 cm-1 over the range of 500–4000 cm-1. The 2CP 

residual concentration was determined using a UV Vis instrument (Lambda 365, 

PerkinElmer, USA) at the maximum absorbance of 273 nm. The point of zero charge 

(pHZPC) of the prepared activated carbon was determined by the batch equilibrium test 

[51].  

3.2.4 Adsorption equilibrium experiments 

The batch adsorption technique was carried out for the adsorptive removal of 2CP from 

wastewater. A number of batch equilibrium measurements were performed to study the 

effects of temperature, pH, initial concentration of adsorbate, adsorbent dosage, and 

contact time for the adsorption of 2CP on the activated carbon. All of the investigations 

have been carried out in Erlenmeyer flasks, and the concentration of 2CP was 

quantified using UV Vis spectrophotometer at its maximum absorbance of 273 nm. All 

of the measurements were done in triplicate intervals. The equilibrium capacity, qe 

(mg/g) and removal % were calculated by Equation (3.1) and (3.2), respectively: 

% Removal =   100 ×
Ci−Ce

Ci
                (3.1) 

 qe = V ×
Ci−Ce

Ms
                                   (3.2) 

where the initial and equilibrium concentrations of 2CP in aqueous phase are expressed 

by Ci and Ce (mg/L) respectively, 2CP solution volume is represented by V (L), and 

the mass of AC by Ms (g). 
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3.2.5 Statistical analysis 

The best-fitting isotherm and kinetics model were confirmed by the residual root mean 

error (RMSE) and Chi-squared (χ2) analysis that was used to evaluate the 

experimental data. The 𝜒2 values were calculated by [52]: 

χ2 =  ∑
(qe−qc)2

qc

m
i=1                      (3.3) 

The qe and qc correspond to the estimated and calculated values from the batch 

experiments; m is the no. of observations to be determined. If the kinetic and isotherm 

model data are equivalent to the experimental results, then the value of χ2 will be a 

relatively small number. 

The RMSE values were calculated by [53]: 

RMSE = √
1

m−2
∑ (m

i=1 qe − qc)2              (3.4) 

where the lower RMSE value indicates better curve fitting. 

3.3 Theoretical studies of 2CP adsorption onto activated carbon (AC) 

3.3.1 Computational method 

Simulations based on the DFT method were performed with the Gaussian 16W 

program to explore possible interactions between 2CP and activated carbon (AC). 

Gauss View 6.0 were used to design and visualize the structure of the pristine AC, 

functionalized AC and 2CP. Geometric optimizations and energy calculations in a 

dielectric medium (ε = 80) were also performed utilizing B3LYP/6-31G level theory. 

Eadsorption of 2CP on AC’s surface was computed using the equation 

Eadsorption = Esystem – (Eadsorbent + Eadsorbate)              (3.5) 

where, Esystem= Total energy of the adsorbent and adsorbate, Eadsorbent = Total energy of 

the adsorbent (AC), Eadsorbate = Total energy of the adsorbate (2CP). Moreover, a higher 

value of negative Eadsorption indicates a more stable arrangement, whereas a positive 

Eadsorption value denotes unfavorable adsorption [54]. 

3.3.2 Modeling of AC 

An appropriate model must be generated to explore the interaction between 2CP and 
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An appropriate model must be generated to explore the interaction between 2CP and 

AC surfaces. A solid-state 13C Nuclear magnetic resonance (NMR) study indicated 

that the surface of activated carbon is composed of three- to seven-fused benzene 

structure [55]. Consequently, the AC surface was developed using arm-chair model 

comprised of six-fused benzene complex with arm-chair edge.  

   

(a) (b) (c) 

 
 

 

(d) (e) (f) 

Figure 3.3. The optimized structures of (a) 2-CP (b) p_AC (c) –COOH(AC) (d) –

OH(AC) (e) –CHO(AC) (f) OH+CHO+COOH(AC). 

Furthermore, six-fused rings were selected since the calculations provide an acceptable 

balance between accuracy and computational cost. In the armchair model, the top C-

atoms were unsaturated to develop an active site, while the rest were capped with H-

atoms. To explore the influence of surface functional groups on 2CP adsorption, the 

active region of the carbon was embedded with oxygen containing functional groups 

–OH, –COOH, and –CHO. Figure 3.3 (a) depicts the optimized structure of 2-

chlorophenol, while Figure 3.3 (b-e) present the optimized cluster models of activated 

carbon employed in this investigation. The models of activated carbon (AC) were 

designated as pristine-activated carbon (p_AC), –COOH embedded AC (–

COOH(AC)), –OH embedded AC (–OH(AC)), and –CHO embedded AC (–

CHO(AC)). 
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3.4 Results and discussion 

3.4.1 Characteristics of CCAC 

The results of the ultimate and proximate analyses of CCAC are shown in Table 3.3.1. 

The results of the ultimate analysis of prepared CCAC are as follows: 47.90 % carbon 

(C), 2.06 % hydrogen (H), 0.18 % sulphur (S), 1.70 % nitrogen (N) and 48.16 % 

oxygen (O). Ash content decreases the adsorption ability of activated carbon and the 

effectiveness of reactivation [56-58]. These results are in good agreement with the 

results reported by several other authors [59-61]. Egirani et al. [62] synthesized AC 

from palmae shells which contains 47.23 % carbon, 6.88 % hydrogen, 0.77 % nitrogen, 

44.86 % oxygen, 0.25 % sulphur, respectively and was successfully used as an 

adsorbent for mercury removal with highest adsorption efficiency of 93 %. Similarly, 

Paluri et al. [63] also reported AC derived from banana root with carbon, hydrogen, 

nitrogen and oxygen contents of 47.52 %, 2.15 %, 5.69 % and 44.6 %, respectively, 

and utilized for the adsorption of methylene blue. In a study by Altintig et al. [64], 

activated carbon was made from acorn shells with a fixed carbon content of 31.32 % 

and an ash content of 8.46 % for removal of methylene blue. In comparison with 

several earlier reported results, the present synthesized AC derived from Croton 

caudatus has a moderate carbon content and a low ash level, thus making it a promising 

material for adsorption of 2CP from wastewater. 

Table 3.1. Ultimate and proximate analyses results of CCAC. 
Ultimate analysis (Wt%) Proximate analysis (Wt%) 

C 47.90 Ash   6.10 

H   2.06 Moisture   0.64 

S   0.18 Volatile 52.90 

N   1.70  Fixed carbonb 40.36 

Oa  48.16   

a,b Estimated by difference 

The functional groups on the CCAC surface were studied using FTIR analysis, and the 

resultants are depicted in Figure 3.4. The band at 3451 cm-1 could be attributed to 

vibrations caused by O–H stretching of hydrogen bonded hydroxyl groups [65]. Two 

narrow bands at 2942 and 2825 cm-1 might be due to symmetric and asymmetric C–H 

stretching vibrations for alkanes, and alkyls respectively. The stretching vibrations of 

C=O in ester, acetyl, ketones, and aldehydes derivatives cause the development of a 
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band at 1751 cm-1. There are two bands at 1636 cm-1 and 1433 cm-1 which correspond 

to the C=C and C–O stretching vibration of the carboxyl group [66,67]. The two bands 

at 1162 cm-1 and another at 1016 cm-1 indicate the stretching vibrations of C–O groups 

[68-70]. 

 
Figure 3.4. FTIR spectrum of Croton caudatus activated carbon. 

  
(a) (b) 

Figure 3.5. (a) Pore size distribution (b) N2 adsorption-desorption isotherm plot of 

Croton caudatus activated carbon.  

The pore size distribution and N2 adsorption–desorption isotherms of CCAC are shown 

in Figure 3.5. The prepared CCAC has a BET surface area of 846.29 m2/g and a total 

pore volume of 0.019 cm3/g, and an average pore diameter of 3.82 nm, respectively. 

According to IUPAC classification, type I isotherm can be associated with 
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microporous structure while type IV isotherm exhibited by mixture of mesoporous and 

microporous material [71]. Similar results have been reported by Ren et al. [72]. 

XRD was used to explore the amorphous or crystalline natures of the synthesized 

CCAC. The relatively broad diffraction peaks of this activated carbon and the absence 

of a sharp peak confirms that it has a mostly amorphous structure. As shown in Figure 

3.6a, there are two broad asymmetric peaks that correspond to the diffraction of (002) 

and (101) planes at 2𝜃 = 26° and 44° (JCPDS-00-001-0646) which indicate the 

formation of hexagonal graphite carbon, respectively [9]. Thus, the occurrence of such 

bands confirms the graphite like micro-crystallite nature of CCAC. The average 

crystallite size of the produced CCAC was calculated using the Debye Scherer 

equation [73], 

D =
Kλ

β Cos θ
                  (3.6) 

where, D is the average crystalline size, λ and β represents the wavelength of X-ray 

radiation (CuKα = 0.15 nm) and line width half maxima of the peaks, respectively, K 

is a constant taken as 0.89 and θ is the Braggs diffraction angle. The average crystallite 

size of CCAC adsorbent is found to be ∼17.5 nm. 

       

 

(a) (b) 

Figure 3.6. (a) XRD diffraction pattern and (b) Scanning electron microscopy (SEM) 

micrograph of Croton caudatus activated carbon. 

SEM is widely used to analyze the morphological characteristics and surface 

properties of adsorbent materials. The micrographs of CCAC in Figure 3.6b shows the 

pores of various sizes, shapes and dimensions scattered throughout the surface. The 
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CCAC sample shows an irregular surface structure, which might be due to the 

interaction of KOH with the precursor caused by the release of volatiles and the 

formation of cavities during the carbonization and activation processes. 

3.4.2 Batch equilibrium studies 

(i) Effect of CCAC dose 

Adsorbent dosage is an essential adsorption parameter as it has a substantial impact on 

the adsorption capacity of the adsorbent and the removal efficiency of contaminants, 

which are interdependent; therefore, it is essential to select the appropriate adsorbent 

dosage. The influence of the CCAC dose on 2CP adsorption from water was studied 

at different CCAC doses in the range of 0.05-0.35 g/L. From the Figure 3.7, as the 

carbon dose varied from 0.05-0.15 g/L, the effectiveness of 2CP removal improved 

from 89.25 % to 98.50 %, whilst, a decrease in the adsorption capacity was seen from 

71.40 mg/g to 26.27 mg/g.  

 
Figure 3.7. The effect of CCAC dose on 2CP adsorption (Initial 2CP concentration: 

80 mg/L; Reaction time: 60 min; pH 4; Temperature: 298K). 

These results clearly demonstrated that the removal efficiency and adsorption capacity 

were inversely related with adsorbent dosage. Adsorption capacity was reduced as 

adsorbent dosage was increased because the available surface area and adsorption 

active sites could not be effectively exploited in the presence of excess adsorbent [3], 

particularly when 98.50 % removal efficiency was obtained. Therefore, 0.15 g/L of 

adsorbent was chosen as the ideal dose for following studies. 
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(ii) Effect of 2CP concentration 

The influence of starting concentration (40–140 mg/L) on 2CP removal and adsorption 

capacity from the aqueous phase was studied. As evident in Figure 3.8, 98.63 % 

removal rate was possible in the initial concentration of 80 mg/L, indicating that 2CP 

have been almost removed. Accordingly, a similar trend was observed with the rise in 

adsorption capacity from 12.57 mg/g to 26.30 mg/g. As initial concentrations rise till 

140 mg/L, the removal efficiency slightly dropped to 90.40 % while qe increased up to 

42.17 mg/g. The removal efficiency for 2CP was obtained at a concentration of 80 

mg/L [74]. Similar results have been reported by Daifullah et al. [75]. 

 
Figure 3.8. The effect of initial concentration on 2CP adsorption (CCAC dose: 0.15 

g/L; Reaction time: 60 min; pH 4; Temperature: 298K). 

(iii) Effect of reaction time 

Figure 3.9 represents the influence of reaction time on adsorption efficiency of 2CP.  

A variation of reaction time (15–90 min) was evaluated at constant conditions (pH-4, 

80 mg/L initial concentration, 298K temperature and 0.15 g/L adsorbent dose). During 

the initial stages, the absorption of 2CP increased significantly and then slowed as the 

equilibrium was reached that may be attributed due to the availability of a large number 

of readily accessible sites on the adsorbent surface. Eventually, the system reached 

equilibrium after about 60 min as the removal rate slowed down with reaction time 

[76,77]. Accordingly, 60 min was determined as the optimum reaction period to 

conduct additional adsorption tests. 
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Figure 3.9. The effect of reaction time on 2CP adsorption (Initial 2CP concentration: 

80 mg/L; CCAC dose: 0.15 g/L; pH 4; Temperature: 298K). 

(iv) Effect of pH 

The experiments with pH solutions varying from 2 to 12 were carried out to examine 

the impact of pH on the rate of adsorption. As depicted in Figure 3.10, the effectiveness 

of 2CP was determined to slightly rise with an increase in pH solution range between 

2 and 4, but decline thereafter with increasing pH levels above 4. Usually, pH solutions 

have a substantial impact on the adsorbent’s surface charge as well as the ionic strength 

of the adsorbate [78]. The pHzpc of the CCAC was determined to be 7.1, while the pKa 

of 2-chlorophenol was 8.56. Therefore, at a lower pH value (pKzpc>pH), the protonated 

CCAC surface (pKzpc>pH) formed strong interaction with unionized halogenated 

chlorophenol (pKa>pH) resulting in optimum efficiency. However, at higher pH values 

(pKzpc<pH), the adsorption process decreases due to the ionization of 2CP molecules 

(pKa<pH).  This could be due to electrostatic repulsion developed between the 

chlorophenolate anions, and negatively charged CCAC surface and between 

chlorophenolate - chlorophenolate anions in solution [79,80]. As a result, the 

maximum removal of 2-chlorophenol removal was found at pH 4 with the removal 

efficiency of 98.38% and adsorption capacity of 26.33 mg/g as compared to higher 

pH. Therefore, pH 4 was chosen as an optimum pH value for the remaining studies.  
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Figure 3.10. The effect of pH on 2CP adsorption (Initial 2CP concentration: 80 mg/L; 

CCAC dose: 0.15 g/L; Reaction time: 60 min; Temperature: 298K). 

(v) Effect of temperature and adsorption’s thermodynamics 

The influence of temperature on 2CP adsorption by CCAC was examined using ther- 

modynamic approach at temperatures of 298K, 308K, 318K, and 328K.  

 
Figure 3.11. The effect of temperature on 2CP adsorption (CCAC dose: 0.15g/L, 

Initial 2CP concentration: 80 mg/L, Reaction time: 60 min, pH 4). 

As observed from the plot (Figure 3.11), the amount of 2CP adsorbed by CCAC 

decreases with an increase in temperature, suggesting that the removal of 2CP was 

favorable at a lower temperature. Moreover, the decline in the adsorption efficiency 

with the rise in temperature could be due to the weakening of the adsorptive forces 
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between the adsorbent’s active sites and the adsorbate species. Hence, the optimum 

temperature for the adsorption process is 298K. 

The thermodynamic parameters of free energy change (G), enthalpy (H), and entropy 

(S) were used to determine the viability of the adsorption process. These can be 

computed by the following equations: 

lnKd =  
∆S

R
−  

∆H

RT
                 (3.7) 

Kd =  
qe

Ce
                     (3.8) 

∆G =  −RT lnKL                            (3.9) 

where, Kd = thermodynamic distribution coefficient, qe = adsorbed 2CP concentration 

on CCAC, Ce = 2CP concentration at equilibrium, T (K) = absolute temperature, R = 

universal gas constant. 

In this study, ΔS and ΔH values were calculated from the intercept and slope of the 

plot between ln Kd Vs 1/T, respectively. Table 3.3.2 shows the calculated values of ΔS, 

ΔH, and ΔG for adsorption of 2-chlorophenol onto CCAC. The negative values of ΔG 

at various temperatures (298K, 308K, 318K and 328K) indicated that the process of 

adsorption was feasible and occurred spontaneously.  

Table 3.2. Thermodynamic parameters of 2CP adsorption onto CCAC adsorbent at 

different temperatures. 

Adsorbent ∆H (kJ/mol) ∆S (kJ/mol/K) ∆G (kJ/mol) 

   298K 308K 318K 328K 

CCAC -37.247 -0.099 -7.864 -6.703 -5.768 -4.893 

 

Additionally, the magnitude of ΔG decreased with increasing temperatures, signifying 

that the spontaneous process was diminishing, making the adsorption unfavorable at 

higher temperatures. Thus, it is possible to conclude that the adsorption process is more 

favorable at lower temperatures. The negative ΔH value confirms an exothermic nature 

of the adsorption process, while the negative value of ΔS revealed the high orderliness 

at the solid/liquid interface during 2CP adsorption onto CCAC [81]. 
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3.4.3 Adsorption isotherm models 

Four isotherm models: Langmuir, Freundlich, Temkin, Dubinin - Radushkevich (D-R) 

were used to analyze a study of the equilibrium adsorptive behavior of 2CP onto the 

CCAC (Figure 3.12). The linearized form of isotherm parameters and their coefficient 

values were presented in Table 3.3. 

  
(a) (b) 

  
(c) (d) 

Figure 3.12. (a) Langmuir isotherm model (b) Freundlich isotherm model (c) Temkin 

isotherm model and (d) Dubinin - Radushkevich (D-R) isotherm model for 2CP 

adsorption onto CCAC adsorbent. 

The R2 value and 𝜒2 depicted in Table 3.3 signifies that the 2CP adsorption was 

described well by the Langmuir model; a possibility of 2CP monolayer formation on 

the CCAC surface with a Qmax value of 53.619 mg/g. The computed RL value in this 

study was 0.958, indicating that the adsorption of 2CP onto CCAC occurs efficiently 

[82]. Moreover, the value of Freundlich constants ‘n’ was above unity thereby 

confirming that the adsorption was highly favorable [83]. However, the R2 = 0.754 



Chapter 3                                     Activated carbon adsorbent derived from waste biomass… 

88 

 

obtained in Freundlich mode indicates that the Langmuir isotherm model amazingly 

performs better in fitting the equilibrium data for 2CP. The result obtained was further 

analyzed using the Temkin isotherm model to determine equilibrium at room 

temperature. 

Table 3.3. Adsorption isotherm models, its parameters and correlation coefficients of 

2CP adsorption onto CCAC adsorbent. 

Isotherms Models Parameters R2 𝜒2 RMSE 

Langmuir, 

Ce

qe
=

1

Qmax KL   
+

1

Qmax
Ce 

RL =  
1

1 + KL CO
 

Qmax= 53.619 

KL=0.0007 

RL= 0.958 

 

0.997 

 

6.6 ×10-

5 

0.058 

Freundlich, 

ln qe = ln KF + (1
n⁄ ) ln Ce 

1/n = 0.325 

n = 3.078 

KF = 1.147 

0.754 

 

5.3 × 

10-3 

0.073 

 

Temkin, 

qe =
RT

bT
ln AT +

RT

bT
ln Ce 

 

bT = 8.118 

AT = 4.665 

 

 

0.862 8.9244 2.987 

Dubinin - Radushkevich (D-R), 

ln qe = lnqDR + βε2  

ε = RT ln  [1 +
1

Ce
] 

E =
1

(2β)
1

2⁄
 

qDR= 42.266 

𝛽 = 4.3 × 10-7 

E = 1.084 

 

 

0.588 

 

0.0473 0.218 

Ce (mg/L) = 2CP concentration at equilibrium, qe (mg/g) = amount of 2CP adsorbed at equilibrium, q 

max(mg/g) = adsorption capacity, KL (L/mg) = Langmuir isotherm constant, KF (mg/g. (L/mg)1/n) = 

Freundlich constant, 1/n = dimensionless heterogeneity constant, T (K) = absolute temperature, bT (kJ/ 

mol) = constant correspond to heat of sorption, AT (L/mg) = equilibrium binding constant, R = universal 

gas constant, qDR (mg/g) = monolayer adsorption capacity, β (mol2/kJ2)= D-R constant of adsorption 

energy, 𝜀 = D-R isotherm constant, E (kJ/mol)= mean free energy  

The calculated value of bT corresponds to the heat of adsorption and AT is shown in 

Table 3.3. Based on the results obtained, it was found that the Temkin's model was 

inadequate in explaining the adsorption mechanism. From D-R model, qDR and mean 

free energy (E) was determined to be 42.266 mg/g and 1.08 kJ/mol. The R2
 value of 

0.588 demonstrates that the D-R isotherm model does not fit the adsorption data.  

Moreover, a chi-square test and RMSE analysis were used to validate the isotherm 

models. All four adsorption isotherm models were evaluated by comparing their R2, 

𝜒2 and RMSE values. The Langmuir model is well-suited for the adsorption of 2CP, 
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with a maximum correlation coefficient R2 = 0.997 and lowest 𝜒2 (6.6 ×10-5) and 

RMSE (0.056) values.  

3.4.4 Adsorption kinetic studies 

Adsorption kinetics describe the uptake rate that determines the adsorbate's residence 

period at the solid-liquid interface [84].  

Table 3.4. Pseudo-first order, pseudo-second order, and intra-particle diffusion 

parameters for the adsorption of 2CP onto CCAC adsorbent. 

Kinetic Models Parameters R2 𝜒2 RMSE 

Pseudo-first order, 

ln  (qe − qt) = ln qe − 𝑘1 t 

qe, exp = 

26.333 

qe, cal= 18.125 

k1 = 0.065 

0.907 

 

7.7 × 10-2 

 

0.279 

 

Pseudo-second order, 

t

qt
=  

1

k2qe
2

 +  
t

qe
 

qe, exp = 

26.333 

qe, cal= 26.653 

k2 = 0.0201 

0.999 

 

7.2 × 10-4 0.027 

 

Intra-particle diffusion, 

qt = kidt0.5 + c 

 

kid = 6.677 

c =13.766 

 

0.916 8 × 10-2 0.299 

qe (mg/g) = equilibrium adsorption capacity, qt (mg/g) = adsorption capacity at any time t (1/min), k1 

(1/min) = adsorption rate constant, k2 (g/mg/min) = pseudo second order rate constant, kid (mg/g/min0.5) 

= rate constant of intra-particle diffusion 

To investigate and predict the adsorption behavior of 2CP onto CCAC adsorbent, three 

types of kinetic models were considered i.e., pseudo-first order, pseudo-second order 

and intra particle diffusion models [85,86]. Figure 13 depicts the plot of kinetic studies 

for the 2CP adsorption onto CCAC adsorbent and the fitting parameters are tabulated 

in Table 3.4. 

In the present work, the best fitting kinetic model was selected by analyzing the 

correlation coefficients (R2), 𝜒2 and RMSE values between experimental data and 

theoretical values. From the plot of ln (qe - qt) vs t (min) (Figure 3.13a), the calculated 

data (qe, cal= 18.125 mg/g) were significantly deviated from the experimental values 

(qe, exp = 26.333 mg/g), which indicates a poor applicability of the pseudo-first order. 

Contrary, the calculated qe values (qe, cal= 26.653 mg/g) was close similar to the 

experimental data (qe, exp = 26.333 mg/g) for the pseudo-second order (Figure 3.13b), 

suggesting its good applicability for this model. Weber and Morris' intra-particle 
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diffusion model was also used to analyze the adsorption kinetics on CCAC adsorbent 

for the removal of 2CP in aqueous medium [87].  

  

(a) (b) 

 

(c) 

Figure 3.13. Kinetic model plots of (a) Pseudo-first order (b) Pseudo-second order 

and (c) Intraparticle diffusion for 2CP adsorption onto CCAC adsorbent. 

The plot (Figure 3.13c) indicates that the adsorption process occurs in two stages. The 

first stage represents the quick absorption of 2CP over a period of time (reaction time: 

60 min), but the rate of absorption slowed in the second phase. This might be caused 

by the boundary layer diffusion in the early phases of adsorption, followed by intra 

particle diffusion in the latter stages [88]. The linear plots moved further from the 

origin, thus suggests that intraparticle diffusion is not the only rate-limiting phase in 

the adsorption process, but rather that the adsorption process is controlled 

simultaneously by other kinetics processes. 
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In addition, the results in Table show that the lowest Chi-square (7.2 × 10-4) and RMSE 

(0.027) value and highest correlation coefficients (R2= 0.999) for pseudo-second order 

model was much higher as compared to pseudo-first order and intraparticle diffusion. 

Hence, the pseudo-second order model best explains the kinetic process for the 

adsorption of 2CP onto CCAC adsorbent. The obtained results are consistent with 

previous studies on adsorption of chlorophenolic compounds [89]. 

3.4.5 Theoretical studies 

2CP adsorption on activated carbon is likely to involve a variety of interactions, 

including hydrogen bond formation, π–π interactions, electrostatic interactions, and 

electron donor-acceptor mechanisms [90]. However, among the many different forms 

of interactions that contribute to the adsorption process, one of the most essential types 

of interactions is the hydrogen bonding that occurs between the adsorbate and the 

activated carbon. So, the present study used DFT calculations to investigate the 

possibility of H-bond formation between activated carbon and the adsorbate [91]. An 

armchair model was used to examine the adsorption processes of both pristine active- 

 
  

(a) (b) (c) 

 
  

(d) (e) (f) 
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 (g)  

Figure 3.14. Optimized structures of 2CP interactions with AC: (a) (2CP)OH—

C(p_AC) (b) (2CP)OH—OH(AC) (c) (2CP)HO—HO(AC) (d) (2CP)OH—OHC(AC) 

(e) (2CP)HO—HOOC(AC) (f) (2CP)OH—OCOH(AC) (g) (2CP)HO—

HOOC+CHO+OH(AC). 

ted carbon (p_AC) and functionalized activated carbon with 2-chlorophenol. Such 

study would be of tremendous use in the process of modifying the preparation of 

activated carbon. The optimized structures of 2CP interactions with p_AC and 

functionalized AC is presented in Figure 3.14. While the adsorption energies 

(Eadsorption) and bond length computed for various interactions are summarized in Table 

3.5. 

(i) 2CP adsorption on pristine activated carbon (p_AC) 

To study the possible interaction of p_AC with 2CP, a bond was formed between the 

–OH group of 2CP and the –C atom of the pristine AC. The mode of interaction is 

represented as (2CP) OH—C(AC) and the optimized structure is shown in Figure 

3.14a. The C-C bond distance of the pristine activated carbon where the oxygen atom 

of phenolic hydroxyl group was directly attached elongated from 0.124 nm to 0.137 

nm and 0.124 nm to 0.136 nm upon phenol and DNP adsorption respectively. Upon 

adsorption of 2CP, the C–C bond length of the p_AC in which the H-atom of the 

chlorophenolic hydroxyl group was directly connected elongated from 0.121 to 0.125 

nm and 0.141 to 0.142 nm. This evidence suggested that the electron density migrates 

to the adsorption sites, where it weakens the C–C bond of the activated carbon. 

Furthermore, the Eadsorption was found to be -10.49 kJ/mol for the (2CP)OH—C(AC) 

system, indicating that the interaction between 2CP and activated carbon is favorable. 
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Table 3.5. The energy of adsorption and bond length between 2CP and AC adsorbent 

systems. 

System Mode of interaction Adsorption energy 

(kJ/mol) 

Bond distance (nm) 

2CP + AC (2CP)OH—C(AC) -10.49 0.216 (H2CP-CAC) 

2CP + (AC)OH (2CP)OH—OH(AC) 

(2CP)HO—HO(AC) 

-24.63 

-11.95 

0.181 (H2CP-OAC) 

0.219 (O2CP-HAC) 

2CP + (AC)CHO (2CP)OH—OHC(AC) -29.00 0.172 (H2CP-OAC) 

2CP + (AC)COOH (2CP)HO—HOOC(AC) 

(2CP)OH—OCOH(AC) 

-42.16 0.171 (O2CP-HAC) 

0.194 (H2CP-OAC) 

 

(ii) 2CP adsorption on hydroxyl functionalized activated carbon –OH(AC) 

The interaction between –OH functionalized AC and 2CP was investigated by 

applying two attachment modalities (i.e., (2CP)OH—OH(AC) and (2CP)HO—

HO(AC) as depicted in Figure14(b-c). The Eadsorption of (2CP)OH—OH(AC) and 

(2CP)HO—HO(AC) were -24.63 and -11.95 kJ/mol, respectively. On the other hand, 

the bond distance for H2CP-OAC interaction was 0.181 nm, whereas the bond distance 

for O2CP-HAC was 0.219 nm. The greater negative value of Eadsorption and shorter bond 

length suggest that the (2CP)OH—OH(AC) type of interaction is more favored over 

(2CP)HO—HO(AC). 

(iii) 2CP adsorption on carbonyl functionalized activated carbon –CHO(AC) 

To comprehend the adsorption of 2CP onto–CHO functionalized activated carbon, the 

formation of a H-bond between the H-atom of (2CP)OH and the O-atom of 

functionalized CHO(AC) was examined (Figure 3.14d). The Eadsorption of (2CP)OH—

OHC(AC) is -29 kJ/mol, indicating that the adsorption of 2CP on –CHO functionalized 

AC is favorable. 

(iv) 2CP adsorption on carboxyl functionalized activated carbon –COOH(AC) 

The formation of two types of H-bonding between 2CP and –COOH functionalized 

AC facilitated the adsorption interaction of 2CP on the activated carbon surface with 

the function of –COOH as depicted in Figure 3.14(e-f). Two modes of H-bonds could 

be formed simultaneously: one between the O-atom of –COOH functionalized 

activated carbon and the H-atom of 2CP ((2CP)HO—HOOC(AC)), and the other 
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between the O-atom of 2CP and the H-atom of COOH functional AC ((2CP)OH—

OCOH(AC)). After adsorption, the O2CP-HAC and H2CP-OAC bond distance were found 

to be 0.171 to 0.194 nm, whilst, the Eadsorption correspond to -42.16 kJ/mol. From these 

results, the (2CP)HO—HOOC(AC) type of interaction was found to be more favored 

over (2CP)OH—OCOH(AC) upon 2CP adsorption. 

(v) Adsorption energies of 2CP onto Croton caudatus activated carbon (CCAC) 

The adsorption energies of 2CP and activated carbon surface functional groups were 

investigated and its schematic diagram are shown in Figure 3.15. In this work, the 

functional groups of the AC surface with the symbols COOH(AC), OH(AC), and 

CHO(AC) were taken into consideration. As can be seen from the plot, the interaction 

of 2-chlorophenol with COOH(AC) exhibited the maximum negative adsorption 

energy when compared to the CHO(AC) and OH(AC) systems.  

 

Figure 3.15. Energy diagram of 2CP adsorption on functionalized activated carbon. 

Subsequently, it can be inferred that the inclusion of the carboxylic functional group 

into the activated carbon system will improve the adsorption interaction of 2-

chlorophenol with the surface of activated carbon more of the CHO(AC) and OH(AC) 

groups.  

The following sequence describes the relative energies and adsorption capacity of 

various configurations: 
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(2CP)HO—HOOC(AC)≈(2CP)OH—HOOC(AC)>(2CP)OH—

OHC(AC)>(2CP)OH—OH(AC)>(2CP)HO—HO(AC)>(2CP)OH—C(AC) 

To study the overall influence of three-oxygenated functional groups on 2CP 

adsorption –OH, –CHO, and –COOH, were placed on the active sites of p_AC. The 

model for activated carbon used in this investigation was denoted as 

OH+CHO+COOH(AC). The optimized structure of OH+CHO+COOH(AC) as well 

as its potential interaction with 2-chlorophenol are depicted in Figure 3.3f and Figure 

3.14g. The possible interaction of OH+CHO+COOH(AC) with 2CP was done via H-

bonding (i.e., carboxyl hydrogen of OH+CHO+COOH(AC) formed a H-bond with the 

hydroxyl oxygen of the 2-chlorophenol molecule). It was revealed that the adsorption 

energy of the interaction between OH+CHO+COOH(AC) and 2CP was -47.17 kJ/ mol. 

This energy of adsorption is higher than that seen for the interaction of 2CP with 

various individual groups such as COOH(AC), OH(AC), and CHO(AC). Thus, the 

presence of multiple functional groups enhances the adsorption capabilities of AC 

towards 2CP as compared to the presence of single function group.  

3.4.6 Comparative studies of adsorption capacity (Qmax) of prepared CCAC with 

other adsorbents 

The relative efficacy of the produced CCAC for 2CP adsorption was compared with 

other adsorbent materials from aqueous medium. The maximum adsorption capacity  

Table 3.6. Comparison studies of adsorption capacity of prepared CCAC with other 

adsorbents for 2CP removal. 

Adsorbent Qmax (mg/g) Ref. 

CCAC 53.62 Present work 

Banana bunch 24.33 [92] 

Schizophyllum commune fungus 46 [93] 

Sargassum muticum 22 [94] 

Paper mill sludge 0.34 [95] 

Aspergillus niger 40.98 [96] 

C. indica biomass 2.77 [97] 

Rice straw 41.83 [98] 

Granular-activated carbon (GAC) 18.83 [99] 

Mesoporous SBA-15 25 [100] 
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(Qmax) of prepared CCAC determined using the Langmuir isotherm was compared to 

other adsorbents presented in the literature. The comparison results are listed in Table 

3.6, and it can be seen that the proposed activated carbon has a considerably better 

adsorption capacity (Qmax) for 2CP. Therefore, AC derived from Croton caudatus 

could be a promising material for the adsorption phenolic chemicals from wastewater. 

3.4.7 Regeneration and reuse of CCAC adsorbent 

Regeneration studies are the most essential part of any adsorption process since it can 

reduce replacement and disposal costs and make the process more sustainable. In this 

study, 1 g/L of CCAC was stirred continuously with 50 mL of 2CP (1000 mg/L) for 24 

hours to attained complete saturation. The saturated CCAC was desorbed in 0.1 M 

NaOH solution for two-hours while being stirred. After that, the solutions were 

filtered, washed, and dried in an oven at 110 °C. It was then utilized for 2CP adsorption 

in order to validate its reusability. 

The desorption efficiencies of 2CP from regenerated CCAC appended as Figure 3.16. 

The plot shows that after the first cycle, the desorption efficiency of regenerated CCAC 

decreased from 92.50 % to 82.10 % in the fifth cycle. These results indicate that the 

regenerated CCAC could be used for several times. However, more research may be 

needed to enhance the regenerated carbon capacity and make the process more 

sustainable. 

 

Figure 3.16. Desorption efficiencies of regenerated CCAC (initial 2CP concentration: 

80 mg/L, CCAC dose: 0.15g/L, pH:4, 298K and contact time: 60 min). 
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3.4.8 Cost analysis 

The estimated cost to produce 250 g of CCAC was computed, which includes the cost 

of electric current, KOH, water, HCl, and starting precursor. Table 3.7 and Table 3.8 

provide the approximate and comparative cost analyses of the prepared and 

commercially activated carbon, respectively. 

Table 3.7. Operating cost estimation for the production of 250 g CCAC. 

Materials Consumption (approx.) Cost (approx.) (US $) 

KOH 250 g 3.62 

HCl 250 mL (0.1M HCl) 0.01 ($ 6.67/500 mL) 

Precursor 1500 g 0 

Electric current 14 kWh 0.51 

Water 53 L 0.19 

Overall cost (US $ /250 g)  4.33 

From the results, it can be seen that the overall production cost for 250 g of CCAC 

was much lower than that of commercial AC. This suggests that the AC prepared from 

Croton caudatus could be considered as cost-effective adsorbent for the removal 

studies of water pollutants. 

Table 3.8. Comparative cost of Croton caudatus activated carbon with some 

commercially available activated carbon. 

Brand Cost/250 g (US $) 

Activated charcoal (Merck) 119.42 

Activated charcoal, NORIT(R) A SUPRA, Thermo Scientific™ 141.45 

Charcoal activated (Merck) 139.38 

Activated carbon (Merck)   86.37 

Activated charcoal, DARCO® (Merck)   64.94 

Activated charcoal, Norit® (Sigma-Aldrich)   47.89 

CCAC (Present study)     4.33 

 

3.5 Conclusion 

This work showed that CCAC adsorbent served as a promising sustainable adsorbent 

for the 2CP adsorption from aqueous medium. The synthesized activated carbon was 

produced at 2:1 impregnation ratio and 700 oC activation temperature for 2 hours using 
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a muffle furnace under self-generated atmosphere. Studies of the produced activated 

carbon showed a surface area of 846.29 m2/ g, a total pore volume of 0.019 cm3/g, and 

an average pore diameter of 3.82 nm. FT-IR spectrum analysis showed several peaks 

that represents the presence of different functional groups. XRD analysis and SEM 

micrograph of Croton caudatus activated carbon demonstrated the presence of 

graphite like micro-crystallite nature and porous network. Under the optimum 

conditions, the maximum removal efficiency (R %) and adsorption capacity for 2-

chlorophenol were found to be 98.56 % and 26.33 mg/g. The equilibrium isotherm 

study for 2CP adsorption was fitted well to the Langmuir model with the maximum 

adsorption capacity (Qmax) of 53.619 mg/g. The behavior of 2CP adsorption on CCAC 

was best described by pseudo-second order where the calculated qe values (qe, cal= 

26.653 mg/g) was close similar to the experimental data (qe, exp = 26.333 mg/g). 

Thermodynamic studies confirmed that the adsorption process was spontaneous and 

exothermic. Regeneration studies of the adsorbent was determined to be satisfactory 

throughout the fifth regeneration cycle, indicating that the adsorbent may be 

regenerated and recycled for multiple times. DFT investigations further revealed that 

the adsorption of 2CP onto AC is favorable with the –COOH functionalized AC 

appeared to have the strongest interaction with 2-chlorophenol. Moreover, the 

presence of numerous functional groups OH+CHO+COOH(AC) enhances the 

adsorption capacities of AC towards 2CP, relative to a single functional group. Thus, 

the results obtained from experimental and theoretical studies showed that the 

activated carbon prepared from Croton caudatus biomass was efficient in removing 

2CP from the wastewater. 
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CHAPTER 4 

 

EXPLORING THE ADSORPTION OF CATECHOL AND 

RESORCINOL ONTO CROTON CAUDATUS ACTIVATED 

CARBON: AN INTEGRATED EXPERIMENTAL AND 

THEORETICAL APPROACH 

 

This chapter aimed to examine the process for adsorption of Catechol (CT) and 

Resorcinol (RS) onto activated carbon that was obtained from Croton caudatus 

biomass (CAB). Using a batch method, the maximum removal efficiencies of 99.23 

% for CT and 98.68 % for RS was achieved at adsorbent dosage-0.2 g L-1, reaction 

time-60 min; concentration-100 mgL-1 CT and 80 mgL-1 RS; and pH 6.0 CT and pH 

4.0 RS, respectively. A maximum equilibrium adsorption of 56.05 mgg-1 and 61.85 

mgg-1 was achieved at pH 6.0 and pH 4.0 for CT and RS. The adsorption behavior 

of both adsorbates on activated carbon were best described by the Langmuir model 

(correlation coefficients (R2) = 0.996 for CT and 0.995 for RS) and the pseudo-

second order kinetic model. The values of ΔG, ΔS, and ΔH suggest that the 

adsorption process is spontaneous and endothermic. Additionally, the adsorption 

process is easily reversible, enabling the reuse of the adsorbate even after fifth cycle. 

Further, density functional theory (DFT) simulations demonstrated that the CT and 

RS adsorption onto the AC adsorbent is favorable. Among the oxygen functional 

groups analysed, the carboxyl group showed the greatest effect on the adsorption 

process, exhibiting the most negative adsorption energy at -44.869 (CT) and -45.082 

kJmol-1 (RS), respectively. Therefore, the activated carbon derived from CAB has 

significant potential for effectively removing phenolic contaminants from 

wastewater. 

 

The text of this chapter has been published as: 

S. Sharma, R. S. Umdor, I. T. Longchar, S. L. Ezung, D. Sinha, Exploring the adsorption 

of catechol and resorcinol onto Croton caudatus activated carbon: an integrated 

experimental and theoretical approach, Ground water Sustain. Dev., 27 (2024) 101325. 
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4.1 Introduction 

In recent times, there has been a growing public awareness and concern regarding 

issues related to the improper disposal of hazardous waste and the pollution of both 

surface and groundwater [1]. Phenol and substituted phenols are essential organic 

intermediates in the synthesis of a wide range of agricultural and industrial products. 

For example, Catechol (CT) and Resorcinol (RS) are di-hydroxybenzene isomers that 

are extensively used as industrial solvents [2].  CT (1,2-di-hydroxybenzene) is used to 

develop photographic and fur dyes, polymerization inhibitors, an antioxidant and food 

additives [3]. It is also employed for the detection and measurement of many ions in 

chemical laboratories [4,5]. Whilst, RS (1,3- dihydroxybenzene) is widely used in the 

production of synthetic fibers, resins, plastics and dyes, respectively [6]. As a result, 

they are present in the effluents produced by industrial manufacturing units such as 

petroleum refineries, cosmetics, textile and pharmaceutical effluents [7]. Due to their 

release into the environment, these substances are often detected in soil, as well as 

surface and underground water sources, resulting in harmful effects on both human 

well-being and the natural ecosystem [8-10]. Furthermore, they are categorized as 

pollutants due to their low biodegradability, significant toxicity, high oxygen demand 

and carcinogenicity, even at lower concentrations [11].  Catechol is highly toxic to 

living organisms, even at extremely low concentrations. It can cause severe health 

issues, including DNA damage, vascular collapse, coma, and even death. Resorcinol, 

similarly, is toxic and can lead to serious health problems. Inhalation of resorcinol can 

result in abdominal pain, nausea, and loss of consciousness. In animals, resorcinol has 

been shown to affect the nervous system, thyroid function, and immune system 

[12,13].   Moreover, exposure to such a pollutant produces chronic health problems, 

including eye and skin irritation, diarrhea, abdominal pain, pulmonary edema, nausea 

and vomiting [14-16]. Additionally, the toxicity of CT is even greater than RS and both 

are deemed more toxic than phenol because of their ability to disrupt erythrocyte 

function at low levels [17,18]. Consequently, they are placed on the priority list of 

pollutants by both the Ministry of Environment and Forests (MoEF) of India and the 

Environmental Protection Agency (EPA) of the United States (i.e., below the threshold 

of 1 ppm in wastewater) [19]. Therefore, monitoring and removing these chemicals 

from the environment is necessary by developing simple and cost-effective methods. 
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Multiple strategies involving membrane filtration, photocatalysis, anaerobic 

biodegradation, ion exchange, adsorption, and chemical oxidation have been utilized 

to remove these chemicals from wastewater [20-26]. Among these techniques, 

activated carbon (AC) adsorption has been extensively used due to its cost-

effectiveness, simple design, regenerability, and eco-friendliness [27]. AC adsorbent 

possesses perfect adsorption ability for relatively low-molecular-weight organic 

compounds such as phenols and benzene derivatives owing to its impressive surface 

area, ample functional groups, surface reactivity and extensive porosity [28-30]. 

Numerous studies have demonstrated that AC effectively adsorbs organic molecules, 

particularly phenolic chemicals. However, its high initial cost and the need for a costly 

regeneration system make it less economically viable as an adsorbent [31,32]. In this 

regard, biomass-derived activated carbon has emerged as an affordable, renewable and 

abundant alternative to commercial activated carbon since these materials are cost-

effective, renewable, abundant and environmentally friendly [33,34]. Moreover, 

numerous studies have been reported on the treatment of phenolic derivates using 

activated carbon derived from biomass material. For example, Vunain et al. [35], 

reported that CT and RS can be removed efficiently from aqueous solution using 

sunflower seed hull activated carbon. Effective removal of 4-nitrophenol, 4-

chlorophenol, and phenol from wastewater was achieved using AC produced from 

Neem leaf biomass [36]. Our previous studies have also used Croton caudatus AC for 

2-chlorophenol adsorption [37]. As a result, in this work, AC synthesized from Croton 

caudatus biomass (CAB) is employed for the adsorption of CT and RS from aquatic 

media.  

Several studies have been carried out in recent years to understand a deeper insight 

onto the adsorption mechanism between AC and phenolic substituents using density 

functional theory. For example, a study by Kabir et al. [38] examined the impact of 

different functional groups attached to activated carbon (AC) surfaces on the 

adsorption of oxytetracycline. The results demonstrated that the functional groups 

significantly enhanced the adsorption capacity, showing a strong correlation with 

experimental findings. In another study, Abdelbassit et al. investigated the specific 

interactions between functionalized activated carbon and different chlorinated 

methane compounds such as CH2Cl2, CHCl3, and CCl4 [39]. Their research findings 
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suggested that among these functional groups, the COOH functional group on AC 

exhibited the most potent and stronger interactions with 2,4-dinitrophenol and cresol. 

Also, Bhomick and co-workers [40] used DFT method to study the influence of various 

oxygen-containing functional groups on carbon surface for Methylene Blue 

adsorption. Moreover, Jan et al. [41] also reported that the adsorption of azo dye onto 

AC and functionalized AC was found to be more effective. Nevertheless, the 

understanding of the specific adsorptive interactions between the surface of AC and 

the molecules of the dye remains unclear. Therefore, DFT simulations were conducted 

to study the effect of OFGs such as hydroxyl (OH), carbonyl (CHO) and carboxyl 

(COOH) on carbon surface for the removal of CT and RS. Consequently, this study 

will provide valuable insights and guidance supporting experimental work for tailoring 

carbon-based materials with an optimal affinity for specific target pollutants to save 

overall cost and increase efficiency. 

The present study focuses in the use of waste biomass to address the demand for 

sustainable and cost-effective solutions for the removal of phenolic compounds from 

water. Consequently, this work aims to investigate the adsorption of catechol and 

resorcinol on activated carbon derived from Croton caudatus, employing both 

computational and experimental methods. Furthermore, batch adsorption studies were 

conducted and other factors such as thermodynamics, kinetics, equilibrium adsorption 

isotherms, the influence of co-ions, and regeneration processes for the adsorption of 

CT and RS onto the activated carbon adsorbent were also investigated. Density 

Functional Theory (DFT) simulations were conducted to investigate the interactions 

between the adsorbate and activated carbon (AC) adsorbent, both in its unmodified 

form and in functionalized forms, including OH(AC), CHO(AC), and COOH(AC) 

activated carbon. The findings of this study could offer new insights into enhancing 

the performance of activated carbon in removing phenolic compounds from aqueous 

solution. 

4.2 Materials and methods 

4.2.1 Materials 

Catechol and resorcinol of purity 99.9 % were used as adsorbates and purchased from 

SRL (SRL Pvt. Ltd., Maharashtra, India). The molecular structure of CT and RS are 
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displayed in Figure 1. Working solutions were freshly prepared by diluting stock 

solution (1000 mgL-1) of CT and RS. Milli-Q water was employed for the entire 

duration of the experiment. The chemicals utilized were all of analytical grade without 

further purification. 

                                  

Catechol (CT) Resorcinol (RS) 

Figure 4.1. Molecular structure of CT and RS. 

 

4.2.2 Preparation of activated carbon 

This study utilized Croton caudatus biomass derived from the vicinity of Lumami, 

Nagaland University, India (26° 13′ 29.60′′ N | 94° 28′ 35.0′′ E). The complete plant's 

resources were taken in the production of activated carbon and is labelled as Croton 

caudatus activated carbon (CCAC). Our previous research has provided a detailed 

description of the preparation methods and characterization of the activated carbon 

[37]. 

 

4.2.3 Adsorption experiments 

Adsorptive removal of CT and RS onto activated carbon was carried out using the 

batch method. To investigate the influence of various factors, including temperature, 

pH, adsorbate concentration, dose, and contact time, a series of batch equilibrium tests 

were conducted. All experiments have been conducted in 250 mL Erlenmeyer flasks, 

and the adsorbate concentration was determined on a UV-Vis spectrophotometer 

(Lambda 35, Perkin Elmer) at 276 nm for CT and 273 nm for RS of maximum 

absorbance. All adsorbate determinations were made in triplicates and the average 

values were considered. The expressions for the sorption capacity, qe (mgg-1) and the 

percentage of adsorbate removed were computed using Equations (4.1) and (4.2), 

respectively: 
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qe = V ×
Ci−Ce

X
                  (4.1) 

 

Removal % =   100 ×
Ci−Ce

Ci
                (4.2) 

 

where Ci and Ce correspond to the initial and final adsorbate concentrations (mgL-1), 

solution volume is represented by V(L) and X is the adsorbent weight (g).  

4.2.4 Error analysis 

A Chi-squared (χ2) analysis was utilized to evaluate the experimental data and 

determine the most suitable isotherm and kinetics models for CT and RS adsorption 

by CCAC adsorbent. Using the mathematical formula described by Jumasiah et al. 

[42], the values of χ2 were calculated. 

 

χ2 =  ∑
(qe−qc)2

qc

m
i=1                  (4.3) 

 

where, qc and qe are the calculated and estimated values. The parameter 'm' represents 

the required number of observations. When there is a close correspondence between 

calculated and experimental data of the kinetic and isotherm model data, the resultant 

χ2 value will be comparatively low. 

4.3 Computational models and methodology 

DFT-based simulations were conducted with the Gaussian 16 W software to 

investigate potential interactions between AC and the adsorbate (CT and RS). 

Molecular structures were initially generated using Gauss View 06 and subsequently 

optimized to achieve their ground state. The process of optimizing their geometry and 

performing energy calculations was conducted in a medium with a dielectric constant 

(ε) at 80, simulating the conditions of water. 

These calculations were conducted using the B3LYP/6-31G level of theory, and the 

Eads of adsorbate onto AC’s surface was determined using Equation (4.4). 

 

Eads =  Ex+y − (Ex +  Ey)                (4.4) 

where, Ex+y= Combined energy of CT and RS and AC, Ex= Overall energy of CT and 

RS molecule, and Ey= Overall energy of the AC adsorbent. Also, Eads negative values 
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signifies a more favorable adsorption process with stronger interactions. 

Models that simulate activated carbon surface characteristics are essential for 

understanding the molecular and theoretical aspects of CT and RS adsorption on AC. 

In a study carried out by Perry and co-workers, it revealed that the AC’s surface was 

structured with a combination of 3 to 7-fused benzene rings [43]. Previous theoretical 

investigations employed cluster models consisting of 4 to 7-interconnected benzene 

rings to simulate the structure of the AC surface. These models provided valuable 

insights into comprehending the adsorptive interactions of diverse species with the 

surface of activated carbon. Therefore, in the current work, a model was employed that 

encompasses 6-fused benzene rings exhibiting armchair edge configuration and 

thereby providing a balance between computational cost and precision [44].  The top 

C atoms in the armchair model were unsaturated to create an active site, while others 

were covered by H-atoms. Three OFGs, namely OH, CHO, and COOH, were 

introduced to the active sites of the AC model to understand its impact on adsorption 

characteristics. Figure 4.2, illustrates the optimized models of CT, RS, unmodified and 

functionalized AC models utilized in this study. These variants have been labeled as 

follows: unmodified activated carbon (AC), activated carbon modified with COOH 

functionalization (COOH—AC), activated carbon with CHO functionalization 

(CHO—AC), activated carbon with OH functionalization (OH—AC), respectively. 

         
        

 

 
      

Figure 4.2. Optimized structure of adsorbates, unmodified and functionalized 

activated carbon. 

 

(a) CT 
(b) RS 

(c) AC 

(e) OH—AC 
(d) CHO—AC (f) COOH—AC 
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4.4 Results and discussion 

4.4.1 Batch adsorption studies 

(i) Effect of adsorbent dosage 

The quantity of adsorbent employed is of utmost significance in ascertaining the 

efficacy of removal for a given initial concentration of adsorbate molecules in an 

aqueous solution. Figure 4.3a illustrates the impact of varying the quantity of adsorbent 

(ranging from 0.05 to 0.35 gL-1) on the removal of CT and RS. Under optimum 

operational conditions, CT and RS were significantly removed to a maximum of 99.2 

% and 98.9 % at a dose of 0.2 gL-1 of activated carbon, respectively, thereafter 

continued to remain almost constant. The initial rise is ascribed to the greater 

adsorption site and higher surface area (BET surface area- 846.29 m2/g) at increasing 

concentrations of the adsorbents [45]. However, as the carbon dosage was further 

increased, there was a slight decrease in adsorption. This decline was ascribed to the 

accumulation of mass on the active sites at higher dosages, leading to a reduction in 

the effective active surface area available for the adsorption process [46]. Thus, 0.2 g 

L-1 was chosen as the ideal adsorbent value for the remaining tests.                                                                                                                                                                                                                                                                                                            

(ii) Effect of reaction time and concentration 

Figure 4.3b and c presents the influence of reaction time and starting concentration on 

adsorbate removal efficiency. At the point of equilibrium, the ideal concentration for 

CT and RS were observed to be 100 mgL-1 and 80 mgL-1 (60- 180 mgL-1) at the same 

reaction time of 60 min (5-100 min).  

(iii) Effect of solution pH 

The pH of the solution plays a vital role in influencing the adsorbate adsorption 

process. It significantly alters the surface charge of the adsorbent and the ionic strength 

of the adsorbate, thereby exerting the overall mechanism of adsorption. The influence 

of pH on CT and RS adsorption was studied under specific conditions (initial 

concentration- 100 mgL-1 for CT and 80 mgL-1 for RS; adsorbent dosage of 0.2 gL-1; 

reaction time of 60 min). The pH range for CT and RS was carefully altered from 2 to 

12, and the obtained results are illustrated in Figure 4.3d. From Figure 4.3d, it can be 

examined that the highest adsorption efficacy was 99.23 % for CT and 98.68 % for 

RS, respectively at pH solution 6 and 4. As a result, the adsorption process is 
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particularly favorable for pH values less than the pHzpc (pH <pKzpc). The pKa values of 

CT and RS were determined to be 9.4 and 9.25, respectively, while the pHzpc of the 

CCAC adsorbent was determined to be 7.1 in our prior studies [37]. At a pH level 

below the pKzpc, the CCAC surface experiences positively charged. This leads to a 

strong interaction with the non-ionized molecular adsorbate and protonated CCAC 

adsorbent, thereby confirming a greater adsorption efficiency.  However, the removal 

efficacy declines for CT and RS at higher pH values (pH>pKzpc). The main reason 

could be due to the competition between the negatively charged phenoxy ions and the 

excessive presence of OH-. Thus, the maximum adsorption percentage was 99.23 % 

(CT) and 98.67 (RS) at pH 6.0 and 4.0. 

 
(a) Adsorbent dosage 

 
(b) Reaction time 
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(c) Concentration 

 
(d) pH 

Figure 4.3. Influence of various batch adsorption parameters for CT and RS adsorption 

by CCAC adsorbent (adsorbent dosage-0.2 g L-1; reaction time-60 min; concentration-

100 mgL-1 for CT and 80 mgL-1 for RS; pH 6.0 for CT and pH 4.0 for RS). 

(iv) Effect of temperature 

The influence of temperature on the adsorptive removal of CT and RS adsorption by 

CCAC was explored across a range of temperatures from 298-328 K by keeping other 

parameters (adsorbent dosage-0.2 g L-1; reaction time-60 min; concentration-100 mgL-

1 for CT and 80 mgL-1 for RS; pH 6.0 for CT and pH 4.0 for RS) at constant. As 

depicted in the plot (Figure 4.4), the efficiency of CT and RS adsorbed by carbon 
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adsorbent increases as the initial temperature ascends from 298 K to 338 K. 

Furthermore, the improved adsorption performance at higher temperatures can be 

ascribed to the interaction between the adsorbent material and adsorbate molecules, 

leading to the generation of new adsorption sites into the pores of CCAC at higher 

temperatures. Similar observations for the adsorption of CT and RS by SSHAC 

adsorbent were reported by Vunain et al. [35]. 

 

Figure 4.4 Influence of temperature (K) on CT and RS adsorption by CCAC 

adsorbent. 

4.4.2 Adsorption’s thermodynamics 

Thermodynamic calculations were utilized for evaluating vital parameters such as the 

standard Gibbs free energy change (ΔG), standard enthalpy change (ΔH), and standard 

entropy change (ΔS) for adsorption of CT and RS. These important values were 

computed using the Equations (4.5) and (4.6), respectively. 

∆G =  −RT lnKd                 (4.5) 

lnKd =  
∆S

R
−  

∆H

RT
                 (4.6) 

where, Kd =  
qe

Ce
 is the distribution coefficient, T (K) = solution temperature, R = gas 

constant (8.314 Jmol-1K-1). 

The values of entropy and enthalpy were determined from the intercept and slope of 
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linear variation of lnKd with reciprocal temperature (1/T). Table 4.1 describes the 

obtained results of various thermodynamic parameters. 

Table 4.1. Thermodynamic parameters of CT and RS adsorption onto CCAC 

adsorbent at different temperatures. 

Adsorbate ∆𝐇 (𝐤𝐉/𝐦𝐨𝐥) ∆𝐒 (𝐤𝐉

/𝐦𝐨𝐥/𝐊) 

∆𝐆 (𝐤𝐉/𝐦𝐨𝐥) 

   298K 308K 318K 328K 338K 

CT 5.219 0.046 -8.598 -8.948 -9.516 -9.927 -10.465 

RS 7.644 0.051 -7.456 -8.002 -8.531 -8.944 -9.491 

 

From the Table, it can be observed that the sorption of both adsorbates on CCAC was 

an endothermic process, as indicated by the positive value of ΔH. The increase in 

randomization at the adsorbate/adsorbent interfaces during the adsorption phase was 

suggested by the positive ΔS value. The degree of spontaneity and feasibility in the 

adsorption process was evaluated through the measurement of ΔG. A more negative 

value of the Gibbs free energy signifies a greater degree of favourability and tendency 

for the adsorption to occur at higher temperatures. 

4.4.3 Adsorption isotherm 

The adsorption isotherm is an efficient means for describing the distribution of 

adsorbed molecules at equilibrium between the liquid and solid phases.  

 
(a) Catechol (CT) 
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(b) Resorcinol (RS) 

Figure 4.5. Non-linear adsorption isotherm fitting for adsorption of CT and RS onto 

CCAC adsorbent. 

In this study, three isotherm models—Langmuir, Freundlich, and Temkin were used to 

understand the adsorption phenomena of CT and RS onto CCAC adsorbent at 

equilibrium (Figure 4.5). Table 4.4.2 displays the plot parameters obtained for the 

isotherm models and χ2 value. In this table, the Langmuir model adequately describes 

CT and RS adsorption on the CCAC surface with the high correlation coefficients, R2 

(0.996 for CT) and (0.995 for RS). The maximal monolayer adsorption capacity (Qm) 

of CT and RS onto CCAC was determined to be 56.056 mg g-1 and 61.851 mg g-1, 

respectively.  

The calculated RL value was less than 1 while the value of n was greater than 1; hence 

the adsorption process was favorable. The computed RL value ranging from (0.003 ~ 

0.009 for CT) and (0.011 ~ 0.034 for RS) demonstrates an extremely favorable 

adsorption on CCAC adsorbent. In terms of Freundlich model, the n value of the 

Freundlich constant was above unity, thereby indicating an adsorption process with 

favorable conditions [47,48]. It was evident from the correlation coefficient values 

(ranging from 0.839 to 0.902) for both pollutants that the Freundlich isotherm model 

was not adequate to explain the experimental results. From Temkin model, the 

coefficient of determination of regression R2 value was found to be 0.908 (CT) and 

0.967 (RS), respectively. 
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Among the various isotherm models, the best-fit model was determined based on the 

chi-square value (χ2) and correlation coefficient (R2). Langmuir’s isotherm model 

emerges as the most appropriate choice, exhibiting the smallest χ2 value and the highest 

R2 value. This result confirms Langmuir’s isotherm model that effectively describes 

the equilibrium adsorption of CT and RS on CCAC and follows the order: Langmuir 

> Freundlich > Temkin.  

Table 4.2. Adsorption isotherm models, its parameters and correlation coefficients of 

CT and RS adsorption onto CCAC adsorbent. 

Isotherms Models Adsorbates 

CT RS 

Langmuir, 

𝑞𝑒 =
𝑄𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

RL =  
1

1 + KL CO
 

Qm= 56.056 

KL=1.744 

RL= 0.003 ~ 0.009 

R2 = 0.996 

χ2 = 0.559 

Qm= 61.851 

KL=0.466 

RL= 0.011 ~ 0.034 

R2 = 0.995 

χ2 = 0.770 

Freundlich, 

𝑞𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 

n = 5.537 

KF = 33.799 

R2 = 0.839 

χ2 = 24.401 

n = 3.319 

KF = 34.49 

R2 = 0.902 

χ2 = 16.066 

Temkin, 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇
 𝑙𝑛(𝐾𝑇𝐶𝑒) 

KT = 66.812 

bT = 0.307 

R2 = 0.908 

χ2 = 13.953 

KT = 5.242 

bT = 0.195 

R2 = 0.967 

χ2 = 5.399 

 

4.4.4 Adsorption kinetics 

The study of kinetics plays a pivotal role in comprehending the dynamics of adsorption 

reactions and mechanism. To understand the adsorption behavior of CT and RS on 

CCAC adsorbent, three distinct kinetic models were applied: pseudo-first order (PFO), 

pseudo-second order (PSO), and intraparticle diffusion (ID) models [49-51]. Figure 

4.6 demonstrate the kinetic analyses of the adsorption of CT and RS onto the CCAC 

adsorbent. Table 4.4.3 lists the parameters used for fitting these models using a non-

linear regression process. As observed from the table, R2 values for the PSO were 

notably higher (0.995 for CT and 0.985 for RS) compared to those associated with the 

PFO (0.696 for CT and 0.638 for RS). Also, the qe (exp) values (33.077 mgg-1 for CT; 

26.314 mgg-1 for RS) closely matched the qe (calc) values (33.019 mgg-1 for CT; 

26.273 mgg-1 for RS) predicted by the PSO model. 
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Table 4.3. Kinetic parameters for the adsorption of CT and RS by CCAC adsorbent. 

Adsorb

ates 

Pseudo-first order (PFO) 

qt = qe(1 − e−k1t) 

 

Pseudo-second order 

(PSO) 

qt =
qe

2k2t

1 + qek2t
 

Intraparticle diffusion (ID) 

qt = kidt0.5 + c 

   Initial stage Final stage 

CT k1 = 1.11          

qe, cal = 32.98 

qe,exp = 33.077 

R2 = 0.696 

χ2 = 7.3 x 10-4 

k2 = 1.238 

qe,cal = 33.019 

qe,exp = 33.077 

R2 = 0.995 

χ2 = 1.1 x 10-5 

kid1 = 7.8 x 10-

3 

c = 32.8374 

R2 = 0.851 

χ2 = 4.2 x 10-4 

kid2 = 3.2 x 10-4 

c = 32.98255 

R2 = 0.68959 

χ2 =2 x 10-5 

RS k1 = 1.039          

qe, cal = 26.235 

qe,exp = 26.314 

R2 = 0.638 

χ2 = 1.2 x 10-3 

k2 = 1.047 

qe,cal = 26.273 

qe,exp = 26.314 

R2 = 0.985 

χ2 = 4.9 x 10-5 

kid1 = 8.6 x 10-

4  

c = 26.0646 

R2 = 0.86873 

χ2 = 4.3 x 10-4 

kid2 = 4.7 x 10-4  

c = 26.22576 

R2 = 0.62367 

χ2 = 1.1 x 10-4 

 

The calculated PSO rate constants (k2) for CT and RS were determined to be 1.238 

and 1.047, respectively. The larger value of k2 for CT indicates that CT removal 

reaches equilibrium faster than RS. The intraparticle diffusion model was employed to 

elucidate the mass transfer mechanism of CT and RS at the interface between the solid 

and liquid phases. The plot derived from the intraparticle diffusion model exhibited 

two distinct adsorption stages: initial surface adsorption and subsequent gradual intra-

particle diffusion (Figure 4.7). 

                    

(a) Catechol (Cat) 

(a) Catechol (CT) 
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Figure 4.6. Non-linear adsorption kinetics fitting for adsorption of CT and RS by 

CCAC adsorbent. 

Notably, the intraparticle diffusion rate constant Kid1 surpassed Kid2, signifying that 

the pace of intraparticle diffusion decelerated during the final adsorption stage. This 

reduction in diffusion rate could be attributed to pore blockage and steric repulsion 

arising from adsorbed CT/RS molecules on the activated carbon surface. Moreover, in 

employing the intra-particle diffusion model for analysis, the observed linear plot did 

not originate from the zero point. This indicates that the intra-particle diffusion did not 

singularly govern the adsorption progression as other factors played a role in the 

controlling the overall process [52,53]. 

 
(a) Catechol (CT) 

(b) Resorcinol (RS) 
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(b) Resorcinol (RS) 

Figure 4.7. Intraparticle diffusion (ID) model for adsorption of CT and RS by CCAC 

adsorbent. 

This reduction in diffusion rate could be attributed to pore blockage and steric 

repulsion arising from adsorbed CT/RS molecules on the activated carbon surface. 

Moreover, in employing the intra-particle diffusion model for analysis, the observed 

linear plot did not originate from the zero point. This indicates that the intra-particle 

diffusion did not singularly govern the adsorption progression as other factors played 

a role in the controlling the overall process [52,53].  

Furthermore, chi-squared value (χ2) was employed to validate the kinetic studies. The 

low χ2 and highest correlation coefficients obtained for both CT (χ2) and RS (χ2) 

providing strong evidence that the PSO model is the best fit among the other kinetic 

models.  

4.4.5 Effect of co-interfering ions 

Wastewater commonly contains a variety of inorganic ions, and thus it is important to 

study the presence of these coexisting ions on the efficient removal of CT and RS from 

aqueous solutions. The adsorption behavior of CT and RS was carried out in the 

presence of four inorganic co-ions (NO3
-, Cl-, SO4

2- and CO3
2-). The graphical 

representation in Figure 4.8, demonstrates a discernible drop in the removal 

effectiveness of CT and RS when these co-ions are present.  
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Figure 4.8. Effect of co-existing ions on CT and RS adsorption onto CCAC adsorbent 

(Concentration - 100 mgL-1 for CT and 80 mgL-1 for RS; activated carbon dose- 0.2 

gL-1 for CT and RS; reaction time- 60 min for CT and RS). 

Carbonate and sulfate ions showed a decline in efficiency among the various co-ions 

due to their higher negative charges than nitrate and chloride ions. The reason may be 

due to the formation of outer-sphere surface complexes by chloride and nitrate ions 

[54]. Thus, the sequence of these ions follows the ascending order: CO3
2->SO4

2-> NO3
-

> Cl-
 with the removal efficiencies from 98.64 % to 99.29 % for CT and 98.75 % to 

99.65 %, respectively [55]. Similar results were also observed by Liu et al. [56] for the 

adsorption of Bisphenol A and Tetrabromobisphenol A. 

4.4.6 Regeneration studies 

Regeneration investigations are vital in any adsorption procedure as they can 

significantly reduce disposal costs, resulting in a more sustainable approach. In this 

work, 1 g L-1 of CCAC was consistently mixed with 50 mL of 1000 mg L-1 CT and RS 

solution for a period of 24 hours until overall saturation was attained. Desorption of 

fully saturated CCAC was performed using 95% ethanol for two hours with constant 

stirring. Afterward, the resulting solutions were filtered, rinsed, and dried using an 

oven set at 110 °C. This regenerated material was then employed for further CT and 

RS adsorption to confirm its viability for reuse. Figure 4.9 depicts the desorption 

efficiency of adsorbate from regenerated CCAC.  The bar graph shows that after the 
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first cycle, the desorption efficiency of regenerated CCAC decreased from 91.10 % to 

78.75 % for CT and 93.50 % to 82.10 % for RS by the fifth cycle, thus confirming the 

possibility of reusing regenerated CCAC for numerous cycles.  

 
Figure 4.9. Desorption efficiencies of regenerated CCAC adsorbent for the removal 

of CT and RS. 

4.4.7 Theoretical studies 

The adsorption process of CT and RS onto activated carbon ought to involve various 

interactions such as π–π interactions, electrostatic forces, and hydrogen bonding 

between the adsorbate and unmodified AC as well as oxygen-containing functional 

groups present in the AC [57-59]. Furthermore, it is widely acknowledged that π-π 

interactions and hydrogen bonding are the key driving forces behind the interactions 

between contaminants and AC [60].  

In this regard, a schematic representation of the possible adsorption mechanism is 

shown in Figure 4.8. Elucidating a potential mechanism for the adsorption of catechol 

and resorcinol onto activated carbon would enhance our comprehension of the 

interactions between the adsorbate and the adsorbent. 

(i) π-π interaction 

The adsorption of aromatic compounds on activated carbon surfaces is driven by π-π 

interactions, which involve charge transfer between the π-electrons of the adsorbate’s 

aromatic rings and the carbon material [61]. In resorcinol, the meta-positioning of -
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OH groups enhance π-electron delocalization, facilitating stronger π-π interactions 

compared to catechol’s ortho arrangement, which can lead to steric hindrances [62]. 

Therefore, resorcinol shows stronger π-π interaction as compared to catechol.  

(ii) hydrogen bonding  

Hydrogen bonding between resorcinol and catechol and the oxygen containing 

functional groups on activated carbon plays a crucial role in their adsorption behavior 

[63]. Both compounds feature -OH groups that can form hydrogen bonds with 

functional groups on the activated carbon surface. This interaction increases the 

stability of the adsorbates on the carbon surface, facilitating effective adsorption [64]. 

The meta-positioning of the -OH groups provide optimal spatial orientation in 

resorcinol, resulting in stronger hydrogen bonding compared to catechol, which has its 

-OH groups in the ortho position. Consequently, resorcinol exhibits greater adsorption 

efficiency due to these favorable hydrogen bonding interactions, as supported by DFT 

results.  

However, among the numerous interactions contributing to the adsorption process, this 

study aimed to elucidate the possible formation of hydrogen bonds between AC and 

the adsorbate by employing DFT calculations [65-67]. The arm-chair model was 

employed to replicate the processes involving both unmodified activated carbon (AC) 

and OFGs were introduced on the surface of AC to study the influence on the 

adsorption of CT and RS. Figure 4.10 depicts the best possible configurations of the 

interactions involving AC, functionalized AC and adsorbate. The adsorption energies 

(Eads), mode of interaction and bond distance for various interactions have been 

displayed in Table 4.4. 

(a) Adsorption on unmodified AC 

To probe the possibility of a contact of CT and RS with AC surface, an interaction was 

formed between the OH group of adsorbates and the C-atom of the unmodified AC 

structure (Figure 4.11a and b). During the adsorption process, the distance between 

C—C bonds within the unmodified AC experienced minor elongation from 0.124-

0.125 nm and 0.140-0.142 nm for CT and RS, respectively, thereby resulting in 

migration of electron density towards the adsorptive site. Moreover, the total energy 

obtained from the simulation was found to be highest for CT adsorption compared to 
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RS. This implies that CT exhibited a stronger attachment to the activated carbon 

surface than RS. These outcomes are in concordance with experimental findings, 

reinforcing their validity. 

 

Figure 4.10. Schematic representation of the possible mechanism for CT and RS 

adsorption onto activated carbon. 

(b) Adsorption on OH functionalized AC 

In the study of CT and RS adsorption onto OH-functionalized AC, an interaction 

mechanism that involved the formation of hydrogen bonds between the hydrogen or 

oxygen atoms of OH-AC and the O or H-atoms of CT and RS was considered. As 

shown in Figure 4.11c-f, the interaction between OH-functionalized AC and adsorbate 

was investigated using two distinct attachment strategies: (CT)OH—OH(AC) and 

(CT)HO—HO(AC) of CT and (RS)OH—OH(AC) and (RS)HO—HO(AC) of RS. 

From the table, it can be seen that (CT)OH—OH(AC) and (RS)OH—OH(AC) 

designates the highest adsorption energy with shorter bond length as compared to 

(CT)HO—HO(AC) and (RS)HO—HO(AC). Furthermore, the adsorption energy of 

(RS)OH—OH(AC) configuration was greater than that of (CT)OH—OH(AC) 

configuration. Hence, the adsorption of RS was found to be strongest with AC 

functionalized with OH groups. 

(c) Adsorption on CHO functionalized AC 

In order to gain insight into the adsorption mechanism of adsorbate onto activated car- 
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bon modified with aldehyde (CHO) functional groups, the study primarily examined 

the occurrence of a H-bonding interaction between the H-atom of the OH group of the 

adsorbate with O-atom of the AC functionalized aldehyde group (Figure 4.11g and h). 

The adsorption energy (Eads) for (CT)OH—OHC(AC) and (RS)OH—OHC(AC) has 

been determined to be -25.391 kJ/mol and -36.344 kJ/mol, indicating preferential 

adsorption of CT and RS onto activated carbon functionalized with CHO groups.  

(d) Adsorption on COOH functionalized AC 

The adsorption interaction of adsorbate on the surface of activated carbon, which has 

been functionalized with carboxyl (COOH) groups, is facilitated through the formation 

of two different kinds of hydrogen bonds (Figure 4.11i-l). The two modes of 

interaction between the adsorbate and AC(COOH) are depicted in Table 4.4. After 

adsorption, it can be seen that the adsorption energies for CT and RS correspond to -

44.869 kJ/mol and -45.082 kJ/mol, respectively. These findings indicate that the 

interaction labeled AC(COOH)—OH(CT) and AC(COOH)—OH(RS) were 

determined to be more suitable for the adsorption of CT and RS. 

Table 4.4. Eads and bond length between adsorbates (CT and RS) and AC systems. 

Adsorbate + Adsorbent Mode of interaction Adsorption energy 

(kJ/mol) 

Bond 

distance(nm)  System 

Catechol 

+ AC 

CT + AC (CT)OH—C(AC) -18.231 0.282 

CT + (AC)OH 

 

(CT)OH—OH(AC) 

(CT)HO—HO(AC) 

-29.773  

-24.561 

0.167 

0.186 

CT + (AC)CHO (CT)OH—OHC(AC) -25.391 0.178 

CT + 

(AC)COOH 

(CT)OH—

OCOH(AC) 

(CT)HO—

HOOC(AC) 

-44.869  0.178 

0.162 

Resorcino

l + AC 

RS + AC (RS)OH—C(AC) -16.587 3.032 

RS + (AC)OH 

 

(RS)OH—OH(AC) 

(RS)HO—HO(AC)  

-31.650  

-24.369 

1.669 

1.734 

RS + (AC)CHO (RS)OH—OHC(AC) -36.344 1.780 

RS + 

(AC)COOH 

(RS)HO—

HOOC(AC) 

(RS)OH—

OCOH(AC) 

-45.082 1.642 

2.005 
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Catechol (CT) Resorcinol (RS) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)(CT)OH—C(AC) (b)(RS)OH—C(AC) 

(c)(CT)OH—OH(AC) (d) (RS)OH—OH(AC) 

(e)(CT)HO—HO(AC) (f)(RS)HO—HO(AC) 

(g) (CT)OH—OHC(AC) (h) (RS)OH—OHC(AC) 
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(k) (CT)OH—OCOH(AC) 

 
(l) (RS)OH—OCOH(AC) 

Figure 4.11. Optimised structures of adsorbate interactions with unmodified and 

functionalized AC. 

Furthermore, the results of FT-IR spectra of activated carbon after catechol and 

resorcinol adsorption were analysed and a comparison were made with DFT studies to 

strengthen and support the explanation of the adsorption mechanism (Figure 4.12). 

The IR results show a clear shift of -OH stretching vibration toward the higher frequen- 

 
(a) 

(i) (CT)HO—HOOC(AC) (j) (RS)HO—HOOC(AC) 
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(b) 

Figure 4.12. FTIR spectra of (a) AC (b) AC after CT and RS adsorption. 

cy after adsorption. The IR results show a clear shift of -OH stretching vibration toward 

the higher frequency after adsorption. This shift could be attributed to strong 

interactions between the adsorbate and oxygen-containing functional groups of AC, as 

indicated by the DFT studies. Additionally, the carbonyl adsorption frequencies for the 

adsorbate-loaded activated carbon were observed to shift to a lower frequency region 

which could be due to favorable hydrogen bonding of CT and RS with AC, as 

collaborated by DFT studies [68-70]. 

4.4.8 Comparison of adsorption capacity of CCAC adsorbent with other 

adsorbents 

A comparison assessment was made between the present CCAC adsorbent with other 

adsorbents in regard to its ability for maximum adsorption capacity (Qm) of CT and 

RS from aqueous medium. Table 4.5 summarizes the findings, which reveal that the 

present adsorbent has significantly higher adsorption capacity for CT and RS than 

other reported materials.  

Table 4.5. Comparative assessment of adsorption of CT and RS on CCAC adsorbent 

and other adsorbents. 

Adsorbate  Adsorbent Adsorption capacity (mg g-1) Ref. 

CT CCAC 56.05 This Study 

 Hypercross-linked polymers 55.00 [71] 

 MWCNT 14.20 [72] 
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 TiO2 Degussa P-25 surface 11.17 [73]  

 Waste Fe (III)/Cr (III) hydroxide 4.00 [74] 

 CSI 2.86 [75]  

 AC 0.07 [76] 

RS CCAC 61.85 This Study 

 Hypercross-linked polymers 55.00 [71] 

 AC 43.09 [77] 

 Modified OMC 39.2 [78] 

 Granular activated carbon 8.43 [79] 

 TiO2 Degussa P-25 surface 7.87 [73] 

 CSI 3.63 [75] 

 

4.5 Conclusion and proposed future research 

(i) Summary 

The major findings derived from these investigations can be succinctly summarized in 

the following manner: 

• The experimental batch adsorption yielded high removal efficiencies of 99.23 % 

for CT and 98.68 % for RS, respectively, under ideal process conditions. 

• Adsorption of CT and RS on AC followed the Langmuir adsorption isotherm, 

implying a single-layer coverage and adsorptive capacities of 56.05 mgg-1 at pH 

6 for CT and 61.85 mgg-1 at pH 4 for RS.  

• The kinetics of adsorption process on CCAC closely followed pseudo-second 

order model based on the highest R2 (0.995 for CT and 0.985 for RS) value, low 

χ2 and the close agreement between calculated and theoretical qe values. 

• Thermodynamic analysis confirmed that the adsorption process was endothermic 

and spontaneous. 

• The adsorption behavior of catechol (CT) and resorcinol (RS) was examined in 

the presence of four inorganic co-ions: NO3
-, Cl-, SO4

2- and CO3
2-). The removal 

efficiencies for these ions followed the ascending order: CO3
2->SO4

2-> NO3
-> Cl-

, with removal rates ranging from 98.64-99.29 % for catechol and from 98.75-

99.65% for resorcinol. 

• Regeneration studies indicated that the CCAC adsorbent remained effective up to 

the fifth cycle (78.75 % for CT and 82.10 % for RS), suggesting that the adsorbent 
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can be reused and recycled multiple times. 

• DFT analyses suggests the favorable nature of the adsorption of CT and RS on AC 

based solely on the assumption of hydrogen bond interactions. Notably, the AC 

containing COOH groups demonstrated the strongest interaction with phenolic 

compounds, indicating its superior potential for adsorption. 

The outcomes of the study underscored the suitability of Croton caudatus AC could 

serve as a potentially effective and recyclable adsorbent for the removal of CT and RS 

from water. Additionally, the insights from the theoretical investigations might be 

valuable in developing and producing activated carbon materials with enhanced 

binding capabilities for phenolic compounds.  

(ii) Proposed future requirements  

Although significant progress has been made in developing potential sorbents, further 

research should focus on: 

(i) Forecasting the efficacy of adsorption processes for removing phenolic compounds 

from real wastewater under various operating conditions. 

(ii) Enhancing the precision of the adsorption mechanism by extending it to more than 

one kind of activated carbon model. 

(iii) Molecular dynamics simulations or hybrid approaches that integrate DFT with 

classical force fields can effectively capture the dynamic aspects of adsorption 

processes and the complexities associated with multi-component systems.  

(iv) Comprehensive understanding of the adsorption mechanism involved between the 

oxygen containing functional groups of activated carbon and phenolic compounds. 
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CHAPTER 5 

 

HIGHLY EFFICIENT PHOTOCATALYTIC DEGRADATION OF 

ORGANIC POLLUTANTS USING NOVEL CARBON INTEGRATED ZrO2-

ZnO NANOCOMPOSITES: KINETICS, MOLECULAR DOCKING, DFT 

SIMULATION AND REAL WASTEWATER APPLICATION 

 

This chapter described the synthesis of a CCAC/ZrO2-ZnO nanocomposite via a 

hydrothermal method by anchoring ZrO2-ZnO onto activated carbon derived from 

Croton caudatus biomass for 4-nitrophenol (4-NP) degradation. The nanocomposite 

was thoroughly characterized using advanced analytical techniques, including XRD, 

FT-IR, SEM/TEM with SAED and EDS, PL spectroscopy, BET surface area 

analysis, and XPS. Photocatalytic activity was evaluated through the 4-NP 

degradation under UV light, achieving an impressive 98.2 % degradation with a 

catalyst dosage of 0.07 g/L, initial concentration of 40 ppm, irradiation time of 80 

min and pH 6. The degradation intermediates and pathway were identified using LC-

MS analysis. The nanocomposite exhibited good recyclability, retaining 78.5 % 

efficiency after multiple cycles and achieved a notable 87.86 % degradation 

efficiency in real wastewater. Density Functional Theory (DFT) calculations were 

performed to investigate the chemical reactivity and formation mechanism of the 

prepared nanocomposite. The results indicated a significant enhancement in its 

reactivity, which contributed to improve the efficacy in the degradation of 4-NP.  

Subsequently, the molecular docking studies targeting DNA gyrase and DHFR 

revealed favorable binding energies (MolDock), providing a valuable theoretical 

framework for future in vitro and in vivo experimental validation. These findings 

may significantly aid in the rational design and development of next-generation 

antibacterial agents designed at combating the growing threat of antibiotic-resistant 

pathogens such as Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). 
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5.1 Introduction 

Nitrophenols are anthropogenic, inhibitory, and biorefractory organic molecules. They 

have been extensively applied in chemical industry for insecticides, medicines, and 

dyes [1,2]. 4- nitrophenol (4-NP) is a phenolic molecule that contains two functional 

groups on its benzene ring; nitro (NO2) and hydroxyl (OH). European Economic Union 

and US Environmental Protection Agency consider 4-NP among priority contaminants 

due to its potential to negatively impact aquatic life, animals, and human beings at low 

amounts with the maximum allowable limit of 1ppm [3]. The exposure of 4-NP also 

leads to a spectrum of acute and chronic health effects including gastrointestinal 

complication, respiratory tract problems, injury to organs like kidneys and liver, skin 

and eye irritant, and cardiovascular system problem. It may also lead to 

hypersalivation, suppression of hunger, breakdown of protein, and interference with 

the central nervous and circulatory systems [4,5]. In view of the adverse health 

implications, the presence of 4-NP in wastewater requires an effective treatment before 

being discharged into the aquatic environment. 

Various treatment techniques have been explored for the removal of 4-NP 

contamination in wastewater such as electrochemical degradation, biodegradation, 

membrane separation, photocatalytic degradation, precipitation, and ozonation process 

[6-8]. However, these technologies often face challenges such as operational 

complexity, pre-treatment requirements, reliability issues, secondary waste generation, 

harmful by-product formation as well as environmental impacts [9]. Among these, 

photocatalysis, an advanced oxidation process (AOP), employs specific wavelengths 

of light to degrade organic and toxic pollutants by generating highly reactive hydroxyl 

radicals (•OH). These radicals engage in redox reactions with the electron-hole pairs 

of the photocatalyst, which lead to the degradation of the pollutants into carbon dioxide 

(CO2) and water (H2O) [10].  

Photocatalytic degradation offers several notable advantages over conventional 

treatment methods: it facilitates the complete breakdown of contaminants into less 

harmful substances; effectively degrades highly stable compounds that may resist 

other treatment methods; performs efficiently at room temperature and pressure, 

thereby reducing energy consumption; and eliminates the need of oxygen injection 

which simplifies the treatment process. Moreover, the end product of photocatalysis is 
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free from pollution, making it environmentally benign. Owing to its economic 

feasibility and technological adaptability, photocatalysis is widely recognized as a 

sustainable and promising approach for environmental remediation and advanced 

wastewater treatment [11-13].  

Some typical semiconductor photocatalysts have been studied for their ability to 

remove organic pollutants and other dyes in aqueous media. These include tungsten 

trioxide (WO3), titanium dioxide (TiO2), iron oxide (Fe2O3), silicon dioxide (SiO2), 

zinc oxide (ZnO), molybdenum disulfide (MoS2) and zirconium dioxide (ZrO2) [14-

16]. These metal oxides are assisting in multi-step photolysis of organic compounds to 

harmless byproducts in the presence of ultraviolet irradiation [17,19]. Among them, 

ZnO has gained particular attention due to its wide bandgap (3.37 eV), substantial 

electron mobility (~300 cm2/Vs) and high exciton binding energy (60 meV), chemical 

stability, non-toxicity and cost-effectiveness [18,19]. Nevertheless, ZnO as an 

individual photocatalyst faced significant drawbacks, including susceptibility to 

photocorrosion, instability under continuous light exposure and high recombination 

rates of photogenerated electron-hole pairs. These factors collectively result to a 

substantial reduction in its overall photocatalytic efficiency and limit its practical 

usage in environmental remediation processes [20-22]. To overcome these challenges, 

recent research has focused on coupling or doping ZnO with other metals or metal 

oxides [23,24]. ZrO2 with its wide bandgap (~5.0 eV), excellent thermal stability, 

outstanding corrosion resistance and high dielectric constant, has emerged as a suitable 

candidate for forming heterojunctions with ZnO [25,26]. The incorporation of ZrO2 in 

ZnO-ZrO2 systems enables separation of photogenerated charge carriers and 

suppresses recombination rate, leading to enhanced production of hydroxyl radicals 

(•OH), which play a vital role in photocatalytic degradation. ZrO2 also significantly 

improves the thermo-mechanical and chemical stability of ZnO. Notably, ZnO is 

susceptible to dissolution at lower pH levels; however, coupling with ZrO2 enhances 

its resistance to degradation in acidic environments [27]. Conversely, the presence of 

ZnO may slightly narrow the band gap of ZrO2, potentially improving its light 

absorption capabilities.  

Several studies have demonstrated that the integration of an adsorbent with a 

photocatalytic system significantly enhances the removal efficiency of organic 
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contaminants. In this context, biomass-derived activated carbon (AC) has gained 

considerable attention as a co-adsorbent material. Activated carbon (AC), owing to its 

high specific surface area, well-developed porosity and abundant surface function 

groups, is considered an ideal support material for photocatalysts as it can effectively 

absorb organic pollutant near the active catalytic sites during the adsorption-

degradation process [28,29]. The integration of metal oxide nanoparticles with AC 

further increases the overall adsorptive performance by offering numerous active sites 

capable of forming strong chemical interactions with pollutant molecules. Moreover, 

AC promotes uniform dispersion of the photocatalyst particles, thereby improving 

light absorption and catalytic performance. However, previous studies have primarily 

focused on single or binary photocatalyst systems, which inherently lack the 

synergistic effects associated with multiple heterojunctions [30-32]. To address this, 

the present study introduces a novel nanocomposite comprising activated carbon (AC) 

integrated with a ZrO2-ZnO photocatalyst. The inclusion of AC into ZrO2-ZnO matrix 

enables heterojunction formation, improve charge separation, minimize electron-hole 

recombination and broaden light absorption. These synergistic effects are expected to 

significantly improve the photocatalytic efficiency of the composite material, offering 

a more efficient and sustainable approach for water treatment. 

Quantum chemical approaches, specifically Density functional theory (DFT), offer a 

valuable tool for understanding the relationship between the structure and reactivity of 

materials, enabling efficient selection of highly effective materials. DFT allows 

researchers to study the electronic structure, properties, reactivity, and stability of 

atoms and molecules [33]. These methods have successfully predicted the reactivity 

and interaction features of nanomaterials [34]. Several theoretical studies have been 

reported in the literature to better understand the reactivity and interaction mechanisms 

of photocatalytic materials. For instance, Blantocas et al. [35] utilised Gaussian 09W 

software to assess the reactivity of pure chitosan and chitosan-TiO2 composites based 

on various molecular properties. Similarly, the chemical reactivity of basic dyes 

interacting with activated carbon was also investigated using DFT-based descriptors 

by de Souza et al. [36]. In another study, Ullah et al. [37] observed the optical and 

electrical structures, surface interactions, electronegativity, and charge transfer 

mechanisms in polypyrrole-TiO2 nanocomposites. Thus, this research aims to develop 
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a theoretical understanding explaining the reactivity of nanocomposites in degrading 

4-NP using DFT simulation. 

Antibacterial resistance is a critical global health threat, diminishing the efficacy of 

existing therapies and elevating morbidity and mortality. Resistant strains such as S. 

aureus  and E. coli, driven by genetic mutations and horizontal gene transfer, have 

compromised the effectiveness of many antibiotics, thereby obstructing medical 

progress and limiting treatment options [38]. Consequently, there is an urgent need to 

develop novel therapeutics with innovative mechanisms of action, including new 

antibiotic classes. Nanocomposites offer a promising strategy against antibiotic 

resistance through their unique physicochemical properties, enabling targeted drug 

delivery, enhanced efficacy, and reduced toxicity. In this context, several studies have 

utilized computational molecular docking to evaluate the binding modes and 

interaction profiles of nanocomposites against bacterial pathogens, aiming to assess 

their potential efficacy and mechanism of action. Notably, Arularasu et al. [39] and 

Iram et al. [40] reported significant in silico findings, highlighting key molecular 

interactions that may contribute to the antibacterial activity of these nanomaterials. 

Accordingly, the present work aims to investigate the antibacterial potential of 

nanocomposite-based compounds using structure-based molecular docking. The 

findings seek to bridge the gap between in silico predictions and biological relevance, 

offering deeper insights into the promise of nanocomposites as effective antibacterial 

agents. 

Therefore, in this study, ZnO-ZrO2 nanocomposite incorporated with activated carbon 

derived from croton caudatus biomass (CCAC) was successfully synthesized via a 

hydrothermal method. The synthesized nanocomposite was characterized using 

various analytical techniques to elucidate its structural formation, functional groups, 

morphology, surface area and topographical properties. The photocatalytic activity of 

CCAC/ZrO2-ZnO was subsequently evaluated for the degradation of 4-NP under UV-

light irradiation. Reusability and stability assessments were conducted through 

multiple degradation cycles. Catalytic efficiency tests were conducted using pristine 

ZnO, ZrO2 and the synthesized composite material for comparative evaluation. The 

predominant reactive species involved in the catalytic process were identified through 

scavenging experiments and a degradation mechanism was alsoproposed. The 
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synthesized nanocomposite was further validated under real wastewater conditions, 

highlighting its practical applicability for environmental remediation. Furthermore, 

theoretical investigations utilizing the DFT method were conducted to supplement the 

experimental findings in the degradation of 4-NP. Chemical descriptors such as 

HOMO-LUMO gap, chemical hardness and softness, chemical potential, 

electronegativity, electrophilicity index and maximum charge transfer were also 

investigated. Molecular docking simulations were also performed to assess the 

potential antibacterial activity of the CCAC/ZrO2-ZnO and ZrO2-ZnO nanocomposite 

by targeting the proteins such as dihydrofolate reductase (DHFR) and DNA gyrase B 

enzymes in S. aureus and E. coli. 

5.2 Experimental 

5.2.1 Chemicals 

Zinc acetate (Zn (CH3COO)2·H2O; ≥ 99 % purity), Zirconium dioxide (ZrO2, ≥ 99 % 

purity) and 4-NP (C6H5NO3; ≥ 99 % purity) were procured from Sigma Aldrich, India. 

The chemical structure and properties of 4-NP is detailed in Table 5.1.  

Table 5.1. Physicochemical properties of 4-NP. 

All the chemicals utilized in the present work are of analytical grade and used without 

further purification. Ultrapure Milli-Q water (MQW: 18.2 MΩ cm) was utilized 

throughout all experiments.  

5.2.2 Preparation of activated carbon 

Croton caudatus biomass collected from the vicinity of Lumami, Nagaland University, 

India (26° 13′ 29.60′′ N | 94° 28′ 35.0′′ E), was used as the primary raw material. The 

Chemical structure 

 
Chemical formula C6H5NO3 
Molecular weight (g/mol) 139.11 
Solubility in water (mg/mL @ 25 °C) 15,600 
Density at 68 F 1.48 

pKa (@25°C) 7.15 

λmax (nm) 317 
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entire plant was processed to produce AC, which was subsequently labeled as Croton 

caudatus activated carbon (CCAC). The preparation and characterization of CCAC 

have been previously reported in Chapter 3 (see under Subsection 3.2.2) [41]. 

5.2.3 Preparation of ZrO2-ZnO nanocomposite 

For the synthesis of ZrO2-ZnO nanocomposite, a mixture of 2.2 g Zn (CH3COO)2·H2O 

and 0.5 g ZrO2 was dispersed in 100 mL of MQW under vigorous stirring for 35 min 

at ambient temperature. The solution's pH was adjusted to 9 using 2M NH4OH. 

Subsequently, the mixture underwent sonication for 35 min to ensure homogeneity 

[42]. The resulting solution was transferred to a Teflon-lined stainless-steel autoclave 

and subjected to hydrothermal treatment at 170 °C for approximately 12 h. The mixture 

was then separated by centrifugation, filtered, and thoroughly washed with MQW. The 

final ZrO2-ZnO nanocomposite was obtained after overnight drying in an oven at 50 

°C. 

5.2.4 Synthesis of CCAC/ZrO2-ZnO nanocomposite 

The CCAC/ZrO2-ZnO nanocomposite was produced by mixing 0.5 g of ZrO2-ZnO and 

1 g of prepared CCAC in 100 mL of MQW, shaking for 35 min at room temperature, 

and finally sonicating for another 35 min to achieve homogenous conditions. The 

resulting precursor mixture was subjected to hydrothermal treatment in a Teflon-lined 

autoclave at 160 °C for about 12 h. 

 

Scheme 5.1. Schematic illustration of the synthesis procedure for CCAC/ZrO2-ZnO 

nanocomposite.  
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After cooling, the solution was centrifuged and washed several times with MQW. The 

nanocomposite was dried in an oven at 50 °C for 24 h. The synthesized CCAC/ZrO2-

ZnO nanocomposite was further characterized for evaluation of its 4-NP degradation 

(Scheme 5.1). 

5.2.5 Characterization techniques 

The CCAC/ZrO2-ZnO nanocomposite was characterized using several analytical 

techniques. X-ray diffraction (XRD) (PANalytical, Empyrean, CuKα radiation) was 

used to determine its crystal structure and catalyst phase. Functional groups were 

identified using Fourier transform infrared (FTIR) spectroscopy (Perkin Elmer, 

Spectrum Two, USA) in the range 400-4000 cm-1. Surface morphology and elemental 

composition were analyzed using scanning electron microscopy (SEM) (JSM-6360, 

JEOL) with energy dispersive X-ray analysis (PHI 5000 Versa Probe III, USA). 

Transmission electron microscopy (TEM) provided insights into morphology and 

surface texture (2100F, JOEL). Photoluminescence (PL) analysis was carried out to 

analyze the emission spectra (Horiba Fluoromax4CP spectrofluorometer, 150 W xenon 

lamp). Surface area and porosity were determined (Quantachrome AutosorbiQ Station 

1 at 77 K), with pore volume and radii calculated using the Barrett-Joyner-Halenda 

method. The surface composition and chemical states of the synthesized 

nanocomposite was evaluated using X-ray photoelectron spectroscopy (XPS). The 

zero-point charge (pHzpc) was determined via the batch equilibration method [43]. To 

assess the extent of mineralization in the residual solution following photocatalytic 

reactions, the total organic carbon (TOC) content was measured using a total organic 

carbon system (Shimazu Model 5000A). 

5.2.6 Photocatalytic degradation experiments 

A photocatalytic degradation experiment of 4-NP was carried out in a reactor 

(dimension of 63 x 44 x 44 cm) enclosed in a black box. 50 mL of 4-NP solution with 

a specific amount of CCAC/ZrO2-ZnO photocatalyst was placed in a 250 mL Pyrex 

jar on a magnetic stirrer. A 450 W ultraviolet light (mercury lamp) emitting at a peak 

wavelength of 325 nm was positioned 10 cm away from the reaction mixture. To 

ensure thorough mixing of the reaction system, a magnetic stirrer was placed directly 

beneath the double-jacketed glass vessel. To maintain the reactor temperature at 25 °C, 
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a continuous flow of water was utilized throughout the reaction process. Additionally, 

an exhaust fan was installed to facilitate constant air circulation within the reactor. The 

experimental setup for the UV light photocatalytic device is schematically illustrated 

in Chapter 2 (see Figure 2.2.). 

A 1000 mg/L stock solution was prepared by adding 1g of 4-NP in 1L of MQW. Serial 

dilutions were then performed to obtain working solutions with concentrations ranging 

from 40 to 100 ppm. For the experimental study, the synthesized nanocomposite was 

incorporated into the 4- NP solutions at varying concentrations (40, 60, 80 and 100 

ppm) and subjected to vigorous stirring for 30 min under dark condition. This process 

facilitated the establishment of adsorption-desorption equilibrium within the reaction 

system. The pH of the solutions was adjusted by the addition of HCl and NaOH 

(0.1M). After achieving equilibrium, UV light was passed through the reaction media. 

At 10 min intervals, 3.5 mL of the 4-NP solution was collected, and the concentration 

of 4-NP was measured using a UV-Vis spectrophotometer (Lambda-365) at the 316 

nm absorbance wavelength. All tests were conducted in triplicate to ensure data 

quality. The percentage degradation of 4-NP was calculated using the Equation (5.1): 

Degradation (%) =  
Co−C 

Co 
× 100               (5.1) 

where Co and C are the concentrations of 4-NP before and after the photocatalytic 

treatment at different time intervals. 

5.2.7 Computational studies 

Theoretical calculations based on DFT method was employed to investigate the 

chemical reactivity of a nanocomposite material composed of CCAC, ZrO2, and ZnO. 

The structure of the CCAC surfaces, assumed to consist of graphite clusters with 12-

25 C-atoms (3-7 fused benzene carbon rings), was modeled and optimization were 

done using Gauss View 05 and Gaussian 09W software program [44]. Calculations 

were performed using the B3LYP functional and the 6-31G/LanL2DZ basis set in 

water to obtain a stable conformation [45]. Quantum chemical descriptors, including 

HOMO-LUMO energy gap, chemical potential, chemical softness and hardness, 

chemical potential, electronegativity, electrophilicity index and maximum charge 

transfer were calculated to understand potential interactions and reactivity between the 
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surfaces of CCAC/ZrO2-ZnO and the ZrO2-ZnO catalyst using the following 

equations: 

(i) HOMO-LUMO energy gap 

The reactivity of a molecule is determined by the HOMO-LUMO energy gap (H); thus, 

the larger the value of the HOMO-LUMO energy gap, the less reactive and stable is 

the molecule [46]. Equation (5.2) provides an expression for the HOMO-LUMO 

energy gap (s). 

𝐻 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂                  (5.2) 

where EHOMO refers to the energy of the highest occupied molecular orbital, while 

ELUMO denotes the energy of the lowest unoccupied molecular orbital. 

(ii) Chemical softness and chemical hardness 

Chemical softness (S) and hardness (η) are key concepts in understanding chemical 

reactivity. Molecular stability is directly proportional to hardness and inversely 

proportional to softness. Therefore, as hardness increases, stability increases, and 

reactivity decreases. Conversely, as softness increases, stability decreases, and 

reactivity increases [47]. Chemical hardness and softness are calculated using 

Equations (5.3) and (5.4): 

𝑆 =
1

2𝜂
                   (5.3) 

𝜂 =
(𝐸𝐿𝑈𝑀𝑂 + 𝐸𝐻𝑂𝑀𝑂)

2
                 (5.4) 

(iii) Chemical potential and electronegativity 

A molecule’s reactivity depends on its chemical potential (μ) and electronegativity (χ) 

[48], which can be calculated using Equations (5.5) and (5.6): 

𝜇 =
(𝐸𝐻𝑂𝑀𝑂 + 𝐸𝐿𝑈𝑀𝑂)

2
                 (5.5) 

χ = −𝜇                  (5.6) 
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(iv) Electrophilicity index 

The electrophilicity index (ω) quantifies the energy stabilization when the maximum 

number of electrons are transferred between an electron donor and acceptor. Higher 

electrophilicity values correspond to increased molecular reactivity [49] and is 

calculated according to Equation (5.7): 

𝜔 =
𝜇2

2𝜂
                   (5.7) 

where electrophilicity (ω) is categorized as high (ω > 1.5 eV), moderate (0.8 eV < ω < 

1.5 eV), and marginal (ω < 0.8 eV), respectively. 

(v) Maximum charge transfer 

The maximum amount of electronic charge that can be transferred during a charge 

transfer interaction is represented by the value of ΔNmax [50] and is defined as 

ΔNmax= −
𝜇

𝜂
                 (5.8) 

5.2.8 Molecular docking analysis 

Molecular docking is a computational technique used to predict the interaction 

between a drug candidate and its biological target. It facilitates the identification of 

compounds that can effectively bind to and inhibit disease-associated targets. By 

revealing binding interactions at the molecular level, docking supports the rational 

design of more potent and selective drugs with fewer side effects. Overall, it serves as 

an essential tool in modern medicinal chemistry and pharmaceutical research for 

developing novel, target-specific therapies [51]. To evaluate the antibacterial potential 

of the synthesized nanocomposite, it was subjected to molecular docking simulations 

against two pivotal bacterial targets: S. aureus DHFR, a key enzyme in the folate 

biosynthesis pathway essential for bacterial proliferation [52] and E. coli DNA gyrase 

B, a crucial component of the bacterial type II topoisomerase system responsible for 

maintaining DNA supercoiling and integrity [53]. These targets were selected based 

on their indispensable roles in bacterial survival and their established relevance in 

antimicrobial drug design. Molecular docking simulations were conducted using 

Molegro Virtual Docker 6.0 (MVD) [54]. MVD exhibits a superior docking success 
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rate of 87.0%, outperforming other established docking algorithms, including Glide 

(81.8 %), Gold (78.2 %), Surflex (75.3 %), and FlexX2 (57.9 %). This high accuracy 

underscores MVD's reliability in ligand binding predictions, thereby underscoring its 

pre-eminence in ligand-binding accuracy [55]. In this work, a semi-flexible docking 

strategy was employed, where the protein receptor was treated as rigid while allowing 

the ligand to adopt multiple conformations. This approach enables the exploration of 

various ligand shapes within the static binding site of the protein. Compared to fully 

rigid docking, semi-flexible docking generally provides more reliable predictions by 

accounting for ligand flexibility without compromising computational efficiency [56]. 

Furthermore, Molegro Virtual Docker (MVD) enhances docking accuracy by offering 

protein structure refinement tools such as “Repair and Optimize Residues” and 

“Optimize Neighborhood” during the preparation phase. 

MVD employs a sophisticated cavity-detection algorithm to systematically identify 

potential ligand- binding sites within the three-dimensional protein architecture. This 

algorithm ranks the top five predicted binding cavities based on surface area, assigning 

higher priority to larger cavities due to their increased ligand accommodation potential. 

For all docking studies, the binding site was defined using the position of the co-

crystallized ligand, following established protocols in structure-based drug design 

[57]. This approach ensures that docking simulations are conducted within a 

biologically relevant pocket that accurately represents the spatial and chemical 

characteristics of the authentic binding site. The use of co-crystallized ligands provides 

additional validation of the binding site identification, underscoring its structural and 

functional importance. 

PDB ID: 5MMN (Chain A): Cavity 1 with a volume of 51.712, centre X: -46.73, Y: 

4.13, Z: 3.76, within a constraint of a radius of 12 Å. PDB ID: 3FY8 (Chain A): Cavity 

1 with a volume of 201.216, centre designated as X: 27.58, Y: 14.91, Z: 43.98, within 

a constraint of radius 16 Å. 

For this study, a grid resolution of 0.30 Å was employed and simulations were refined 

with a maximum iteration threshold of 1,500 and a population size of 50 across all 

designated PDB IDs. Each ligand underwent 30 independent docking runs to enhance 

computational predictive reliability. Binding energy assessments were conducted 
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using the MolDock score followed by an interaction analysis between ligands and 

receptor active sites [57]. 

Scoring functions 

The MolDock scoring function in MVD utilizes the Piecewise Linear Potential (PLP) 

method [58]. Binding interactions are evaluated using two primary metrics: the 

MolDock Score and the Re-rank Score, which vary in precision when calculating 

interaction energies. 

• MolDock score 

The docking score, known as the Escore, integrates various energetic contributions [59]. 

It consists primarily of two components: the interaction energy between the ligand and 

the protein (Einter) and the ligand’s internal energy (Eintra), as expressed in Equation 

(5.9). 

𝐸𝑠𝑐𝑜𝑟𝑒 = 𝐸𝑖𝑛𝑡𝑒𝑟 + 𝐸𝑖𝑛𝑡𝑟𝑎                 (5.9) 

As illustrated in Equation (5.10), the interaction energy term (Einter) represents the total 

sum of interactions between the ligand and the protein, ligand and water molecules, as 

well as ligand and cofactors. 

𝐸𝑖𝑛𝑡𝑒𝑟 = ∑ ∑    𝑗=𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑖= 𝑙𝑖𝑔𝑎𝑛𝑑 [𝐸𝑃𝐿𝑃(𝑟𝑖𝑗) + 332.0
𝑞𝑖𝑞𝑗

4𝑟𝑖𝑗 
2]           (5.10) 

The EPLP scoring function employs a piecewise linear potential that incorporates two 

primary parameters: one to model van der Waals (steric) interactions and another, with 

a steeper gradient, to represent hydrogen bonding. Electrostatic interactions between 

charged atoms are described by a Coulomb potential, where the dielectric constant 

varies with interatomic distance according to D(r) = 4r. A conversion factor of 332.0 

is used to convert electrostatic energy values into kcal/mol. To avoid the electrostatic 

attraction overpowering the repulsive core-core forces, interactions between atom 

pairs closer than 2.0 Å are excluded from the calculation. As depicted in Equation 

(5.11), the internal energy (Eintra) is determined by summing the interaction energies 

of all non-bonded atomic pairs within the ligand, excluding those separated by two or 

fewer bonds. This energy term accounts for multiple factors, including electronic 
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interactions, hydrogen bonds, steric repulsion, sp2–sp2 clashes, torsional strain (both 

general and ligand-specific), van der Waals forces, penalties from soft constraints and 

solvation effects. 

𝐸𝑖𝑛𝑡𝑟𝑎 = ∑ ∑  𝑗= 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝐸𝑃𝐿𝑃(𝑟𝑖𝑗)𝑖= 𝑙𝑖𝑔𝑎𝑛𝑑  + ∑ 𝐴[1 − cos(𝑚. 𝜃 −𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒  𝑏𝑜𝑛𝑑𝑠

 𝜃0)] + 𝐸𝑐𝑙𝑎𝑠ℎ                   (5.11) 

The torsional energy term is calculated based on the hybridization states of the atoms 

involved, with the average contribution considered when multiple torsional modes 

exist; here, θ represents the torsion angle of the bond. Additionally, the clash energy 

(Eclash) penalizes steric clashes between heavy atoms by imposing a significant penalty 

1000 units if the interatomic distance falls below 2.0 Å and 10,000 units if a heavy 

atom is located outside the interaction zone defined by the spherical grid boundary. 

• Re-rank score 

In MVD, the re-rank score serves as an estimate of interaction strength but is not 

expressed in standard chemical units nor does it involve complex energy calculations. 

After generating one or more candidate poses, additional energy components are 

calculated and combined to produce the re-rank score. This score integrates 

contributions from the docking function, such as sp2-sp2 torsion and Lennard-Jones 

12-6 potentials [60]. Although it requires more computational resources than the 

primary scoring methods (MolDock and PLANTS), the re-rank score is generally 

considered more reliable for selecting the best binding pose and assessing ligand 

affinity. 

5.3 Results and discussion 

5.3.1 Characteristics of CCAC/ZrO2-ZnO 

(i) XRD analysis 

X-ray diffraction was used to analyze the crystalline structure and phase composition 

of synthesized CCAC/ZrO2-ZnO nanocomposites as illustrated in Figure 5.1.  The 

characteristic peaks of hexagonal graphitized carbon at 2θ = 26.55° and 44.57° are 

associated with (002) and (101) crystallographic planes (ref. JCPDS 01-089-8487). 

Additionally, the intense diffraction peaks at 2θ values of 31.73°, 34.36°, 36.21°, 

47.47° and 56.53° correspond to the (110), (002), (101), (102) and (110) planes, 
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confirming the hexagonal wurtzite phase of ZnO (ref. JCPDS 01-080- 0074). The 

diffraction peaks correspond to the monoclinic (ref. JCPDS 00-037-1484) and 

tetragonal (ref. JCPDS 01-080-2155) phases of ZrO2 were observed at 2θ = 28.17°, 

30.27°, 31.47°, 35.16°, 50.17° and 62.85°, respectively. These peaks are indexed to 

the (−111), (101), (111), (110), (022) and (202) crystallographic planes indicating the 

coexistence of both phases. The average crystallite size (D) of the prepared sample 

was determined using the Scherrer formula [61], expressed as: 

D =
0.9 λ

β Cos θ
                           (5.12) 

where λ denotes the X-ray radiation wavelength, θ is the Bragg’s angle, and β is the 

full width at half-maximum (FWHM). Notably, the D value for CCAC/ZrO2-ZnO was 

calculated to be 30.46 nm based on the FWHM of its most intense diffraction peaks. 

 

Figure 5.1.  XRD pattern of CCAC/ZrO2-ZnO (HC- Hexagonal phase of CCAC, HZ-

Hexagonal phase of ZnO, TM/TZ- Monoclinic/Tetragonal phase of ZrO2). 

(ii) FTIR analysis 

FTIR analysis of the CCAC/ZrO2-ZnO nanocomposite revealed several functional 

groups on its surface as shown in Figure 5.2. The broad bands observed are consistent 

with those of AC from various biomass sources, indicating similar functional groups. 

The band within the 3440 to 2470 cm-1 range is attributed to O-H stretching vibrations 
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from water, alcohol, or carboxylic acid [62]. Peaks around 3006, 2946 and 2837 cm-1 

were attributed to aromatic and aliphatic C- H stretching vibrations, respectively, also 

matching earlier reports [63,64]. A peak at 1630 cm-1 signified carbonyl group (C=O) 

bending vibrations. C-O stretching in alcohol, carboxylic acid, phenol, ester, or ester 

group derivatives was indicated by transmittance at 1204 cm-1 and 1015 cm-1 [65,66]. 

Zn-O and Zn-O-Zr stretching vibrations were evident at 931 cm-1 and 672 cm-1 [67,68], 

while Zr-O stretching in the ZrO2 phase was observed at 866 cm-1 [69]. These results 

confirm the surface activation of the carbon in the nanocomposite. 

 

Figure 5.2. FT-IR spectrum of (a) CCAC/ZrO2-ZnO and (b) CCAC. 

(iii) SEM, TEM with EDS analysis 

The surface and structural characteristics of CCAC/ZrO2-ZnO were examined using 

SEM and TEM analysis. Additionally, the selected area diffraction pattern (SAED) 

was analyzed to verify the crystallinity of the synthesized nanocomposite. SEM 

analysis as depicted in Figure 5.3(a) revealed that the pores of the CCAC were 

occupied by ZnO-ZrO2 nanocatalysts. The particles exhibited irregular shapes and 

non-uniform sizes, ranging from larger structures to smaller aggregates [70].  
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(e) 

Figure 5.3. (a) SEM image, (b) TEM image, (c) size distribution (d) SAED pattern 

and (e) EDS spectrum of synthesised nanocomposite. 

TEM analysis indicated that the particles were partially spherical, with a size range of 

10-36 nm and an average diameter of 35.16 nm (Figure 5.3(b,c)). Moreover, the SAED 

pattern in Figure 5.3(d) indicated a polycrystalline material with reduced crystallinity, 

likely due to the incorporation of ZrO2-ZnO nanocomposite particles within the CCAC 

matrix. The concentric electron diffraction rings in the SAED patterns corresponded 

well with the XRD analysis results. The chemical composition of CCAC/ZrO2-ZnO 

was further investigated using Energy Dispersive X-ray Spectroscopy (EDS) coupled 

with TEM, which confirmed the presence of the expected elements such as Zn, O, C 

and Zr with the elemental weight percentages of 71.91 % for Zn, 20.71 % for O, 6.78 

% for C and 0.6 % for Zr, respectively (Figure 5.3(e)). 

(iv) Photoluminescence analysis 

Photoluminescence (PL) spectra were measured at an excitation wavelength of 77 nm 

to investigate charge separation efficiency and movement of photo-generated e−/h+ 

pairs in the composite materials. The resulting spectra is presented in Figure 5.4. 

Photoluminescence involves photon emission resulting from electron-hole 

recombination. Increased photocatalytic efficiency corresponds to reduced 
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photoluminescence intensity and lower electron-hole recombination rates [71]. The 

figure clearly shows a strong emission peak at 495 nm for ZnO, which is attributed to 

the intense photon emission resulting from electron-hole recombination. The reduction 

in PL intensity after the formation of the CCAC/ZrO2-ZnO nanocomposite indicates a 

decreased electron-hole recombination rate of excitons (e− and h+), indicating 

enhanced photocatalytic efficiency of the composite material. 

 
Figure 5.4. PL spectra of (a) ZnO and (b) CCAC/ZrO2-ZnO. 

(v) BET surface area 

The analysis of the surface textural properties of synthesized CCAC/ZrO2-ZnO 

nanocomposites reveals significant insights into their structural characteristics. The 

results indicates that the CCAC nanocomposite possesses a higher surface area (846.29 

m2/g) than the CCAC/ZrO2-ZnO measured at 588.454 m2/g. This decrease in surface 

area is likely attributed to the incorporation of ZnO and ZrO2 nanoparticles, which may 

partially occlude the pores of CCAC, suggesting that a substantial fraction of the 

CCAC surface is occupied by these nanoparticles. Furthermore, the CCAC/ZrO2-ZnO 

demonstrates a total pore volume of 0.085 cm3/g and an average pore diameter of 3.627 

nm, categorizing a type IV isotherm which corresponds to porous material according 

to IUPAC standards. Consequently, the enhanced surface area of the mesoporous 

CCAC/ZrO2-ZnO nanocomposite is expected to facilitate improved photocatalytic 
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performance. The N2-adsorption-desorption isotherm for the synthesized 

nanocomposite is illustrated in Figure 5.5. 

 
Figure 5.5. N2 adsorption-desorption isotherm of CCAC/ZrO2-ZnO nanocomposite. 

(vi) XPS analysis 

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface 

composition and chemical states of the synthesized CCAC/ZrO2-ZnO composite as 

presented in Figure 5.6(a-e). The survey spectrum indicated the presence of key 

elements, namely carbon (C), oxygen (O), zinc (Zn), and zirconium (Zr), with binding 

energies observed at 284, 532.5, 1022.5, 1045 and 182 eV, confirming the successful 

formation of the nanocomposite [72,73]. The deconvoluted C 1s spectrum shows peaks 

at 284.7, 286.6 and 288.7 eV correspond to C–C/C–H (graphitic carbon from CCAC), 

C–O (hydroxyl or epoxy groups), and COO⁻ (carboxylate groups), indicating the 

presence of oxygen-containing functional groups in CCAC/ZrO2-ZnO [74]. The O 1s 

spectrum revealed peaks at 531.9, 532.4 and 532.9 eV attributed to metal-oxygen (M–

O) bonds, metal-hydroxyl (M–OH) groups, and adsorbed water or oxygenated groups 

from CCAC, respectively [75-77]. The high resolution XPS spectrum for Zn 2p shows 

two peaks: one centered at 1022.7 eV, corresponding to Zn 2p3/2, and other centered at 

1045.8 eV assigned to Zn 2p1/2, indicating the presence of Zn2+ in ZnO [78,79]. 

Moreover, the Zr 3d spectrum exhibits peaks at 182.2 eV (Zr 3d5/2) and 184.4 eV (Zr 

3d3/2), corresponding to Zr4+ in ZrO2 structure [80]. 
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Figure 5.6. (a) Survey scan, (b) C1s spectra, (c) O1s spectra, (d) Zn 2p and (e) Zr 3d. 

XPS spectra of CCAC/ZrO2-ZnO. 

5.3.2 Photocatalytic degradation studies 

(i) Effect of catalyst dosage 

The study of the photocatalytic activity of the CCAC/ZrO2-ZnO nanocomposite re- 
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vealed that the degradation of 4-NP solutions is significantly influenced by the dosage 

(0.05-0.14 g/L) of the nanocomposite (Figure 5.7(a)). An optimal dosage of 0.07 g/L 

was identified, achieving a degradation rate of 98.19 % for a 40 ppm concentration 

under UV light for 80 min. This suggests that while increasing the dosage enhances 

active site availability, excessive amounts can lead to particle aggregation, reducing 

the effective interfacial area and hindering UV light penetration. Thus, the balance 

between active site availability and light penetration is crucial for maximizing 

photocatalytic activity. Similar findings have been reported in literature, indicating a 

consistent trend across various photocatalysts [81,82]. 

(ii) Effect of pH 

The pH of the reaction medium significantly influences the degradation of 4-NP using 

CCAC/ZrO2-ZnO, playing a crucial role in the efficiency of the catalytic process. This 

effect is primarily due to the pH impact on the catalyst surface charge, the ionization 

state of the pollutant, and the overall reaction kinetics. The study examined pH ranges 

from 6.0 to 10.0, maintaining constant conditions of 40 ppm initial 4-NP concentration, 

0.07 g/L nanocomposite dose and 80 min UV light irradiation time. As illustrated in 

Figure 5.7(b), photodegradation of 4-NP increases as pH rises from 2.0 to 6.0, followed 

by a decrease in degradation efficiency in basic conditions. The pH range between the 

composite’s zero-point charge (6.57) and pKa value of 4-NP (7.15) is particularly 

significant. At pH levels below 6.6, the catalyst surface acquires a positive charge, 

which enhances the adsorption of negatively charged 4-NP molecules, potentially 

improving degradation rates. In contrast, at pH levels exceeding 7.15, both the catalyst 

surface and 4-NP molecules carry negative charges, possibly leading to electrostatic 

repulsion and reduced degradation efficiency. Additionally, pH can affect the 

formation and stability of reactive oxygen species, which are key intermediates in the 

photocatalytic degradation process. Optimal pH conditions can promote the generation 

of hydroxyl radicals and other oxidative species, thereby accelerating the degradation 

of 4-NP [83]. Thus, pH 6.0 was considered for the subsequent experiments with the 

maximum degradation efficiency of 98.2 %. 
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(iii) Effect of initial 4-NP concentration and light irradiation time 

The influence of 4-NP concentration and light irradiation time on degradation 

efficiency was investigated using 0.07 g/L of the nanocomposite at the optimized pH 

of 6.0, with 4-NP concentrations ranging from 40 to 100 ppm (Figure 5.7(c)). The 

degradation efficiency initially increased with irradiation time, peaking at 80 min for 

all concentrations. At this duration, the 40 mg/L 4-NP solution achieved near-complete 

degradation (~98.8 %), while higher concentrations (60-100 ppm) exhibited reduced 

efficiencies. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 5.7. Effect of (a) catalyst dosage, (b) pH, (c) Initial 4-NP concentration and 

light irradiation time and (d) Kinetic studies of CCAC/ZrO2-ZnO. 

This decline in performance at elevated concentrations is likely due to competitive 

interactions: as 4-NP concentration rises, the abundance of negatively charged phenol 

ions increases, occupying the positively charged active sites on the nanocomposite 

surface and limiting hydroxyl group availability for photoreactions. At higher 4-NP 

concentrations, more molecules are available for adsorption, leading to light trapping 
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between phenolic particles and hindering light penetration to the nanocomposite 

surface. Consequently, the generation of reactive hydroxyl radicals diminishes, 

reducing overall phenol degradation. Beyond 80 min of irradiation, the degradation 

process plateaued as the elevated substrate concentrations promote the formation of 

reaction intermediates, which tend to adsorb onto the catalyst surface. The limited 

diffusion of these surface-bound intermediates can cause progressive deactivation of 

the photocatalyst's active sites, ultimately leading to a decline in degradation kinetics 

[84,85]. 

5.3.3 Reaction kinetics 

Kinetic studies were conducted under optimal conditions (40 ppm 4-NP, pH 6.0, 80 

min irradiation time, and 0.07 g/L nanocomposite). The effectiveness of the 4-NP 

concentration was evaluated using the Langmuir-Hinshelwood (LH) model [86]. The 

kinetic analysis employed pseudo first-order (PFO) kinetics and half-life period (t1/2), 

as described by Equations (5.13) and (5.14), respectively. 

𝑙𝑛(𝐶𝑂/𝐶𝑡)  =  𝑘𝑎𝑝𝑡                          (5.13) 

𝑡1/2 = 
𝑙𝑛 2

𝑘𝑎𝑝
                           (5.14) 

where Kap is the apparent reaction rate constant, calculated from the slope of the graph 

of ln(Co /Ct) vs time, Co = initial 4-NP concentration, Ct = concentration at time t and 

t1/2 = the half-life period, respectively. 

The strong linear relationship between time and ln (Co/Ct) for the CCAC/ZrO2-ZnO 

nanocomposite, evidenced by a high correlation coefficient (R2 = 0.998), indicates that 

the degradation of 4-NP follows PFO rate kinetics as presented in Figure 5.7(d). The 

analysis of curve's slope yields a photocatalytic rate constant (Kap) of 0.339 min−1, with 

a corresponding half-life (t1/2) of 2.044 min. 

5.3.4 Catalyst efficiency test for 4-NP degradation 

The photocatalytic efficiency of pristine ZrO2, pristine ZnO, and the synthesized 

CCAC/ZrO2- ZnO nanocomposite was assessed under optimized conditions. The 
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experiments were conducted using a catalyst dosage of 0.07 g/L, an initial 4-NP 

concentration of 40 ppm, a pH level of 6.0, and 80 min of UV light exposure.  

 

Figure 5.8. Catalytic activity test of 4-NP degradation using ZnO, ZrO2 and 

CCAC/ZrO2-ZnO nanocomposite (Catalyst dose = 0.07 g/L; Initial 4-NP 

concentration = 40 ppm; pH = 6.0; Reaction time = 80 min). 

As shown in Figure 5.8, the CCAC/ZrO2-ZnO nanocomposite exhibited significantly 

higher photocatalytic performance compared to the pristine catalysts. The degradation 

efficiency followed the order: pristine ZrO2 (53.2 %) < pristine ZnO (64.9 %) < 

CCAC/ZrO2-ZnO (98.2 %). These findings suggest that integrating ZrO2 into ZnO 

with the support of CCAC substantially enhances photocatalytic performance, likely 

due to improved charge separation, increased light absorption, and a greater surface 

area for pollutant adsorption. 

5.3.5 Reusability and photostability of the catalyst 

The reusability of a photocatalyst is a critical factor for its long-term application in 

large-scale processes. To assess the reusability of the CCAC/ZrO2-ZnO photocatalyst, 

its degradation efficiency for 4-NP was examined over multiple recycling cycles. 

Following each photocatalytic reaction, the nanocomposite residue was collected 

through centrifugation, washed with MQW, and dried in an oven. The dried catalyst 

was then reused for 4-NP degradation in subsequent cycles (Figure 5.9(a)).  
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(a) 

 

(b) 

Figure 5.9. Reusability and photostability studies: (a) Degradation % during five 

cycles (b) FTIR analysis of the photocatalyst before and after 4-NP degradation. 

In the first cycle, the degradation efficiency of 4- NP was 97.25 %, which decreased 

progressively to 93.75 % in the second cycle, 89.37 % in the third, 84.87 % in the 

fourth cycle, respectively. The slight decline in degradation efficiency observed over 

repeated cycles can be attributed to the accumulation of 4-NP intermediates on the 

CCAC/ZrO2-ZnO nanocomposite surface, which partially block active sites, as well 

as the gradual loss of nanocomposite material during the recovery and reuse processes 
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[87,88]. Remarkably, even after several cycles, the nanocomposite demonstrated a 

degradation efficiency of approximately 78.5 % in the fifth cycle, highlighting its 

retained catalytic activity. These findings confirm that the regenerated CCAC/ZrO2-

ZnO catalyst maintains significant usability after multiple cycles. Moreover, the 

photostability of the CCAC/ZrO2-ZnO nanocomposite was evaluated using FTIR 

analysis on the material recovered after five reuse cycles. The resultant spectrum was 

compared with that of the unmodified CCAC/ZrO2-ZnO nanocomposite (Figure 

5.9(b)). The analysis of FT-IR peaks before and post 4-NP degradation revealed no 

substantial alterations in the functional groups. This finding demonstrates that the 

CCAC/ZrO2-ZnO nanocomposite maintains its structural integrity during the 

photocatalytic process, exhibiting proper stability. The absence of significant 

structural changes indicates that the nanocomposite retains its efficacy and stability 

during multiple 4-NP degradation reactions. 

5.3.6 Real wastewater applications 

The photocatalytic performance of pristine ZrO2, pristine ZnO, and the synthesized 

CCAC/ZrO2-ZnO nanocomposite was systematically evaluated for the degradation of 

4-NP in real wastewater. Sample were collected from wastewater source in 

Mokokchung district, Nagaland, India and preserved in glass container. Due to the 

undetectable native concentration of 4-NP, a controlled spiking method was employed,  

 

Figure 5.10. Real wastewater collection site. 
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introducing 40 ppm of 4-NP to the wastewater to facilitate degradation studies. The 

wastewater sampling site is depicted in Figure 5.10 and the procedures used for water 

quality analysis are summarized in Table 5.2.  The physicochemical properties of the 

wastewater were characterized by a pH of 6.52, total dissolved solids (TDS) of 19 

ppm, electrical conductivity (EC) of 39 µS/cm, total hardness (TH) of 84 ppm, and 

biological oxygen demand (BOD) of 3.3 ppm. Inorganic analysis revealed the presence 

of sulfate (SO42-, 20 ppm), phosphate (PO43-, 0.2 ppm), calcium (Ca2+, 4 ppm), 

magnesium (Mg2+, 48.79 ppm), chloride (Cl⁻, 4.26 ppm), and an alkalinity of 4 ppm. 

Table 5.2. Method of determination of water quality parameters. 
Parameters  Method of determination 

pH  pH meter (EZ-9908) 

TDS  TDS meter (EZ-9908) 

EC Conductivity meter (EZ-9908) 

TH  EDTA - Titrimetry 

BOD  Benchtop meter (HI5421) 

Sulfate  Test kit (HI38001A-0) 

Phosphate  Multiparameter Photometer (HI83300) 

Calcium  EDTA – Titrimetry 

Magnesium  EDTA – Titrimetry 

Chloride  AgNO3 – Titrimetry 

Alkalinity  HCl – Titrimetry 

 

Photocatalytic experiments conducted under optimized conditions (catalyst dose: 0.07 

g/L; pH: 6.0; reaction time: 80 min) showed that the CCAC/ZrO2-ZnO nanocomposite 

exhibit superior photocatalytic performance, achieving an 87.86 % degradation 

efficiency of 4-NP, compared to 55.38 % and 45 % achieved with pristine ZnO and 

ZrO2, respectively (Figure 5.11). The reduced photocatalytic efficiencies in real 

wastewater compared to laboratory conditions were attributed to the complex matrix 

of coexisting inorganic species. The elevated concentrations of Mg2+ likely promoted 

catalyst aggregation and surface passivation, reducing the availability of active sites, 

while moderate levels of SO4
2- and Cl⁻ ions potentially contributed to hydroxyl radicals 

(•OH) scavenging, impeding oxidative degradation pathways.  
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Figure 5.11. Degradation efficiency of 4-NP in the real water environment. 

As a result, the CCAC/ZrO2-ZnO nanocomposite demonstrated significant 

photocatalytic activity, highlighting its potential as a robust material for the 

remediation of organic pollutants in complex, real-world wastewater systems. 

5.3.7 Mineralization 

Total organic carbon analysis was carried out at varying concentrations (40-100 mg/L) 

to confirm the complete mineralization of 4-NP using a photocatalyst, while keeping 

other parameters constant.  

 
Figure 5.12. Mineralization (%) at various concentration of 4-NP (Catalyst dose = 

0.07 g/L; pH = 6.0; Reaction time = 80 min). 
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As depicted in Figure 5.12, the results showed that 72.35 % of the 4-NP underwent 

successful mineralization after 80 min reaction period. The decrease in TOC indicates 

the oxidation and breakdown of the organic pollutant into smaller molecules, primarily 

CO2 and H2O. However, the mineralization efficiency dropped to 35.9 % when the 

initial 4-NP concentration was increased to 100 mg/L, indicating that higher pollutant 

concentrations can hinder the process, potentially due to insufficient reactive oxidative 

species [89]. This observation is further supported by LC-MS method, discussed in 

subsequent sections. 

5.3.8 Degradation pathways and products from 4-NP 

LC-MS analysis was utilized to identify the degradation products, revealing the 

formation of smaller fragments. The spectral fragmentation peaks and its intermediates 

for 4-NP observed after 80 min of UV light exposure are detailed in Figure 5.13 and 

Table 5.3. Based on the findings, a reaction mechanism was proposed for the formation 

of important intermediates observed during the photocatalytic breakdown of 4-NP 

(Scheme 5.2). Initially, 4-NP (m/z 138.02) is reduced to 4-nitrosophenol (m/z 123.09), 

along with other intermediates. Further reduction leads to the formation of 4-

aminophenol (4-AP) (m/z 109.05). The presence of oxidizing species results in the 

oxidation of 4-AP molecules to hydroquinone (m/z 110.08), which then reaches 

equilibrium with p-benzoquinone (m/z 108.02). Moreover, oxidation by •OH radicals 

generate short-chain carboxylic acids such as malonic acid (m/z 102.08), succinic acid 

(m/z 118.05) and sorbic acid (m/z 144.05). These results corroborate prior research, 

suggesting that the generated small molecules can undergo further mineralization into 

final products such as CO2 and H2O.  

 

Figure 5.13. LC-MS profile of 4-NP after photocatalytic degradation. 
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Scheme 5.2. Proposed 4-NP degradation pathway. 

5.3.9 Degradation mechanism 

The mechanism of degradation of 4-NP can be explained based on the band structures 

of ZnO and ZrO2 which were used based on previous studies [90]. Scheme 5.3 

illustrate the energy diagram for the proposed photodegradation mechanism.  

Table 5.3. Possible intermediate products of 4-NP observed from the photocatalytic 

degradation. 

Sl. No. Degradation Products m/z ratio Proposed structure 

1. Phenyl propanoic acid 150.4 
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2. Sorbic acid 144.5 

 
3. p- Benzoquinone 108.02 

 
4. 4-Nitrosophenol  

 

123.09 

 
5. Succinic acid 118.5 

 
6. Hydroquinone  110.08 

 
7. 4-aminophenol  109.5 

 
8. Malonic acid 

 

102.8 
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9. Phenol 94.0 

 
10. Methyl benzene 92.9 

 
 

Similarly, the hole in the valence band of ZnO transfers to the valence band of ZrO2 

[91].  

 
Scheme 5.3. Energy diagram illustrating the degradation pathway of 4-NP. 

When exposed to UV light, both ZnO and ZrO2 absorb energy, exciting electrons and 

creating electron-hole pairs. Since ZrO2 has a more negative conduction band than 

ZnO, the electrons in the conduction band of ZrO2 transfers to conduction band of 

ZnO. AC is utilized to extend the lifetime of electron-hole pairs of the catalyst [92]. 

The photo generated electrons (e-) on the surface of ZnO reacts with oxygen molecules 

to generate highly reactive superoxide radicals (•O2
─), while the holes (h+) in the 

valence band react with water molecules or hydroxide ions to generate hydroxyl 

radicals (•OH). These reactive oxygen species then break down 4-NP step by step, 
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ultimately converting it into harmless by-products like CO2 and H2O. The following 

equations summarize this process: 

ZrO2 

UV light
→      ZrO2

 (h+ + e─)                         (5.15) 

ZnO 
UV light
→       ZnO (h+ + e─)                          (5.16) 

ZrO2
 (h+ + e─)/ ZnO (h+ + e─) → ZrO2

 (h+ + h+)/ ZnO (e─ + e─)                    (5.17) 

e + O2 → •O2
─                           (5.18) 

h+ + OH─ → •OH                          (5.19) 

3•O2
─ + 2H2O + 2H+ → 3H2O2 + O2                        (5.20) 

h+ + H2O → •OH + H+                         (5.21) 

h+ + e─ → heat (recombination)                        (5.22) 

•OH or •O2
─ + 4-NP → Degradation products → CO2 + H2O                    (5.23) 

5.3.10 Scavenger experiment 

To gain a deeper insight into the photocatalytic reaction mechanism for the degradation 

of 4- NP driven by reactive oxygen species (ROS), a scavenging experiment was 

conducted to investigate the roles of various active species, including superoxide anion  

 
Figure 5.14. Effect of radical scavengers on 4-NP degradation. 
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radicals (•O2
─) for benzoquinone (BQ), hydroxyl radicals (•OH) for isopropanol (IPA), 

and holes (h+) for EDTA, respectively. The introduction of these scavengers was found 

to reduce the degradation performance by deactivating the reactive species. 

Consequently, degradation efficiency was evaluated under optimal conditions both 

with and without the different scavengers. 

The degradation efficiency decreased significantly when scavengers were introduced, 

as illustrated in Figure 5.14. The effectiveness of these scavengers followed the order: 

IPA > BQ > EDTA, indicating that (•OH) radicals were the primary contributors, 

followed by (•O2
─) radicals. The addition of EDTA have a minimal impact on the 

degradation process, suggesting that holes (h+) played a negligible role in degradation 

performance. Therefore, it can be concluded that photodegradation primarily occurs 

through the involvement of hydroxyl radicals and superoxide processes. 

5.3.11 Theoretical calculations 

A theoretical analysis was conducted to explore into the chemical reactivity and 

formation mechanism of the prepared nanocomposite. In this study, six configurations 

of fused benzene rings were utilized to represent CCAC [93]. The coupling of CCAC 

with ZrO2-ZnO occurred through the formation of hydrogen bonds facilitated by the 

O-linkage of the O-Zr-O bond within the CCAC/ZrO2-ZnO nanocomposite. Figure 

5.15 displays the optimized geometrical profile of ZrO2-ZnO and the CCAC/ZrO2-

ZnO composite. The computed values and quantum chemical descriptors for the ZrO2-

ZnO and CCAC/ZrO2- ZnO nanocomposite are provided in Table 5.4.   

 

 
 

(a)  (b) 

Figure 5.15. Optimized molecular structure of (a) ZrO2-ZnO and (b) CCAC/ZrO2-

ZnO at 6- 31G/LanL2DZ level of theory. 
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Figure 5.16. HOMO and LUMO distributions of (a) ZrO2-ZnO and (b) CCAC/ZrO2-

ZnO nanocomposite. 

Table 5.4. Chemical descriptors of ZrO2-ZnO and CCAC/ZrO2-ZnO nanocomposite. 

System 

complex 
 

(eV) 

S (eV)  (eV)  (eV) χ 

(eV) 

ΔNmax Dipole 

moment 

(Debye) 

Egap = ELUMO-

EHOMO (eV) 

CCAC/ZrO2-

ZnO 

0.038 

 

13.116 -0.276 

 

0.999 

 

0.161 

 

7.239 26.631 

 

0.076 

ZrO2-ZnO 0.113 

 

4.444 

 

-0.317 0.139 

 

0.447 

 

2.817 25.372 0.225 

The introduction of ZrO2-ZnO into CCAC increases its dipole moment while decreases 

the energy band gap (Figure 5.16). This suggests the resulting nanocomposite is highly 

reactive and exhibits favorable interactions.  

Table 5.5 shows that the CCAC/ZrO2-ZnO nanocomposite has a smaller HOMO-

LUMO band gap energy compared to other catalysts, further supporting its enhanced 

reactivity and interaction potential.  

Table 5.5. Energy gap (Egap) of various catalysts. 

System  Egap (eV) Ref. 

ZnBTC 2.300 [94] 

SWCNTs 1.16 [95] 

Mg(H2BTC)2(H2O)2 3.570 [96] 

CCAC/ZrO2-ZnO 0.076 This work 
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The CCAC/ZrO2-ZnO nanocomposite has a stronger reactivity than ZrO2-ZnO, as 

evidenced by its notable lower chemical hardness (η) and increased chemical softness 

(S). This enhanced reactivity is ascribed to the addition of ZrO2-ZnO nanoparticles to 

CCAC. Furthermore, CCAC/ZrO2-ZnO is a more efficient electron acceptor than 

ZrO2-ZnO due to its greater electronegativity and electrophilicity index. Additionally, 

the lower μ value of CCAC/ZrO2- ZnO implies that it is more susceptible to electron 

acquisition than electron loss. Besides, the nanocomposite exhibits a greater ΔNmax 

value, suggesting the capability of charge transfer for electron transfer reactions.These 

indicates that the incorporation of ZrO2-ZnO into CCAC improves its reactivity, hence 

increasing its efficacy in removing 4-NP. These theoretical investigations provide 

significant insights into material reactivity, facilitating the selection of highly efficient 

compounds for pollution remediation.  

5.3.12 Molecular docking studies 

The expanding integration of computational methodologies in biological research has 

propelled the rapid advancement of computational biology over the past decade [97]. 

The molecular docking analysis conducted against two key bacterial targets of interest 

revealed promising antibacterial potential. 

(i) For PDB ID: 3FY8, the docking study (Table 5.6) demonstrated that the 

CCAC/ZrO2-ZnO complex exhibited a MolDock score of -127.873 kcal/mol closely 

approximating the score of the co-crystallized ligand (-129.415 kcal/mol). However, 

the ZrO2-ZnO complex exhibited the lowest docking score, indicating reduced 

stabilization within the target's active site. The docking score of co-crystallized 

ligand’s serves as a reference for evaluating test compounds’ binding efficiency.  

Table 5.6. Docking scores of the ligands with PDB ID: 3FY8 generated via MVD. 

Ligand 

MolDoc

k Score 

aRerank 

Score bInteraction cInternal 

dH-

Bond eLE1 fLE3 

Co-

crystallized 

-129.415 -106.566 -141.236 11.820 -3.429 -4.977 -4.098 

CCAC/ZrO2 

-ZnO 

Complex 

-127.873 -102.856 -150.568 22.695 -0.167 -4.409 -3.546 

ZrO2-ZnO -45.3552 -35.0911 -44.643 -0.711 -11.115 -9.071 -7.018 

aThe rerank score is a linear combination of E-inter (steric, Van der Waals, hydrogen bonding, 

electrostatic) between the ligand and the protein, and E-intra. (torsion, sp2-sp2, hydrogen bonding, 

Van der Waals, electrostatic) of the ligand weighted by pre-defined coefficients. bThe total interaction 
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energy between the pose and the protein (kJ/mol). cThe internal energy of the pose. dHydrogen bonding 

energy (kJ/mol). eLigand efficiency 1: MolDock score divided by heavy atoms count. fLigand efficiency 

3: Rerank score divided by heavy atoms count. 

A comparable or close-range score suggests strong binding potential. As the co-

crystallized ligand serves as a structural reference within the target of interest, its 

binding coordinates delineate the active site, ensuring that docking simulations 

accurately probe the biologically relevant binding pocket.  

Table 5.7. Ligand-protein (3FY8) interaction via MVD. 

Ligand 

Interaction  

(P---L) 

Interaction 

distance 

Intercation 

energy 

Hybridization 

protein 

Hybridization 

ligand 

Co-

crystallized 

Gln19 (O)----

N(25) 3.20 Å -1.97 Sp2 Acceptor Sp2 Donor 

Asn18 (OD1)----

N(0) 2.95 Å -2.5 Sp2 Acceptor Sp2 Donor 

Tyr98(OH)----

O(23) 2.83 Å -2.5 Sp3 Both Sp3 Acceptor 

CCAC/ 

ZrO2-ZnO 

Complex 

Ala7(N)----O(34) 3.57 Å -0.16 Sp2 Donor Sp3 Acceptor 

Tyr98 (OH)---- 

O(34) 3.16 Å -2.19 Acceptor Sp3 Acceptor 

ZrO2-ZnO 

Arg44 (N)---- 

O(3) 3.21 Å -0.11 Sp2 Donor Sp3 Both 

Thr46(OG1)---- 

O(0) 2.61 Å -2.5 Sp3 Both Sp3 Acceptor 

Gly94 (N)---- 

O(0) 3.55 Å -0.005 Sp2 Donor Sp3 Acceptor 

Lys45 (N)----

O(3) 3.29 Å -1.55 Sp2 Donor Sp3 Both 

Thr96 (O)---- 

O(4) 3.03 Å -2.5 Sp3 Both Sp3 Both 

Leu97 (N)---- 

O(4) -2.99 Å -2.5 Sp2 Donor Sp3 Both 

 

 
 

(a) (b) 
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(c) 

Figure 5.17. Molecular illustration of the binding interactions of (a) CCAC/ZrO2-ZnO 

complex, (b) ZrO2-ZnO and (c) Co-crystallized ligand within the active site of PDB 

ID: 3FY8 (The blue dotted line represents hydrogen bonding interactions). 

These findings indicate that the CCAC/ZrO2-ZnO complex promising binding energy 

to the target, comparable to the co-crystallized ligand. The interaction analysis 

elucidates distinct binding mechanisms, with the interaction profile summarized in 

Table 5.7. 

The co-crystallized ligand establishes hydrogen bonding interactions with Gln19, 

Asn18, and Tyr98, with Tyr98 playing a pivotal role at the interaction interface.  

 
Figure 5.18. 2D Visualization and molecular illustration of the binding interactions of 

CCAC/ZrO2-ZnO complex within the active site of the target protein (PDB ID: 3FY8). 
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In contrast, the CCAC/ZrO2-ZnO complex preserves a common interacting residue 

Tyr98, indicating a binding mode analogous to that of the co- crystallized ligand. 

Furthermore, its additional interaction with Ala7 may contribute to binding stability and 

optimal ligand orientation within the active site. In contrast, the ZrO2-ZnO complex 

interacts with Arg44, Thr46, Gly94, Lys45, Thr96, and Leu97, but lacks common 

interacting residues with the co-crystallized ligand, indicating a divergent binding 

pattern. This suggests that CCAC/ZrO2-ZnO may exhibit antibacterial potential 

against S. aureus. 

(ii) For PDB ID: 5MMN, docking score analysis (Table 5.8) reveals that the 

CCAC/ZrO2-ZnO complex exhibits MolDock score of -116.892 kcal/mol relative to 

the co-crystallized ligand (- 129.711 kcal/mol), indicating its potential. In contrast, the 

ZrO2-ZnO complex demonstrates significantly weaker binding affinity (-40.0651 

kcal/mol), implying a markedly reduced interaction with the target and potentially 

lower antibacterial efficacy. The interaction profile summarized in Table 5.9, and 3-D 

binding conformation is illustrated in Figure 5.19, while the corresponding 2-D 

interaction map is presented in Figure 5.20. 

Table 5.8. Docking scores of the ligands with PDB ID: 5MMN generated via MVD. 

Ligand 

MolDock 

Score  

aRerank 

Score 

bInteracti

on cInternal 

dH-

Bond eLE1 fLE3 

Co-crystallized -129.711 -103.929 -139.505 9.79345 -

3.1519

3 

-

5.4046

3 

-

4.3303

8 

CCAC/ 

ZrO2-ZnO 

Complex 

-116.892 -69.9845 -143.931 27.0385 -

2.0631

9 

-

4.0307

7 

-

2.4132

6 

ZrO2-ZnO -40.0651 -30.8227 -39.3571 -0.708087 -

5.1355

8 

-

8.0130

3 

-

6.1645

4 
aThe rerank score is a linear combination of E-inter (steric, Van der Waals, hydrogen bonding, 

electrostatic) between the ligand and the protein, and E-intra. (torsion, sp2-sp2, hydrogen bonding, 

Van der Waals, electrostatic) of the ligand weighted by pre-defined coefficients. bThe total interaction 

energy between the pose and the protein (kJ/mol). cThe internal energy of the pose. dHydrogen bonding 

energy (kJ/mol). eLigand efficiency 1: MolDock score divided by heavy atoms count. fLigand efficiency 

3: Rerank score divided by heavy atoms count. 

Table 5.9. Ligand-protein (5MMN) interaction via MVD. 

Ligand 

Interaction (P---

L) 

Interaction 

distance 

Intercation 

energy 

Hybridization 

protein 

Hybridization 

ligand 

Co-

crystallized 

Asn46(ND2)----

N(20) 2.82 Å -2.5 Sp2 Donor Sp2 Acceptor 
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Thr165 (OG1)---

-N(16) 2.96 Å -2.5 Sp3 Both Sp2 Acceptor 

Asp73 (OD1)----

N(5) 2.76 Å -1.93 Sp3 Acceptor Sp2 Donor 

CCAC/ZrO2-

ZnO 

Complex 

Asn46 (ND2)----

O(31) 2.68 Å -2.5 Sp2 Donor Sp3 Acceptor 

ZrO2-ZnO 

Gly77 (N)----

O(4) 2.67 Å -2.5 Sp2 Donor Sp3 Both 

Asp73 (OD2)----

O(4) 2.70 Å -2.5 Sp2 Acceptor Sp3 Both 

Thr165 (OG1)---

-O(4) 3.00 Å -2.5 Sp3 Both Sp3 Both 

Asp73 (OD1)----

O(3) 2.95 Å -0.92 Sp3 Acceptor Sp3 Both 

 

  

(a) (b) 

 
(c) 

Figure 5.19. Molecular illustration of binding interactions for (a) CCAC/ZrO2-ZnO 

complex, (b) ZrO2-ZnO and (c) Co-crystallized ligand within the active site of PDB 

ID: 5MMN (The blue dotted line represents hydrogen bonding interactions). 
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The co-crystallized ligand forms hydrogen bonds with Asn46, Thr165, and Asp73. The 

CCAC/ZrO2-ZnO complex retains interaction with Asn46, indicating partial 

conservation of the co-crystallized binding mode. Conversely, the ZrO2-ZnO complex 

interacts with Gly77, Asp73, and Thr165, suggesting a distinct binding mechanism. 

The preservation of Asn46 interaction by CCAC/ZrO2-ZnO implies structural mimicry 

and may contribute to ligand stabilization, reinforcing CCAC/ZrO2-ZnO antibacterial 

potential against E. coli.  

 
Figure 5.20. 2D Visualization and molecular illustration of the binding interactions of 

CCAC/ZrO2-ZnO complex within the active site of the target protein (PDB ID: 3FY8). 

The docking results and interaction profiles indicate that the CCAC/ZrO2-ZnO 

nanocomposite exhibits a Moldock score comparable to that of the co-crystallized 

ligands, underscoring its potential as an effective bacterial inhibitor. For PDB ID 

3FY8, the co-crystallized ligand AR-101 functions as a competitive inhibitor. Its 

binding conformation, as resolved by crystallography, reflects its potent affinity and 

reported antibacterial activity. In this study, AR-101 was used as a reference to 

evaluate the binding performance of the nanocomposite. The CCAC/ZrO2-ZnO 

complex showed a similar docking score and preserved a key interaction with Tyr98, 

a residue critical to AR-101 binding suggesting a comparable binding orientation and 

inhibitory capability. Similarly, for PDB ID 5MMN, the co-crystallized ligand 1-ethyl-

3-[8-methyl-5-(2-methylpyridin-4-yl)isoquinolin-3-yl]urea served as the reference 
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inhibitor. While the nanocomposite exhibited a slightly lower docking score relative 

to this ligand, it displayed substantial binding potential. Both compounds shared a 

common interaction with Asn46, reinforcing the likelihood of similar target 

engagement. Overall, the docking scores and shared key interactions suggest that the 

CCAC/ZrO2-ZnO nanocomposite effectively mimics the behavior of established 

inhibitors. This alignment in profiles implies that the nanocomposite may exhibit 

significant antibacterial activity, positioning it as a promising candidate for therapeutic 

development against these strains. 

5.3.13 Comparison studies  

This study thoroughly assessed the 4-NP degrading efficiency of the CCAC/ZrO2-ZnO 

nanocomposite and compared it with other nanocomposites published in the existing 

literature, as outlined in Table 5.10.  

Table 5.10. Evaluation of the degradation performance of synthesized catalyst 

compared to other reported findings. 

Targeted 

Pollutant 

Photocatalysts Irradiation 

time (min) 

Performance of 

photocatalyst (%) 

Ref. 

4 nitrophenol ZnO/HZSM-5 90 91 [98] 

MB ZnO/GO 90 84 [99] 

p-nitrophenol ZrO2-Cr2O3 100 92.72 [100] 

Phenol ZnO-ZrO2 120 71 [101] 

Tetracycline 

hydrochloride 

ZrO2/ZnO@Q 150  90.6 [102] 

Crystal violet 5 %-C-doped ZnO - 92.7 [103]  

Methyl Orange - 87.8 

4-nitropheol VZn+S-ZnIn2S4 120 95 [104] 

4-NP CCAC/ZrO2-ZnO 80 98.2 This work 

 

The comparison investigation reveals that the CCAC/ZrO2-ZnO nanocomposite has 

enhanced 4-NP degrading efficiency compared to previously reported materials. These 

findings highlight its potential as a highly effective catalyst for the elimination of 4-NP 

from aquatic environments. 
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5.4 Conclusion 

This study presents a novel photocatalyst based on Croton caudatus-derived activated 

carbon incorporated with ZrO2-ZnO, which has not been previously explored. The 

synergistic integration of these components results in enhanced charge separation, 

improved photostability and superior degradation efficiency compared to conventional 

single or binary photocatalysts for the degradation of 4-NP. The synthesized 

nanocomposite was thoroughly characterized using various techniques such as XRD, 

FTIR, SEM, TEM with EDS, PL, BET surface area, XPS analysis, respectively, 

providing valuable insights into its its formation, morphology, surface and functional 

properties. The prepared CCAC/ZrO2-ZnO photocatalyzed exhibited a high 

degradation efficiency of 98.2 % for 4-NP (40 ppm) under UV light irradiation (80 

min, pH 6) with a catalyst loading of 0.07 g/L. Based on LH model, the degradation 

process followed PFO kinetics, with a t1/2 of 2.044 min and Kap of 0.339 min−1. 

Scavenger experiments indicated that superoxides and hydroxyl radicals played a 

significant role in the degradation mechanism. The catalyst maintained 78.5 % efficacy 

after five successive cycles, confirming its stability and reusability. Furthermore, the 

photocatalyst exhibited notable applicability in real wastewater treatment, supporting 

its feasibility for scale-up and selective removal of organic contaminants. LC-MS 

analysis of the 4-NP degradation suggested a potential pathway involving low 

molecular weight intermediates, ultimately leading to the complete mineralization of 

carbon dioxide and water. DFT simulations revealed hydrogen bonding via O-linkage 

of the O-Zr-O bond with CCAC, leading to the formation of a chemically reactive 

CCAC/ZrO2–ZnO nanocomposite. Reactivity descriptors further validated its 

favorable electronic structure and chemical stability, correlating well with the observed 

enhancement in photocatalytic performance. In addition, the nanocomposite 

demonstrated promising antibacterial potential, attributed by its ability to inhibit 

DHFR and DNA gyrase, as evidenced by molecular docking simulation. However, 

further optimization and experimental validation through in vitro and in vivo studies 

are essential to confirm these findings. The next phase of this research will involve a 

thorough biological evaluation of the synthesized nanocomposite, assessing their 

antibacterial efficacy against the aforementioned strains and other clinically relevant 

pathogens. Promising outcomes will lead to in vivo testing using appropriate animal 
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models to assess therapeutic effectiveness, pharmacokinetics and potential toxicity 

under physiological conditions. Concurrently, mechanistic studies will also be 

undertaken to investigate the pathways by which the nanocomposite exert its 

antibacterial effects. This comprehensive approach aims to validate the therapeutic 

potential of the synthesized nanocomposite and advance their development toward 

clinical application. Overall, the results acquired from produced nanocatalysts indicate 

no hazardous behavior in wastewater treatment applications, highlighting its potential 

as a robust, stable and reusable material for the efficient removal of organic 

contaminants. 
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CHAPTER 6 

 

HARNESSING SYNERGISTIC EFFECTS IN POROUS CARBON/Co–ZnO 

HETEROJUNCTION FOR ENHANCED VISIBLE-LIGHT 

PHOTOCATALYTIC REMOVAL OF BISPHENOL A 

 

This chapter deals with the hydrothermal synthesis of a CCAC/Co-ZnO 

nanocomposite, achieved by anchoring cobalt doped ZnO nanoparticles onto 

activated carbon obtained from Croton caudatus biomass. Characterization studies 

(XRD, SEM, EDS, HR-TEM, XPS, BET surface area, PL and UV-Vis DRS) 

validated the optimized nanostructure, and photocatalytic evaluations showed 99.67 

% BPA breakdown within 60 min under visible light irradiation at optimal 

conditions. The reaction obeyed pseudo-first-order kinetics (t1/2 of 12.6 min and kap 

of 0.055 min-1), dominated by hydroxyl radicals (•OH), and photogenerated holes 

(h+) as primary reactive oxygen species (ROS). LC-MS identified intermediates 

enabled proposal of a plausible BPA degradation pathway, while reusability studies 

showed 77.63 % efficiency over five cycles, confirming excellent photostability and 

reusability. Moreover, DFT calculations elucidated improved ROS generation 

mechanisms, providing mechanistic insights into the degradation processes. These 

findings provide a viable strategy for designing biomass-derived, visible-light-

responsive photocatalysts for sustainable environmental remediation applications. 

 

 

 

 

 

 

The text of this chapter has been published as: 
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synergistic effects in porous carbon/Co-ZnO heterojunction for enhanced visible-light 

photocatalytic removal of bisphenol A, RSC Adv., 16 (2026) 14107–14122. 
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6.1 Introduction 

In recent times, the widespread occurrence of endocrine-disrupting chemicals (EDCs) 

in the aquatic environment has become a global concern. Bisphenol A (BPA) is one of 

the commonly detected EDCs in groundwater, surface water, industrial effluents, and 

landfill leachate. Its presence is primarily attributed to its wide-ranging application as 

a precursor in the production of epoxy resins, polycarbonate plastics and other 

polymers (e.g., rubber antioxidants, food packaging containers, dental sealants, PCV 

pipes, and other fine chemical materials) [1-3]. BPA is constituted of two phenolic 

rings joined by an acetone-derived bridge, from which its nomenclature is derived (‘A’ 

denotes acetone) [4]. According to reports, 27 million tonnes of polymers containing 

BPA are produced globally each year, with 60 % (approx.) of the world’s BPA 

consumption comes from Asian countries [5,6]. Owing to its extensive use, BPA is 

ubiquitously released in the environment, posing adverse effects on both human health 

and the ecosystem. BPA also poses other health concerns, due to its potential 

carcinogenic and genotoxic implications [7,8]. Studies have indicated that exposure to 

BPA may promote the growth of cancer cells, especially in the tissues of the breast and 

prostate. Beyond this, BPA has been associated with various other health issues, 

including infertility, obesity, and developmental abnormalities [9-11]. The substantial 

toxicity of BPA is largely due to its unique physicochemical properties. These include 

high solubility in water (about 200 mg/L @ 25 °C), chemical stability, and resistance 

to biodegradation, allow to persist in aquatic environments even at very low 

concentrations (pM or nM) [12,13]. Consequently, several nations and regions, 

including the European Union, Sweden, Canada, United States, Norway, India and 

China, have banned the usage of BPA [14]. Similarly, the USEPA has also labelled this 

compound on the Drinking Water Contaminant Candidate List 5 [15]. As a result, there 

is an urgent need to develop highly efficient strategies for the BPA removal from 

aqueous media. 

To address the growing concern pertaining emerging organic substances (e.g., BPA) in 

wastewater, several methods of treatment have been investigated, including chemical 

oxidation, biological treatment, adsorption, membrane separation, electro-Fenton 

processes and photocatalysis [16-18]. Among these, heterogeneous photocatalysis has 

emerged as a promising approach in advanced oxidation processes (AOPs) over other 
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conventional methods due to its mild operating conditions, eco-friendliness, 

reusability, long-term stability, high degradation efficiency, no secondary pollutants 

and wide applications [19,20].  In AOPs, the absorption of UV or visible radiation by 

a semiconductor material promotes an electron from the valence band (VB) to the 

conduction band (CB), leading to the generation of an electron-hole (e­/h+) pair. The 

photogenerated holes in the VB exhibit significant oxidative potential, enabling them 

to combine with water molecules or surface-bound hydroxyl groups to produce 

hydroxyl radicals (•OH), whilst the conduction band electrons can convert molecular 

oxygen to superoxide radicals (•O2⁻) [21-23]. These reactive oxygen species (ROS) 

initiate a series of redox reactions that lead to the degradation of organic pollutants, 

converting them into complete mineralized of byproducts such as carbon dioxide 

(CO2) and water [24,25]. For instance, Rajeshwari et al. [26] developed a g-C3N4 

quantum dot-modified α-MoO3 nanohybrid and demonstrated its effectiveness in the 

visible-light irradiation for photocatalytic degradation of p-chlorophenol and 

rifampicin. 

Numerous studies have reported the use of semiconductor photocatalysts such as ZnO, 

TiO2, CdO, Fe3O4, CuO, and CdS for the effective degradation of organic pollutants 

[27-29]. Among them, ZnO has attracted considerable interest due to its excellent 

photochemical stability, high electron mobility (300 cm2/V·s), non- toxicity, strong 

exciton binding energy (60 meV), favorable optical properties and cost-effectiveness 

[30]. Nevertheless, ZnO suffers from intrinsic limitations: a wide band gap (3.37 eV), 

low photon absorption, poor separation, rapid recombination of photogenerated 

electron-hole pairs, that restrict their catalytic activity under visible-light irradiation 

[31]. To overcome these challenges, extensive efforts have been focused on tuning the 

electronic and optical properties of ZnO through doping with transition metals (e.g., 

Co, Ni, Mn, Fe, Cu, etc.) [32,33]. The incorporation of these dopants introduces 

intermediate energy levels within the ZnO band structure, effectively narrowing the 

band gap and extending its light absorption into the visible range [34]. For example, 

Lu et al. (2011) synthesized Co-doped ZnO nanorods via a hydrothermal method and 

reported a 93 % degradation efficiency of 58 μM alizarin red dye within 60 min under 

visible-light irradiation [35]. Similarly, Ullah and coauthors observed enhanced 

discolouration of methylene blue using Mn-doped ZnO nanoparticles [36]. The 
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photocatalytic degradation of rhodamine B under visible light was significantly 

improved by Ni-doped ZnO nanorods, as studied by Zhao et al. [37]. Cobalt (Co) is 

widely recognized as a highly compatible dopant for ZnO, supported by the Lattice 

Compatibility Theory [38]. Its high electron-donating ability, resistance to photo-

corrosion, strong surface adsorption, visible surface plasmon resonance, and excellent 

solubility within the ZnO lattice contribute to its efficacy as a dopant [39,40].  

Another problem faced with ZnO nanoparticles is their vulnerability to photo-induced 

deterioration in aqueous conditions, as well as their tendency to aggregate, especially 

at higher concentrations, which complicates post-reaction separation and restricts their 

reusability [41,42]. One practical and innovative technique to overcome the limitations 

of conventional photocatalyst involves the use of biomass-derived carbonaceous 

materials to form heterojunction composites [43]. Carbon-based nanostructures offer 

numerous benefits, such as high porosity, tunable surface functions, large BET surface 

area, high stability and good recycling characteristics, making them appropriate as 

support material for photocatalysts. In addition, transforming biomass waste into 

activated carbon (AC) is considered an environmentally beneficial solution because it 

not only tackles solid waste management issues yet also lowers the cost of raw material 

procurement [44,45]. In this context, ZnO nanoparticle is immobilized on high-

surface-area carbonaceous supports, which promote uniform dispersion of the 

photocatalyst, inhibit nanoparticle agglomeration, and enhance overall photocatalytic 

activity during adsorption-degradation pathways [46,47]. The superior performance of 

these heterogeneous photocatalyst is primarily attributed to the synergistic interactions 

formed between the porous carbon matrix and semiconductor interface. For instance, 

Faisal et al. [48] developed a novel biomass-derived activated carbon 

(AC)@ZnO/SnO2 composite, which demonstrated outstanding visible-light-driven 

activity, achieving 94.6 % degradation of the antibiotic linezolid. In another study, 

Shanmugam et al. [49] successfully synthesised carbon aerogel-supported CA/ZnS-

Ag composites using low-cost biomass precursors via hydrothermal process and 

reported 98.64 % degradation within 150 min. This integrated approach represents a 

promising and sustainable strategy for the removal of BPA from wastewater.  

Despite these developments, there is still a significant gap in the development of 

visible-light-active photocatalysts that are designed to degrade BPA. Although ZnO-
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based photocatalysts have been rigorously investigated for the degradation of organic 

contaminants, the integration of Co-doped ZnO with biomass derived AC for 

degradation of BPA under visible light illumination remains unexplored. Moreover, to 

the best of our knowledge, there has been no report of using croton caudatus biomass 

as a carbon precursor in photocatalytic applications. 

Therefore, the present work aims to synthesize Co-doped ZnO photocatalyst 

immobilized on biomass derived AC (porous carbon) via hydrothermal synthesis route. 

The resultant heterojunction photocatalyst were systematically characterized and 

studied. The performance of CCAC/Co-ZnO nanocomposite was assessed under 

visible light irradiation for the degradation of BPA. Furthermore, multiple-cycle 

experiments were conducted to evaluate the stability and reusability of the 

photocatalyst. Radical scavenging assays were used to determine the primary reactive 

species involved in the degradation mechanism. Additionally, a plausible degradation 

pathway was postulated based on the identification of intermediate products obtained 

through liquid chromatography–mass spectrometry (LC-MS) analysis. 

6.2 Experimental section 

6.2.1 Materials 

Cobalt nitrate hexahydrate (Co(NO3)2⋅6H2O, MW: 291.03 g/mol, ≥ 99.90 %), zinc 

oxide (ZnO, MW: 81.38 g/mol, ≥ 99 %), bisphenol A (BPA, MW: 228.29 g/mol, ≥ 99 

%) were purchased from the Sigma Aldrich, India.  Ethanol, HCL and NaOH were 

procured from SRL, India. The chemical structure and properties of BPA are shown in 

Table 6.1. The chemicals obtained were of analytical grade and used without further 

treatment. Double distilled water (DDW) from Milli-Q system (18.2 MΩ cm) was 

utilized throughout all testing experiments. 

Table 6.1. Physicochemical properties of BPA. 

Chemical structure 

 
Chemical formula C15H16O2 
Molecular weight (g/mol) 228.29 g/mol 
Solubility in water (mg/L @ 25 °C) 300  
Density at 25 °C 1.195  
pKa (@25°C) 9.6 
λmax (nm) 276 
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6.2.2 Preparation of porous carbon 

The croton caudatus biomass collected from the University Campus (26°13′29.60″ N 

| 94°28′35.0″ E), was used as the primary raw material. The entire plant was employed 

to produce activated carbon. The collected biomass was cut into small fragments and 

thoroughly rinsed with DDW to eliminate surface contaminants and residual materials. 

The biomass was then oven-dried at 105 °C for 24 h to remove the moisture content. 

The processed biomass was subsequently used for the preparation of Croton caudatus 

activated carbon (CCAC). The overall yield of porous carbon obtained from the raw 

biomass was around 32.5 %. Details on the synthesis and characterisation of CCAC 

have been described in our previous paper [50]. 

6.2.3 Synthesis of CCAC/Co-ZnO nanocomposite 

The CCAC/Co-ZnO nanocomposite was created via a hydrothermal approach. 

Initially, 0.15 g of ZnO nanoparticles were gradually added to 100 mL of cobalt nitrate 

solution (1 g) while continuously stirring for 30 min.  

 
Figure 6.1. Scheme for preparation of the Croton caudatus activated carbon 

(CCAC)/Co-ZnO photocatalyst. 

Subsequently, 0.3 g of synthesised CCAC was gently added to the resultant mixture, 

which was then ultrasonically dispersed for 1 hour to achieve uniform distribution. 

The resulting suspension was then transferred into a Teflon-lined autoclave and 

subjected to hydrothermal treatment at 150 °C for 16 hours. After completion, the 

product was thoroughly washed using centrifugation until a neutral pH was achieved 
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and then dried at 65 °C for 12 hours. The synthesised nanocomposite was further 

explored to assess BPA degradation. Figure 6.1 depicts a schematic illustration of the 

preparation procedure for the synthesized nanocomposite. 

6.2.4 Characterization techniques 

Several advanced characterisation techniques were used to analyse the CCAC/Co-ZnO 

nanocomposite. These include X-ray diffraction (XRD, PANalytical, Empyrean, CuKα 

radiation), Transmission electron microscopy (TEM, 2100F, JOEL), Scanning electron 

microscopy (SEM, JSM-6360, JEOL), accompanied by energy dispersive X-ray 

spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS, M/s Physical 

Electronics, PHI 5000 versa probe III) Photoluminescence analysis (PL, Horiba 

Fluoromax4CP spectrofluorometer, 150 W Xenon Lamp), Diffuse reflection 

spectrophotometer (DRS, Shimadzu, and wavelength), BET surface area analyzer 

(Quantachrome AutosorbiQ Station 1 at 77 K), LC-MS spectrophotometer (INKAR, 

Expression-S), Total organic carbon, (TOC, Shimazu Model 5000A). The batch 

equilibration method was employed to determine the zero-point charge (pHzpc) of the 

photocatalyst [43]. 

6.2.5 Photocatalytic degradation experiments 

The photocatalytic degradation of BPA was carried out inside a photocatalytic reactor 

enclosed within a light-shielded black box with dimensions of 63 × 44 × 44 cm. In this 

experiment, the catalytic degradation of BPA was performed over a period of 60 min 

under visible light emitted from a 350 W high-pressure Hg lamp (wavelength 520 nm) 

positioned 10 cm above the reactor to illuminate the reaction mixture. Typically, 50 

mL of BPA solution (20 mg/L) and required load of the photocatalyst were introduced 

and agitated for 30 min in the absence of light to attain adsorption-desorption 

equilibrium inside the reaction system. During the reaction, 3.5 mL of the solution was 

extracted every 10 min, and the concentration of the solution was determined at 276 

nm using a UV-Vis spectroscopy analysis (Lambda-365). All tests were repeated three 

times and averages were reported to assure data quality. Equation (6.1) was used to 

calculate the degradation rate of BPA. 

Degradation rate (%) = (1 - Ct/C0) x 100              (6.1) 
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where Co and Ct are the concentrations (mg/L or ppm) of BPA before and after the 

photocatalytic process at varying irradiation intervals, respectively.  

The schematic representation of the experimental setup used for the visible light-

driven photocatalytic process is presented in in Chapter 2 (see Figure 2.2.). 

6.3 Results and discussion 

6.3.1 Characteristics of CCAC/Co-ZnO 

X-ray diffraction (XRD) analysis was performed to examine the crystal lattice structure 

of the synthesized nanocomposite as shown in Figure 6.2a. The intensity peak at 2θ = 

26.5° represents the (1 0 0) planes of hexagonal graphitised carbon (ICDD 08-0415) 

[51]. The diffraction peaks at 2θ values of 31.73° (100), 34.36° (002), 36.21° (101), 

47.47° (102), 56.53° (110), 62.75° (103), 67.85° (112) and 68.99° (201) attribute to the 

hexagonal wurtzite crystal structure of ZnO (ICDD 80-0074) [52]. The observed 

diffraction peaks are in good agreement with previously reported literature [53,54]. 

Despite the incorporation of Co2+ ions into the Zn2+ sites within the ZnO lattice, no 

alteration in the crystalline structure of the ZnO was observed [55]. The Scherrer 

equation was used to calculate the average crystallite size (D) of the synthesised sample 

and is represented in Equation (6.2). 

D =
0.9 λ

β Cos θ
                  (6.2) 

where λ indicate the wavelength of X-ray radiation, θ is the glancing angle, and β is 

the full width at half-maximum (FWHM). Evidently, the D value for CCAC/Co-ZnO 

was determined to be 18.24 nm using the FWHM of its most strong diffraction peaks. 

The XRD pattern of pristine CCAC is provided in Fig. S2, suggesting the amorphous 

nature of CCAC. 

FT-IR analysis indicated the existence of various surface functional groups on the 

CCAC/Co–ZnO nanocomposite as depicted in Figure 6.2b. The extensive absorption 

band centered at 3440–3444 cm-1 is indicative of O–H stretching vibrations from 

surface hydroxyl groups, physisorbed water, and oxygen-containing functional groups 

present in CCAC. The inclusion of Co–ZnO results in the further broadening and 

intensification of the O–H band, signifying stronger hydrogen bonding and improved 

surface hydroxylation in the composite. The peak at around 1632 cm-1 is attributed to 
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the H–O–H bending vibration of adsorbed water molecule [56]. The intensity 

variations within the 1500–1600 cm-1 range validate the interactions between the 

carbon matrix and metal oxides. Notably, the formation of new absorption bands in 

the 500–700 cm-1 range corresponds to Zn–O and Co–O stretching vibrations, offering 

the successful integration of Co–ZnO nanoparticles onto the CCAC surface [57,58]. 

                       

                             

Figure 6.2. (a) XRD pattern, and (b) FT-IR spectra of synthesized nanomaterial. 

The surface morphology, elemental distribution, and compositional properties of the 

synthesised CCAC/Co-ZnO composite were investigated using field emission 

scanning electron microscopy (FE-SEM) coupled with energy-dispersive X-ray 

spectroscopy (EDAX), as depicted in Figure 6.3a. The micrograph demonstrates that 

(a) 

(b) 
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Co-doped ZnO nanoparticles, exhibiting irregular morphologies, are uniformly 

dispersed across the carbon surface and form heterojunctions in close contact with the 

carbon material. In specific regions, particle agglomeration was observed, probably 

contribute to improved photocatalytic activity by increasing reactive surface sites and 

facilitating charge carrier transport [59]. The EDAX spectrum of the nanocomposite 

is displayed in Figure 6.3b.  

The spectrum validates the presence of Zn, O, C, and Co, indicating that cobalt was 

successfully incorporated into the ZnO lattice and disseminated across the carbon 

surface. The spectrum shows no evidence of elemental impurities, further confirming 

the purity of the synthesized composite.   

 

(a) 
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(b) 

  

(c) (d) 

 

(e) 

Figure 6.3. (a) SEM image, (b) EDX spectrum, (c) TEM image, (d) HRTEM image, 

and (e) SAED image of carbon/Co-ZnO. 

The morphological features and average particle size of the CCAC/Co-doped ZnO 

nanoparticles were studied via transmission electron microscopy (TEM), as illustrated 

in Figure 6.3c. TEM analysis revealed that the produced nanoparticles were partly 

spherical, with an average diameter of 5.67 ± 2.5 nm. Notably, the particles 

demonstrated a tendency to agglomerate, a characteristic further substantiated by the 

SEM result, which reveal aggregated nanoparticle regions throughout the sample 
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surface. The interplanar spacing of the lattice fringes in the HR-TEM image (Figure 

6.3d) is 0.292 nm, corresponding to the (100) crystal plane of ZnO. Furthermore, the 

selected area electron diffraction (SAED) pattern as shown in Figure 6.3e, revealed a 

polycrystalline material characterized by discrete diffraction spots, which may be 

attributed to the presence of ZnO particles embedded within the CCAC matrix [60]. 

The concentric rings of various crystallographic planes in the SAED patterns 

corresponded to the (002), (110), and (201) planes of ZnO, in good agreement with the 

XRD spectrum.  

The optical band gap energy (Eg) of ZnO and CCAC/Co-ZnO nanoparticles are vital 

for selecting the appropriate light energy to eliminate organic contaminants from 

aquatic tributaries via photocatalysis [61]. UV-Vis diffuse reflectance spectroscopy 

(DRS) was applied to explore the light-harvesting properties of the synthesized 

photocatalysts as shown in Figure 6.4a. As can be observed from the figure that the 

absorption edge of CCAC/Co-ZnO is shifted into the visible spectrum in comparison 

to pure ZnO, signifying improved light-harvesting capacity. The red shift is ascribed 

to the inclusion of Co2+ ions, which introduce new energy levels within the band gap 

of ZnO and promote charge transfer processes, thereby improving photocatalytic 

activity. 

The Eg values were determined using the Kubelka-Munk function and calculated from 

Tauc’s plot, which is represented by the following expression: 

(αhν) n  = A (hν-Eg)                                                                                                                                                                               (6.3) 

where α = optical absorption coefficient, hν = photon energy, K = the proportionality 

constant, and n = the type of transition.  

The Eg values of the synthesized materials were determined from the Tauc plots (𝛼ℎ𝜈)² 

vs ℎ𝜈 (Figure 6.4b). The pristine ZnO exhibited an Eg of 3.3 eV, while the Co–

ZnO/carbon composite showed a substantial reduction in band gap energy of 2.1 eV. 

The introduction of Co ions effectively reduces the band gap, resulting in a red shift in 

light absorption from the ultraviolet to the visible spectrum. The presence of 

mesoporous carbon not only increases the specific surface area but also improves light 

absorption efficiency, expedites the generation of active sites and charge carriers. 

These synergistic effects significantly develop the photocatalytic breakdown of BPA 
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driven by visible light. In addition, the valence band (EVB) and conduction band (ECB) 

potentials of the ZnO nanoparticles were theoretically determined using the Mulliken 

electronegativity approach in combination with the calculated band gap energy 

[62,63]. 

A photoluminescence (PL) spectral analysis was performed at an excitation 

wavelength of 377 nm to obtain a more profound understanding of the behaviour of 

charge carriers [64]. Generally, a decline in PL intensity suggests a reduced 

recombination rate of photogenerated electron–hole pairs.  

                
 

                         

Figure 6.4. (a) UV-DRS spectra, (b) Tauc’s plot, and (c) PL spectra of ZnO and 

CCAC/Co-ZnO photocatalyst. 

The PL spectra (Figure 6.4c) exhibit a significant drop in intensity for the CCAC/Co-

ZnO composite in comparison to pure ZnO, suggesting a substantial decrease in the 

(b) 

(c) 

(a) 
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recombination rate of photoexcited e–/h+ pairs. This implies that the composite 

structure significantly improves the separation of charge carriers, thereby increasing 

the availability of reactive species for photocatalytic processes. The construction of a 

heterojunction between the porous carbon and Co-ZnO is responsible for the improved 

performance, as it facilitates efficient charge transfer and prevents recombination [65]. 

This outcome demonstrates that the synthesised nanocomposite possesses enhanced 

photocatalytic efficiency relative to pure ZnO. 

                        

  

(a) 

(b) (c) 
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Figure 6.5. XPS spectra of CCAC/Co-ZnO nanocomposite: (a) Survey scan, (b) C1s 

(c) O1s, (d) Co 2p, and (e) Zn 2p. 

X-ray photoelectron spectroscopy (XPS) investigation was conducted to examine the 

composition and elemental state of the CCAC/Co-ZnO nanocomposite. The resulting 

spectra are shown in Figure 6.5a-e. The wide spectrum indicated the coexistence of 

Zn, Co, O and C elements in the nanoparticles. The deconvoluted C 1s XPS spectrum 

reveals three distinct peaks at 282.9, 285.2 and 287.7 eV, corresponding to C–C/C–H 

bonds (graphitic carbon from CCAC), C–O groups (hydroxyl or epoxy), and COO⁻ 

species (carboxylate groups), respectively. The peaks corroborate the existence of 

several oxygen-containing functional groups on the surface of the nanocomposite. The 

O 1s spectrum showed binding energies at 529.9 eV, 531.4 eV, and 532.9 eV, 

indicating oxygen vacancies, oxygen atomic orientations, and chemisorbed O2⁻ 

species, respectively in the ZnO lattice. The two peaks observed at binding energies of 

797.2 eV and 783 eV, representing Co 2p1/2 and Co 2p3/2, respectively, confirming the 

presence of Co2+ ions [66]. The high-resolution XPS spectrum of Zn 2p indicates two 

distinct peaks: one at 1022.7 eV for Zn 2p3/2 and another at 1045.8 eV for Zn 2p1/2, 

signifying the presence of Zn2+ oxidation state in ZnO particles [67]. 

The surface area and pore structure of the synthesized photocatalyst were performed 

using the Brunauer–Emmett–Teller (BET) method. According to the findings, the 

porous carbon (CCAC) demonstrates a greater specific surface area of 846.29 m2/g 

[50], whereas the Co-ZnO/carbon nanocomposite has a reduced surface area of 

367.755 m2/g.   This reduction is most likely owing to the integration of Co and ZnO 

(d) (e) 
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nanoparticles, which may partially block the pores of the carbon surface, implying that 

these particles occupy a large percentage of the porous material.  

The CCAC/Co-ZnO composite has a total pore volume of 0.085 cm3/g and an average 

pore diameter of 3.627 nm, indicating a type IV isotherm, which corresponds to 

mesoporous materials as classified by IUPAC. The existence of such mesoporosity, 

along with a relatively large surface area, is expected to improve photocatalytic 

efficiency by increasing active sites and aiding reactant diffusion. 

6.3.2 Photocatalytic degradation of BPA 

The photocatalytic activity of pure ZnO, Co-ZnO and CCAC/Co-ZnO under visible 

light was evaluated using BPA (20 mg/L) as the target pollutant. Figure 6.6 illustrates 

that the degradation efficiency of BPA increased with irradiation time, which is due to 

improved charge separation on the catalyst surface [68].  

 

Figure 6.6. Degradation of bisphenol A (BPA) using different catalyst. 

The CCAC/Co-ZnO photocatalyst showed the best photocatalytic performance, 

removing 99.67 % of BPA after 60 min. In comparison, the Co-ZnO composite 

exhibited a degrading efficiency of 60 %, but pristine ZnO attained just 34 % under 

identical conditions.  

To further elucidate the individual contributions of adsorption and photocatalysis to 

BPA removal, control experiments were conducted using pure CCAC and a 

photocatalytic blank (without catalyst) under identical experimental conditions. The 
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blank experiment showed negligible BPA degradation, indicating that direct 

photolysis under visible light was insignificant. In contrast, pure CCAC exhibited 

moderate BPA removal due to its adsorption capacity, which can be attributed to the 

porous structure and abundant surface functional groups of the AC (Fig. S3). However, 

the removal efficiency obtained with CCAC alone was significantly lower than that of 

the CCAC/Co-ZnO nanocomposite, confirming that adsorption alone cannot account 

for the high BPA degradation efficiency observed. 

The enhanced photocatalytic performance of the CCAC/Co-ZnO nanocomposite can 

be attributed to the effective suppression of charge carrier recombination and the 

strong light absorption capability of the material in the visible region [69]. These 

results demonstrate that the prepared material has the highest photocatalytic activity 

of BPA. 

6.3.3 Influence of reaction conditions 

To prevent using photocatalysts excessively in photocatalytic experiments, the requi- 

red amount of catalyst needs to be adjusted. The effect of CCAC/Co-ZnO dosage on 

the photocatalytic degradation of BPA under visible light exposure was performed by 

varying the catalyst concentration from 0.05 g/L to 0.25 g/L as shown in Figure 6.7a. 

At an optimal catalyst loading of 0.1 g/L, the degradation efficacy of BPA was 

observed to increase as the catalyst dosage was increased, resulting in a maximum of 

99.7 % degradation within 60 min. This implies that the used catalyst was effectively 

activated by visible light irradiation, resulting in the indirect formation of reactive 

species and the increased generation of photoinduced electron–hole (e⁻/h⁺) pairs. 

However, increasing the catalyst amount beyond 0.1 g/L range resulted in a decrease 

in degradation performance. The decrease in removal effectiveness seen with 

increasing catalyst dosages could be explained by the fact that the photocatalyst is not 

effectively activated due to the increased light dispersion as well as reduced light 

penetration [70]. Additionally, an increase in catalyst dosage leads to an increase in 

particle–particle interactions (agglomeration), which subsequently diminishes the 

effective surface area available for pollutant adsorption and light absorption. As a 

result, the photodegradation rate drops as the catalyst concentration rises. Similar 

observations have been reported in previous studies [71,72]. 
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The effect of initial BPA concentration on photocatalytic degradation was investigated 

by increasing BPA levels from 10 to 50 ppm while holding other parameters constant 

(solution pH at 6, catalyst amount at 0.1 g/L). As shown in Figure 6.7b, increasing the 

initial BPA concentration led to a decrease in degradation efficiency from 98 % to 72.4 

%. This reduction could be ascribed to the increased amount of pollutant molecules 

adsorbed onto the catalyst surface at high concentrations, resulting in surface 

saturation. As a result, photon penetration is limited, preventing effective light-catalyst 

interaction. These factors combine to reduce the generation of excitons and hydroxyl 

radicals, resulting in a decrease in photocatalytic activity at higher concentrations. 

Prior studies have revealed comparable findings found that increasing the initial 

concentration of BPA considerably lowers its degradation efficiency, corroborating 

the observed pattern [73]. 

The pH significantly influences photocatalytic processes by affecting the surface 

charge characteristics of the semiconductor material. To evaluate the effect of pH on 

BPA degradation, experiments were conducted by varying the solution pH from 2 to 

12, while maintaining a constant catalyst dosage of 0.1 g/L and an initial BPA 

concentration of 20 ppm. The pH of the reaction mixture was adjusted using 0.1 M 

NaOH and HCl solutions. As shown in Figure 6.7c, the photodegradation efficiency 

of BPA increases with increasing pH from 2.0 to 6.0, however decreases under alkaline 

circumstances after 60 min of visible light exposure. The pH range between the 

composite’s point of zero charge (6.7) (Figure 6.7d) and the pKa of BPA (9.6) is crucial 

in determining photocatalytic behaviour, as it significantly affects the catalyst's surface 

charge and the ionic state of the pollutant, thereby influencing adsorption and 

degradation efficiency. Under weak acidic conditions (pH < 6.7), the catalyst surface 

becomes positively charged, enhancing the adsorption of negatively charged BPA 

species and potentially increasing photocatalytic efficiency. Conversely, at pH levels 

exceeding 10, both the catalyst surface and the BPA molecules are negatively charged, 

which may cause electrostatic repulsion, limiting adsorption and consequently 

lowering degrading performance. Moreover, pH can influence the generation and 

stability of ROS, which serve as vital intermediates in the degradation pathway.  
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Figure 6.7. Effect of (a) Catalyst amount, (b) BPA concentration, (c) pH, (d) Zero-

point charge, and (e) Kinetic studies. 

Optimal pH conditions promote the production of hydroxyl radicals and other 

oxidative species, facilitating the breakdown of BPA [74].  

The degradation kinetics of BPA can be explained using a pseudo-first order (PFO) 

reaction model based on the Langmuir-Hinshelwood (L-H) kinetic framework [75]. 

This model is mathematically represented as follows: 

ln (
𝐶0

𝐶𝑡
) =  𝑘𝑎𝑝𝑡                    (6.4) 

𝑡1/2 = 
𝑙𝑛 2

𝑘𝑎𝑝
                             (6.5)  

(e) 

(d) 
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where C0 = initial BPA concentration, Ct = concentration at time t, t1/2 = the half-life 

period, and Kap is the apparent reaction rate constant, respectively. 

Figure 6.7e presents the graph of ln(C0/Ct) against reaction time, indicating the kinetic 

characteristics of BPA photodegradation. The experimental findings provide a strong 

linear correlation (R2 > 0.969), validating that the reaction adheres to PFO kinetics. 

The slope of the fitted line yielded an apparent rate constant (kap) of 0.055 min-1, which 

corresponds to a half-life (t1/2) of 12.6 min. These kinetic parameters demonstrate that 

the synthesised catalyst promotes a reasonably fast degradation rate under visible-light 

irradiation. 

6.3.4 Recyclability and photostability of nanocomposite 

The reusability of a photocatalyst is a vital consideration for its sustained 

implementation in large-scale processes. To evaluate the reusability of the CCAC/Co-

ZnO photocatalyst, its degradation efficacy for BPA was tested across five successive 

cycles (Figure 6.8a). The synthesized catalyst demonstrated excellent performance, 

attaining 97.4 % degradation of BPA during the initial cycle.  

                           

(a) 
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Figure 6.8. (a) Degradation % of nanocomposite upto five cycles, and (b) XRD spectra 

of nanocomposite (before and after degradation). 

Subsequently, the catalytic efficiency exhibited a gradual decrease, attaining 84.38 % 

by the fourth cycle. Although the reduction is slight, it highlights the necessity for 

further research to elucidate the underlying mechanisms responsible for the loss of 

activity. The slight decline in photocatalytic efficiency observed over successive 

cycles may be attributed to various factors: (a) accumulation of BPA degradation 

intermediates on the catalyst surface and the agglomeration of nanoparticles, and (b) 

the continual loss of nanocomposite material during the recovery and reuse procedures 

[76]. These factors collectively impede visible-light irradiation and diminish the 

quantity of active sites available for photocatalysis. Notably, after multiple cycles, the 

nanocomposite exhibited a degradation efficiency of around 77.63 % in the fifth cycle, 

underscoring its sustained catalytic activity. Furthermore, the photostability of the 

CCAC/Co-ZnO nanocomposite was assessed using XRD analysis of the material 

collected after five   reuse cycles. The resulting spectrum was compared to that of the 

unmodified nanocomposite (Figure 6.8b). 

The resulting spectrum was compared to that of the unmodified nanocomposite (Figure 

6.8b). The examination of XRD peaks prior to and following BPA degradation 

indicated no significant changes in the characteristic peaks. This finding indicates that 

the CCAC/Co-ZnO nanocomposite preserves its structural integrity throughout the 

(b) 
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photocatalytic process, demonstrating adequate stability. The lack of substantial 

structural alterations suggests that the nanocomposite maintains its effectiveness and 

stability after numerous breakdown processes. 

6.3.5. Real wastewater applications 

To evaluate the practical applicability of the catalyst (CCAC/Co-ZnO)) in real water 

systems, two representative water matrices, including DDW and real wastewater 

source, were employed for the degradation experiments. Wastewater samples were 

collected from Mokokchung district, Nagaland, India and stored in glass containers. 

Since the native concentration of BPA was undetectable, the samples were spiked with 

20 ppm of BPA to conduct degradation experiments. The sampling location and water 

quality analysis procedures are provided in Chapter 5 (Figure 5.10 and Table 5.2). The 

physicochemical characteristics of the wastewater included a pH of 6.52, total 

dissolved solids (TDS) of 19 ppm, electrical conductivity (EC) of 39 μS/cm, total 

hardness (TH) of 84 ppm, and biological oxygen demand (BOD) of 3.3 ppm. Inorganic 

analysis indicated the presence of sulfate (SO₄²⁻, 20 ppm), phosphate (PO4
3-, 0.2 ppm), 

calcium (Ca2+, 4 ppm), magnesium (Mg2+, 48.79 ppm), chloride (Cl⁻, 4.26 ppm), and 

alkalinity of 4 ppm. 

 

Figure 6.9. Degradation of BPA in the real wastewater environment. 

Photocatalytic experiments performed under optimized conditions (catalyst dose: 0.1 

g/L, pH: 7.0, reaction time: 60 min) demonstrated that the CCAC/Co-ZnO 

nanocomposite exhibited significant photocatalytic activity, achieving 86.42 % 

degradation of BPA in real wastewater, compared to 99.67 % in DDW (Figure 6.9). 
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The comparatively lower efficiency observed in real wastewater can be attributed to 

the complex water matrix containing coexisting inorganic ions. In particular, the 

relatively high concentration of Mg2+ may promote catalyst aggregation and surface 

passivation, thereby reducing the number of available active sites. Additionally, the 

presence of SO4
2- and Cl- ions may act as scavengers of hydroxyl radicals (•OH), which 

can hinder the oxidative degradation process. 

6.3.6 Role of scavengers 

To understand the mechanism of BPA photodegradation, it is imperative to explore 

the role of ROS and identify the specific reactive radicals involved in the process. The 

reactive species responsible for BPA degradation were identified through a series of 

diagnostic analyses using the Co-ZnO/carbon composite.  

 

Figure 6.10. Effect of different radical scavengers for BPA degradation. 

The experiments were conducted in the presence of isopropanol (IPA, •OH scavenger), 

benzoquinone (BQ, •O2⁻ inhibitor) and sodium oxalate (SO, h+ scavenger) 

respectively.  The degradation efficiency of BPA was substantially reduced by the 

addition of these scavengers compared to the blank photocatalyst. The 

photodegradation efficiency of BPA declined from 99.7 % to 72 %, 47 %, and 16 % 

upon the addition of BQ, SO and IPA respectively (Figure 6.10). Scavengers were 
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effective in the following order: IPA >SO > BQ. This investigation found that all major 

reactive species, including hydroxyl radicals (•OH), photogenerated holes (h+) and 

superoxide radicals (•O2⁻) contributed to the photocatalytic destruction of BPA. 

6.3.7 Mineralization 

Total organic carbon analysis was conducted at different concentrations (20–50 mg/L) 

to ascertain the complete mineralization of BPA using a photocatalyst, while maintain- 

ing other parameters constant. Figure 6.11 illustrates that 81.02 % of the BPA achieved 

effective mineralization following a 60 min reaction period for 20 mg/L concentration. 

The reduction in TOC signifies the oxidation and destruction of the organic 

contaminant into less harmful substances. Nevertheless, the mineralization efficiency 

diminished to 54.4 % upon elevating the initial BPA concentration to 50 mg/L, 

suggesting that increased contaminant levels may impede the process, possibly as a 

result of inadequate ROS [77]. The above observation is supported by the LC-MS 

approach, as explained in the following sections. 

 

Figure 6.11. Mineralization (%) of BPA at various concentration. 

6.3.8 LC-MS analysis 

LC-MS analysis was conducted to investigate the intermediate compounds produced 

during the photocatalytic breakdown of BPA. Figure 6.12 and Table 6.2 outline the 

spectrum fragmentation peaks, and the corresponding intermediates of BPA identified 



Chapter 6                                  Harnessing synergistic effects in porous carbon/Co–ZnO … 

219 

 

after 60 min of visible light exposure. A comprehensive photocatalytic degradation 

pathway was proposed based on these insights, as illustrated in Scheme 6.1.  
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Figure 6.12. LC-MS profile of BPA after photocatalytic degradation. 

Table 6.2. Possible intermediate products of BPA degradation determined by LC-

MS. 

Product m/z Chemical structure 

BPA 228 

 

P1 244 

 

P2 242 

 

P3 168 

 

P4 136 
 

P5 134 
 

P6 110 

 

P7 94 

 

(j) 

P10 

(k) 

P11 
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P8 91 

 

P9 113 
 

P10 61  

P11 107 
 

 

 

Scheme 6.1. Possible degradation pathways of BPA using CCAC/Co-ZnO 

photocatalyst. 

Initially, the hydroxyl radical (•OH) attacked the C-H bond of the benzene ring, 

forming a hydroxylated intermediate, P1 (m/z = 243). Previous research using density 

functional theory (DFT) has shown that the carbon atoms closest to the benzene ring’s 

hydroxyl group are the most susceptible to radical and electrophilic attacks [78]. The 

hydroxylation process would therefore be preferentially initiated, which is in 

accordance with the results that have been identified. Subsequently, the degradation 

proceeded along two possible reaction pathways. For pathway I, further hydroxylation 
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produced intermediate P2 (m/z = 241) from P1. For pathway II, P1 was responsive to 

phenyl ring cleavage, resulting in fragment products with a single benzene ring, 

including P3 (m/z = 167), P4 (m/z = 135), P5 (m/z = 133), P6 (m/z = 110) and P7 (m/z 

= 94). Researchers have identified intermediates with similar structures in the 

degradation of serial bisphenols [79,80]. These intermediates may reach relatively high 

abundance and the main degrading mechanism identified was due to loss of benzene 

fragments [81]. Under continuous oxidation, the ring structure would be entirely 

opened, leading to the formation of smaller molecular products such as P8 (m/z = 90), 

P9 (m/z = 112), P10 (m/z = 60), and P11 (m/z = 106). Finally, they could breakdown 

into CO2 and H2O, resulting in mineralisation of BPA. 

6.3.9 Proposed degradation mechanism of BPA pollutant 

The probable degradation mechanism of BPA under simulated visible light irradiation 

on the CCAC/Co-ZnO photocatalyst is illustrated in Figure 6.13.  

 

Figure 6.13. Illustration of the plausible BPA photocatalytic degradation mechanism 

over CCAC/Co-ZnO nanocomposite. 

Consequently, when the energy of the irradiation light exceeds the band gap energy of 

ZnO, the excited electrons (e−) from the VB of ZnO are transferred to its CB, 

concurrently generating an equivalent number of holes (h+) in the VB. Besides, the 

incorporation of Co-ions into the ZnO framework introduces new energy levels 

between the CB and VB of ZnO, serving as charge-trapping centres that impede the 

recombination rate of electron-hole pairs and extend the lifetime of photogenerated 
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carriers.  Consequently, given that porous carbon serves as an appropriate electron 

acceptor and transfer medium, the excited electrons can rapidly migrate from the 

conduction band of ZnO to the CCAC, thereby inhibiting charge recombination. The 

following reactions represent the electron transfer process: 

Co-ZnO/CCAC 
  hv  
→    Co- ZnO(e− + h+)/CCAC             (6.6) 

Co- ZnO(e− + h+)/CCAC → Co- ZnO(h+)/CCAC(e−)            (6.7) 

Subsequently, the photoexcited electrons interact with oxygen molecules, resulting in 

the formation of reductive superoxide radicals (•O2
─). On the other hand, oxidative 

hydroxyl radicals (•OH) can be produced when holes react with water molecules (H2O) 

or hydroxyl ions (OH─). ROS, specifically superoxide and hydroxyl radicals, engage 

in the photodegradation of BPA molecules, facilitating their decomposition into CO2, 

H2O, and various mineralization products, as seen in the reactions below: 

CCAC (e−) + O2 → CCAC + •O2
─               (6.8) 

Co- ZnO(e−) + O2 → Co-ZnO + •O2
─                          (6.9) 

2(•O2
─) + 2H2O → H2O2 + 2OH─ + O2            (6.10) 

H2O2 + 2(•O2
─) → •OH + OH─ + O2                        (6.11) 

Co- ZnO(h+) + H2O or OH─ → Co-ZnO + •OH                      (6.12) 

h+ + OH─ → •OH                                     (6.13) 

h+ + H2O → H+ + •OH                                    (6.14) 

•OH/ •O2
─/h+ (ROS) + BPA → intermediate products  

→ CO2 + H2O                       (6.15) 

6.3.10 Theoretical insights of BPA toxicity and its intermediates 

The toxicity of BPA and its degradation intermediates was studied with two toxicity 

evaluation servers Protox-3 and ADMETlab 2.0 [82,83]. Herein, the median lethal 

concentration for Fathead minnow (LC50-96 h), median lethal concentration for 
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Daphnia magna (LC50-48 h), bioaccumulation factors, LD50, IGC50 and 

mutagenicity were chosen as main toxicity indicators [84,85]. BPA and its 

degradation intermediates (P1 to P11) have LD50 values greater than 100, which can 

be classified as harmless, while P9 with the highest LD50 value making it even less 

toxic relatively than BPA. As shown in Figure 6.13a, only the LC50-96 h of P1 and 

P2 were slightly higher than that of BPA while P3, P4, P5, P6, P7 and P9 with lower 

LC50-96 h were be classified as not harmful substance.                

                  

                 

(a) 

(b) 
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Figure 6.14. Toxicity study conducted via theoretical insights (a) LC50 FM and DM, 

(b) bioaccumulation factor and GIC, (c) Predicted LD50 and toxicity class, and (d) 

Mutagenicity for BPA and its intermediates. 

Also, P8, P10 and P11 with the least LC50-96 values can be considered slightly toxic. 

Similar results were obtained from LC50-48 h where P1 and P2 exhibited higher values 

than BPA (Figure 6.14a) itself and P3, P4, P5, P6, P7, P9 and P11 with lower LC50-48 

h can be classified as not harmful substance. P8 and P10 with lower LC50-48 h can be 

considered as slightly toxic. Compared with BPA, the bioaccumulation factor of the 

degradation intermediates was reduced considerably (Figure 6.14b). BPA and its 

(c) 

(d) 
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degradation intermediates (P1 to P11) have LD50 values greater than 100, which can 

be classified as harmless, while P9 with the highest LD50 value making it even less 

toxic relatively than BPA (Figure 6.14c). 

Similarly, for IGC50, BPA was found to be moderately toxic with P1 and P2 having a 

higher IGC50 value supporting its relatively lower ecological impact in terms of 

growth inhibition. However, P3 to P7 demonstrated greater environmental toxicity 

than BPA with lower IGC50 values than P1 and P2. The most environmentally toxic 

degradation products, based on IGC50 were P10, P11 and P8 indicating that these 

compounds could exert strong growth-inhibitory effects on aquatic organisms even at 

relatively low concentrations (Figure 6.14b). 

In addition, BPA has a high mutagenicity which can be classified as toxic. However, 

the mutagenicity of degradation products except P7 was significantly reduced (Figure 

6.14d). The above analysis indicates that the toxic BPA molecules were successfully 

degraded during the reaction process and converted into less harmful intermediate 

species. Similar observations have also been reported in various studies [86,87]. 

Further verification of the environmental friendliness of the developed treatment 

process by performing acute toxicity test for the reaction solution containing BPA and 

its degradation products warrants future investigations. 

6.3.11 Frontier Orbital Theory analysis of BPA using conceptual DFT in 

photocatalytic degradation 

Conceptual DFT calculations were conducted using Gaussian 16 to investigate the 

reactivity of BPA during photocatalytic degradation, with visualizations generated 

using GaussView 6.0 (Figure 6.15). The calculations focused on frontier molecular 

orbitals (FMOs), electrostatic potential (ESP) surfaces, and Fukui reactivity indices to 

elucidate the electronic properties and identify reactive sites of BPA under 

photocatalytic conditions [88]. The optimised BPA structure consists of two phenyl 

rings connected by an isopropylidene bridge in a nearly planar arrangement, with a C-

C bond length of ~ 1.54 Å. The computed HOMO and LUMO energies are −9.18 eV 

and −5.27 eV, respectively, resulting a HOMO–LUMO energy gap of 3.91 eV, which 

suggests increased electronic polarizability and favorable charge-transfer capability 

during photocatalytic reactions [89]. 
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(a) (b) 

                   

Figure 6.15. (a) Optimized structure, (b) Egap and (c) ESP surfaces showing charge 

distribution of BPA. 

The ESP surface, mapped within a potential range of −0.105 to +0.105 a.u., reveals 

strongly negative potential regions localized around the phenolic –OH groups, 

reflecting high electron density associated with oxygen lone pairs, while relatively 

positive regions are distributed over the aromatic hydrogen atoms and the alkyl bridge.  

The charge distribution indicates that the phenolic oxygen atoms serve as primary sites 

for electrophile attraction, whereas the aromatic rings are more prone to nucleophilic 

and radical-mediated interactions [90].  

  
(a) (b) 



Chapter 6                                  Harnessing synergistic effects in porous carbon/Co–ZnO … 

229 

 

 

 
(c) 

Figure 6.16. Fukui function corresponding to (a) radical (ƒ0), (b) electrophilic (ƒ­), 

and (c) nucleophilic (ƒ+), susceptibility of BPA. 

Fukui function analysis further corroborates this behavior: the electrophilic Fukui 

function (ƒ-) designates the phenolic oxygen atoms and adjacent carbon atoms as the 

most favorable sites for oxidation by photogenerated holes and hydroxyl radicals, 

whereas the nucleophilic fukui function (f+) emphasizes the aromatic π-system as a 

favored region for electron acceptance. The radical fukui function (ƒ0) substantiates 

aromatic rings as primary sites for radical assault (Figure 6.16) [91]. These findings 

suggest that BPA degradation initiates at electron-rich phenolic and aromatic sites via 

synergistic electron-transfer and ROS driven pathways under photocatalytic 

conditions. 

6.3.12 Comparison studies 

The photocatalytic degradation efficiency of BPA attained by the CCAC/Co-ZnO 

nanocomposite was compared with several nanocomposite systems reported in the 

literature, as outlined in Table 6.3. The findings demonstrate that the synthesized 

photocatalyst exhibit significantly improved BPA degradation efficiency relative to 

previously studied materials. The synthesized nanocomposite exhibits significant 

potential as an effective photocatalyst for the removal of BPA from wastewater. 

Table 6.3. Photocatalytic performance comparison of the synthesized nanocomposite 

with reported photocatalysts for BPA degradation. 

Targeted 

Pollutant 

Photocatalysts Irradiation 

time (min) 

Performance of 

photocatalyst (%) 

Ref. 

 ZnO/rGO 30 93.1 [92] 

Ag2Ox(1 wt%)/ST 180 98 [93] 
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BPA 

MOF-Derived 

Bi12O17Cl2 Nanoflakes 

60 94.3 [94] 

Fe/Cu@NC-x 30 98 [95] 

ZnO/carbon xerogel 300 78 [96] 

ZnO/OCN 

nanocomposite 

180 92.5 [97] 

CCAC/Co-ZnO 60 99.6 Present 

study 

 

6.4 Conclusion 

In this work, a novel photocatalyst based on Croton caudatus–derived activated carbon 

decorated with Co-doped ZnO nanoparticles is developed, which has not been 

previously investigated. The synergistic incorporation of these components improves 

charge separation via reduce band gap of 2.1 eV, photostability, and degradation 

efficiency relative to conventional single- or binary-component photocatalysts for BPA 

removal. Under ideal conditions, the photocatalyst showed great efficacy, attaining 

99.67 % BPA degradation and 81 % mineralization after 60 min of visible light 

illumination. The L-H model showed that the degradation process followed PFO 

behavior, with a t1/2 of 12.6 min and an apparent rate constant (kap) of 0.055 min-1, 

respectively. Scavenger tests revealed that hydroxyl radicals played the significant role 

for the breakdown process, followed by photogenerated holes and superoxide radicals. 

Reusability tests showed that the catalyst maintained 77.63 % efficiency after five 

consecutive cycles without significant loss of its activity, confirming its good stability 

and reusability. LC-MS investigation of BPA degradation showed a possible pathway 

leading to complete mineralization of carbon dioxide and water. DFT calculations 

further elucidated the mechanisms underlying the enhanced generation of ROS, 

providing valuable insights into the photocatalytic degradation pathways. Overall, the 

findings of this work demonstrate the potential of cost-effective and facilely 

synthesized photocatalyst as promising materials for addressing organic contamination 

in wastewater treatment applications. 
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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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7.1 Summary of the work 

Croton caudatus biomass was used as a precursor in the production of croton caudatus 

activated carbon (CCAC). The as-prepared AC was evaluated for the adsorption of 

phenolic pollutants, namely 2-CP, CT, and RS. Moreover, the produced AC was 

combined with metal/metal oxide components to form heterojunction nanocomposites, 

which were then used for the photocatalytic degradation of 4-NP and BPA in aqueous 

solutions. Furthermore, density functional theory (DFT) studies were conducted to 

better understand the adsorption processes and reactivity behavior of AC toward 

diverse phenolic pollutants. A summary of the overall thesis work is presented below: 

1. CCAC adsorbent served as a promising sustainable adsorbent for the 2CP adsorption 

from aqueous medium. The synthesized AC was produced at 2:1 impregnation ratio 

and 700 oC activation temperature for 2 hours using a muffle furnace under self-

generated atmosphere. Studies of the produced AC showed a surface area of 846.29 

m2/ g, a total pore volume of 0.019 cm3/g, and an average pore diameter of 3.82 nm. 

FT-IR spectrum analysis showed several peaks that represents the presence of different 

functional groups. XRD analysis and SEM micrograph of CCAC demonstrated the 

presence of graphite like micro-crystallite nature and porous network. Under the 

optimum conditions, the maximum removal efficiency (R %) and adsorption capacity 

for 2CP were found to be 98.56 % and 26.33 mg/g. The equilibrium isotherm study for 

2CP adsorption was fitted well to the Langmuir model with the maximum adsorption 

capacity (Qmax) of 53.619 mg/g. The behavior of 2CP adsorption on CCAC was best 

described by pseudo-second order where the calculated qe values (qe, cal= 26.653 mg/g) 

was close similar to the experimental data (qe, exp = 26.333 mg/g). Thermodynamic 

studies confirmed that the adsorption process was spontaneous and exothermic. 

Regeneration studies of the adsorbent was determined to be satisfactory throughout 

the fifth regeneration cycle, indicating that the adsorbent may be regenerated and 

recycled for multiple times. DFT investigations further revealed that the adsorption of 

2CP onto AC is favorable with the –COOH functionalized AC appeared to have the 

strongest interaction with 2CP. Moreover, the presence of numerous functional groups 

OH+CHO+COOH(AC) enhances the adsorption capacities of AC towards 2CP, 

relative to a single functional group. Thus, the results obtained from experimental and 
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theoretical studies showed that the AC prepared from Croton caudatus biomass was 

efficient in removing 2CP from the wastewater. 

2. The synthesized material was then used for the removal of CT and RS from water. 

The experimental batch adsorption yielded high removal efficiencies of 99.23 % for 

CT and 98.68 % for RS, respectively, under ideal process conditions. Adsorption of 

CT and RS on AC followed the Langmuir adsorption isotherm, implying a single-layer 

coverage and adsorptive capacities of 56.05 mg/g at pH 6 for CT and 61.85 mg/g at 

pH 4 for RS. The kinetics of adsorption process on CCAC closely followed pseudo-

second order model based on the highest R2 (0.995 for CT and 0.985 for RS) value, 

low χ2 and the close agreement between calculated and theoretical qe values. 

Thermodynamic analysis confirmed that the adsorption process was endothermic and 

spontaneous. The adsorption behavior of CT and RS was examined in the presence of 

four inorganic co-ions: NO3
-, Cl-, SO4

2- and CO3
2-. The removal efficiencies for these 

ions followed the ascending order: CO3
2->SO4

2-> NO3
-> Cl-, with removal rates 

ranging from 98.64-99.29 % for CT and from 98.75-99.65% for RS. Regeneration 

studies indicated that the CCAC adsorbent remained effective up to the fifth cycle 

(78.75 % for CT and 82.10 % for RS), suggesting that the adsorbent can be reused and 

recycled multiple times. DFT analyses suggests the favorable nature of the adsorption 

of CT and RS on AC based solely on the assumption of hydrogen bond interactions. 

Notably, the AC containing COOH groups demonstrated the strongest interaction with 

phenolic compounds, indicating its superior potential for adsorption. 

3. A novel photocatalyst based on CCAC coupled with ZrO2-ZnO, which has not been 

previously explored. The synergistic integration of these components results in 

enhanced charge separation, improved photostability and superior degradation 

efficiency compared to conventional single or binary photocatalysts for the 

degradation of 4-NP. The synthesized nanocomposite was thoroughly characterized 

using analytical techniques, providing valuable insights into its formation, 

morphology, surface and functional properties. The prepared CCAC/ZrO2-ZnO 

photocatalyzed exhibited a high degradation efficiency of 98.2 % for 4-NP (40 ppm) 

under UV light irradiation (80 min, pH 6) with a catalyst loading of 0.07 g/L. Based 

on LH model, the degradation process followed PFO kinetics, with a t1/2 of 2.044 min 
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and Kap of 0.339 min−1. Scavenger experiments indicated that superoxides and 

hydroxyl radicals played a significant role in the degradation mechanism. The catalyst 

maintained 78.5 % efficacy after five successive cycles, confirming its stability and 

reusability. Furthermore, the photocatalyst exhibited notable applicability in real 

wastewater treatment, supporting its feasibility for scale-up and selective removal of 

organic contaminants. LC-MS analysis of the 4-NP degradation suggested a potential 

pathway involving low molecular weight intermediates, ultimately leading to the 

complete mineralization of carbon dioxide and water. DFT simulations revealed 

hydrogen bonding via O-linkage of the O-Zr-O bond with CCAC, leading to the 

formation of a chemically reactive CCAC/ZrO2–ZnO nanocomposite. Reactivity 

descriptors further validated its favorable electronic structure and chemical stability, 

correlating well with the observed enhancement in photocatalytic performance. In 

addition, the nanocomposite demonstrated promising antibacterial potential, attributed 

by its ability to inhibit DHFR and DNA gyrase, as evidenced by molecular docking 

simulation. However, further optimization and experimental validation through in vitro 

and in vivo studies are essential to confirm these findings. The next phase of this 

research will involve a thorough biological evaluation of the synthesized 

nanocomposite, assessing their antibacterial efficacy against the aforementioned 

strains and other clinically relevant pathogens. Promising outcomes will lead to in vivo 

testing using appropriate animal models to assess therapeutic effectiveness, 

pharmacokinetics and potential toxicity under physiological conditions. Concurrently, 

mechanistic studies will also be undertaken to investigate the pathways by which the 

nanocomposite exert its antibacterial effects. This comprehensive approach aims to 

validate the therapeutic potential of the synthesized nanocomposite and advance their 

development toward clinical application. Overall, the results acquired from produced 

nanocatalysts indicate no hazardous behavior in wastewater treatment applications, 

highlighting its potential as a robust, stable and reusable material for the efficient 

removal of organic contaminants. 

4. A novel photocatalyst consisting of AC produced from Croton caudatus, 

incorporated with Co-doped ZnO nanoparticles, was successfully developed. The 

synergistic integration markedly increased charge separation, lowered the band gap to 
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2.1 eV, and boosted photostability and degrading efficiency relative to traditional 

single- and binary-component systems for BPA elimination. Under optimal 

circumstances, the photocatalyst attained 99.67 % breakdown of BPA and 81 % 

mineralization during 60 min of visible-light irradiation. The degradation kinetics 

adhered to the L–H kinetic model, demonstrating PFO characteristics, with a half-life 

of 12.6 min and an apparent rate constant of 0.055 min-1. Radical scavenging tests 

found hydroxyl radicals as the most reactive species, succeeded by photogenerated 

holes and superoxide radicals. The catalyst maintained 77.63 % efficiency after five 

reuse cycles, indicating commendable stability and recyclability. LC–MS analysis 

indicated a probable degradation route resulting in full mineralization to CO2 and H2O. 

Moreover, DFT simulations provide mechanistic insights into the augmented 

formation of ROS and photocatalytic pathways. 

7.2 Future scope of the work 

Despite significant progress in the development of effective sorbents and 

photocatalysts, further investigation is necessary to overcome current limitations and 

enhance usage. The subsequent sections outline many prospective avenues for further 

research: 

1. Investigation of alternative biomass precursors to tailor pore structure and surface 

chemistry. 

2. Advancement of dual- and tri-doped semiconductor materials to improve visible-

light activity. 

3. Investigation into the simultaneous removal of mixed contaminants, including 

phenols, pesticides, and pharmaceuticals, as well as emerging pollutants such as 

microplastics and PFAS, should be explored. 

4. Advanced characterisation techniques such as electrochemical impedance 

spectroscopy, transient photocurrent, and EPR can be carried out to understand an in-

depth comprehension of the kinetics of charge transfer. 
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a b s t r a c t

The present study aims to prepare an activated carbon (AC) adsorbent developed from 

Croton caudatus biomass material for the adsorption of 2-chlorophenol (2CP) from waste

water. Activated carbon was prepared by KOH activation at 2:1 impregnation ratio and 

700 °C temperature using a muffle furnace under self-generated atmosphere for 2 h. 

Several techniques and methodologies such as proximate analysis, ultimate (CHNS) 

analysis, BET, SEM, FT-IR, XRD and point of zero charge (pHpzc) have been used to de

termine physicochemical properties of the activated carbon. Batch adsorption studies 

were conducted for 2-chlorophenol adsorption and the optimum adsorbent dose, initial 

concentration, pH, reaction time and temperature were found to be 0.15 g/L, 80 mg/L, 4, 

60 min and 298 K, respectively. The equilibrium isotherm study for 2-chlorophenol ad

sorption was fitted well to the Langmuir model with the adsorption capacity of 53.619 mg/ 

g, while the adsorption kinetics was best described by pseudo-second order model. 

Thermodynamic parameters demonstrated a negative ΔH (exothermic) and negative ΔG 

(spontaneous) values. Studies on regeneration have shown that saturated carbon can be 

recycled up to five times with considerable removal efficiency. Besides, density functional 

theory (DFT) simulation revealed that the adsorption of 2-chlorophenol onto AC adsorbent 

is favorable. Among the oxygen-containing functional groups, the carboxyl group ap

peared to have a greater influence on the adsorption process than the hydroxyl and 

carbonyl groups with the highest negative Eadsorption of − 42.16 kJ/mol. Furthermore, the 

inclusion of three oxygen-containing functional groups improves the adsorption capacity 

of AC towards 2CP relative to a single functional group.

© 2023 Institution of Chemical Engineers. Published by Elsevier Ltd. All rights reserved. 
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COOHAC, carboxyl functionalized activated carbon, OH(AC), hydroxyl functionalized activated carbon; CHOAC, carbonyl functionalized 
activated carbon; OH+CHO+COOHAC, hydroxyl, carboxyl and carbonyl functionalized activated carbon; pHzpc, zero-point charge

]]]] 
]]]]]]

⁎ Corresponding author.
E-mail address: dipaksinha@gmail.com (D. Sinha).

Chemical Engineering Research and Design 190 (2023) 777–792

http://www.sciencedirect.com/science/journal/02638762
https://www.elsevier.com/locate/cherd
https://doi.org/10.1016/j.cherd.2023.01.002
https://doi.org/10.1016/j.cherd.2023.01.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cherd.2023.01.002&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cherd.2023.01.002&domain=pdf
mailto:dipaksinha@gmail.com
https://doi.org/10.1016/j.cherd.2023.01.002


Research paper

Exploring the adsorption of catechol and resorcinol onto Croton caudatus 
activated carbon: An integrated experimental and theoretical approach

Shisak Sharma , Raplang Steven Umdor , Imotila T. Longchar , Soremo L. Ezung , Dipak Sinha *

Department of Chemistry, Nagaland University, Lumami, 798627, Nagaland, India

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The adsorption capacity of AC towards 
resorcinol was higher than catechol.

• AC could be regenerated for upto fifth 
cycles.

• Effect of co-interfering ions changes in 
the following order: CO3

2− > SO4
2− >

NO3
− > Cl− .

• DFT calculations indicated AC with 
COOH functionalization exhibits highest 
adsorption energies.

A R T I C L E  I N F O

Keywords:
Croton caudatus biomass
Adsorption
Catechol
Resorcinol
Activated carbon
Density functional theory

A B S T R A C T

The present work aimed to examine the process for adsorption of Catechol (CT) and Resorcinol (RS) onto 
activated carbon that was obtained from Croton caudatus biomass (CAB). Using a batch method, the maximum 
removal efficiencies of 99.23 % for CT and 98.68 % for RS was achieved at adsorbent dosage-0.2 g L− 1, reaction 
time-60 min; concentration-100 mgL− 1 CT and 80 mgL− 1 RS; and pH 6.0 CT and pH 4.0 RS, respectively. A 
maximum equilibrium adsorption of 56.05 mgg− 1 and 61.85 mgg− 1 was achieved at pH 6.0 and pH 4.0 for CT 
and RS. The adsorption behavior of both adsorbates on activated carbon were best described by the Langmuir 
model (correlation coefficients (R2) = 0.996 for CT and 0.995 for RS) and the pseudo-second order kinetic model. 
The values of ΔG, ΔS, and ΔH suggest that the adsorption process is spontaneous and endothermic. Additionally, 
the adsorption process is easily reversible, enabling the reuse of the adsorbate even after fifth cycle. Further, 
density functional theory (DFT) simulations demonstrated that the CT and RS adsorption onto the AC adsorbent 

Abbreviations: CAB, Croton caudatus biomass; CCAC, Croton caudatus activated carbon; AC, activated carbon; CT, catechol; RT, resorcinol; OFGs, oxygen 
functional groups; DFT, density functional theory; pHzpc, zero-point charge; PFO, pseudo-first order; PSO, pseudo-second order; ID, intraparticle diffusion; *AC, 
unmodified activated carbon; COOH(AC), carboxyl functionalized activated carbon; OH(AC), hydroxyl functionalized activated carbon; CHO(AC), carbonyl func
tionalized activated carbon.
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Highly efficient photocatalytic degradation of organic pollutants using 
novel carbon integrated ZrO2-ZnO nanocomposites: kinetics, molecular 
docking, DFT simulation and real wastewater application
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A B S T R A C T

Photocatalysis serves as a promising alternative approach for the treatment of wastewater contaminated with 
organic pollutants. The method is advantageous owing to its ability for complete mineralization of toxic com
pounds, degradation of chemically stable pollutants and wide application. Herein, we report the synthesis of a 
CCAC/ZrO2-ZnO nanocomposite via a hydrothermal method by anchoring ZrO2-ZnO onto activated carbon 
derived from Croton caudatus biomass for 4-nitrophenol (4-NP) degradation. The nanocomposite was thoroughly 
characterized using advanced analytical techniques, including XRD, FT-IR, SEM/TEM with SAED and EDS, PL 
spectroscopy, BET surface area analysis, and XPS. Photocatalytic activity was evaluated through the 4-NP 
degradation under UV light, achieving an impressive 98.2 % degradation with a catalyst dosage of 0.07 g/L, 
initial concentration of 40 ppm, irradiation time of 80 min and pH 6. The degradation intermediates and 
pathway were identified using LC-MS analysis. The nanocomposite exhibited good recyclability, retaining 78.5 % 
efficiency after multiple cycles and achieved a notable 87.86 % degradation efficiency in real wastewater. 
Density Functional Theory (DFT) calculations were performed to investigate the chemical reactivity and for
mation mechanism of the prepared nanocomposite. The results indicated a significant enhancement in its 
reactivity, which contributed to improve the efficacy in the degradation of 4-NP. Subsequently, the molecular 
docking studies targeting DNA gyrase and DHFR revealed favorable binding energies (MolDock), providing a 
valuable theoretical framework for future in vitro and in vivo experimental validation. These findings may 
significantly aid in the rational design and development of next-generation antibacterial agents designed at 
combating the growing threat of antibiotic-resistant pathogens such as Escherichia coli (E. coli) and Staphylococcus 
aureus (S. aureus).

1. Introduction

Nitrophenols are anthropogenic, inhibitory, and biorefractory 
organic molecules. They have been extensively applied in chemical in
dustry for insecticides, medicines, and dyes [1,2]. 4- nitrophenol (4-NP) 
is a phenolic molecule that contains two functional groups on its ben
zene ring; nitro (NO2) and hydroxyl (OH). European Economic Union 
and US Environmental Protection Agency considers 4-NP among priority 

contaminants due to its potential to negatively impact aquatic life, an
imals, and human beings at low amounts with the maximum allowable 
limit of 1 ppm [3]. The exposure of 4-NP also leads to a spectrum of 
acute and chronic health effects including gastrointestinal complication, 
respiratory tract problems, injury to organs like kidneys and liver, skin 
and eye irritant, and cardiovascular system problem. It may also lead to 
hypersalivation, suppression of hunger, breakdown of protein, and 
interference with the central nervous and circulatory systems [4,5]. In 

Abbreviations: AOPs, Advanced Oxidation Processes; AC, Activated carbon; NP, Nitrophenol; DFT, Density functional theory; CCAC, Croton caudatus activated 
carbon; DHFR, Dihydrofolate reductase; TDS, Total dissolved solids; EC, Electrical conductivity; TH, Total hardness; BOD, Biological oxygen demand; TOC, Total 
organic carbon; MQW, Ultrapure Milli-Q water; MVD, Molegro virtual docker.
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Harnessing synergistic effects in porous carbon/
Co-ZnO heterojunction for enhanced visible-light
photocatalytic removal of bisphenol A

Shisak Sharma, Raplang Steven Umdor, Imotila T. Longchar,
Partha Pratim Gogoi, Soremo L. Ezung and Dipak Sinha *

Endocrine-disrupting contaminants, particularly bisphenol A (BPA), are prevalent in aquatic environments,

posing severe ecological and health risks that demand efficient remediation strategies. Photocatalysis has

emerged as a promising enhanced oxidation technology for the mitigation of such recalcitrant organic

pollutants. Herein, we report the hydrothermal synthesis of a CCAC/Co-ZnO nanocomposite, achieved

by anchoring cobalt doped ZnO nanoparticles onto activated carbon obtained from Croton caudatus

biomass. Characterization studies (XRD, SEM, EDS, HR-TEM, XPS, BET surface area, PL and UV-Vis DRS)

validated the optimized nanostructure, and photocatalytic evaluations showed 99.67% BPA breakdown

within 60 min under visible light irradiation at optimal conditions. The reaction obeyed pseudo-first-

order kinetics (t1/2 of 12.6 min and kap of 0.055 min−1), dominated by hydroxyl radicals (cOH), and

photogenerated holes (h+) as primary reactive oxygen species (ROS). LC-MS identified intermediates

enabled proposal of a plausible BPA degradation pathway, while reusability studies showed 77.63%

efficiency over five cycles, confirming excellent photostability and reusability. Moreover, DFT calculations

elucidated improved ROS generation mechanisms, providing mechanistic insights into the degradation

processes. These findings provide a viable strategy for designing biomass-derived, visible-light-

responsive photocatalysts for sustainable environmental remediation applications.

1. Introduction

In recent times, the widespread occurrence of endocrine-
disrupting chemicals (EDCs) in the aquatic environment has
become a global concern. Bisphenol A (BPA) is one of the
commonly detected EDCs in groundwater, surface water,
industrial effluents, and landll leachate. Its presence is
primarily attributed to its wide-ranging application as
a precursor in the production of epoxy resins, polycarbonate
plastics and other polymers (e.g., rubber antioxidants, food
packaging containers, dental sealants, PCV pipes, and other
ne chemical materials).1–3 BPA is constituted of two phenolic
rings joined by an acetone-derived bridge, from which its
nomenclature is derived (‘A’ denotes acetone).4 According to
reports, 27 million tonnes of polymers containing BPA are
produced globally each year, with 60% (approx.) of the world's
BPA consumption coming from Asian countries.5,6 Owing to its
extensive use, BPA is ubiquitously released in the environment,
posing adverse effects on both human health and the
ecosystem. BPA also poses other health concerns, due to its
potential carcinogenic and genotoxic implications.7,8 Studies
have indicated that exposure to BPA may promote the growth of

cancer cells, especially in the tissues of the breast and prostate.
Beyond this, BPA has been associated with various other health
issues, including infertility, obesity, and developmental
abnormalities.9–11 The substantial toxicity of BPA is largely due
to its unique physicochemical properties. These include high
solubility in water (about 200 mg L−1 @ 25 °C), chemical
stability, and resistance to biodegradation, allowing it to persist
in aquatic environments even at very low concentrations (pM or
nM).12,13 Consequently, several nations and regions, including
the European Union, Sweden, Canada, United States, Norway,
India and China, have banned the usage of BPA.14 Similarly, the
USEPA has also included this compound on the Drinking Water
Contaminant Candidate List 5.15 As a result, there is an urgent
need to develop highly efficient strategies for BPA removal from
aqueous media.

To address the growing concern pertaining to emerging
organic substances (e.g., BPA) in wastewater, several methods of
treatment have been investigated, including chemical oxida-
tion, biological treatment, adsorption, membrane separation,
electro-Fenton processes and photocatalysis.16–18 Among these,
heterogeneous photocatalysis has emerged as a promising
approach in advanced oxidation processes (AOPs) over other
conventional methods due to its mild operating conditions, eco-
friendliness, reusability, long-term stability, high degradation
efficiency, lack of secondary pollutants and wide
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Enhanced adsorption of ciprofloxacin antibiotic using novel Rubus 
alceifolius activated carbon/ MgAl LDH composite: Mechanistic insight
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A B S T R A C T

In this study, composites of layered double hydroxide (LDH) and activated carbon (AC) derived from Rubus 
alceifolius biomass were synthesized with varying amounts of AC using the co-precipitation method. The resulting 
composites were characterized using FTIR, BET, SEM, TEM, EDX, and XPS. The MgAl-AC3 composite exhibited a 
high BET surface area (568.87 m2 g− 1) compared to pure MgAl LDH (73.05 m2 g− 1). The adsorption models 
followed the Redlich-Peterson isotherm and pseudo-second-order kinetics, with thermodynamic analysis con
firming a spontaneous, endothermic process. Post-adsorption studies indicated surface adsorption of ciproflox
acin rather than intercalation.

1. Introduction

Ciprofloxacin (CIP) is a widely used fluoroquinolone antibiotic and 
one of the most extensively used chemotherapeutic antibiotics in the 
world (Avcı et al., 2019). It was first commercialized in 1987 and is 
known for its broad-spectrum antibacterial activity, being very efficient 
towards gram-negative bacteria (Pham et al., 2020). CIP acts by inhib
iting the enzyme topoisomerases of bacteria resulting in the disruption 
of cellular reproduction and ultimately compromising their proliferation 
(Sharma et al., 2010). This antibiotic is utilized to treat infections in 
both humans and animals. After being ingested, most of it is excreted 
unmetabolized through urine and feces, which then find their way into 
rivers, lakes, and other water sources (Jara-Cobos et al., 2023). Ac
cording to reports, trace concentrations of CIP in drinking water could 
lead to gastrointestinal disturbances like nausea, vomiting, and diar
rhea. Moreover, prolonged exposure to this antibiotic in aquatic eco
systems can result in the development of antibiotic-resistant bacteria 
which poses a substantial ecological threat (Danner et al., 2019; Liang 
et al., 2018). Therefore, the toxicity level of CIP in water sources should 
be controlled. Various conventional treatment methods, including ion 
exchange (Wang et al., 2017), chemical oxidation (Dou et al., 2020), 
biodegradation (Han et al., 2020), and membrane filtration (Liang et al., 
2021), have been employed for CIP removal from wastewater. However, 
these methods often suffer from limitations such as high operational 
costs, generation of toxic by-products, and limited efficiency in handling 

low-concentration pollutants (Álvarez-Torrellas et al., 2016; Gao et al., 
2012). Among these, adsorption has emerged as a promising alternative 
due to its simplicity, cost-effectiveness, and environmental sustainabil
ity. Numerous adsorbents, such as montmorillonite (Wu et al., 2010), 
activated sludge-derived AC (Kim et al., 2020), metal–organic frame
works (Moradi et al., 2016), and biochar (Li et al., 2018), have been 
explored for CIP removal. Nevertheless, many of these materials exhibit 
drawbacks, including limited adsorption capacities, slow adsorption 
kinetics, and poor reusability, necessitating the development of novel, 
high-performance adsorbents (Ji et al., 2021). In this context, LDHs have 
attracted extensive attention because of their high adsorption capacity, 
inexpensive precursor material, ease of synthesis, and ion exchange 
properties. These nanomaterials have proven to be highly effective in 
the removal of a wide range of contaminants from wastewater, making 
them a popular choice in environmental remediation efforts 
(Kuznetsova et al., 2017).

LDHs are two-dimensional nanomaterials that possesses layered 
arrangement, which comprises of positive divalent and trivalent metal 
hydroxides with anions and water molecules located in the interlamellar 
space. The general formula of LDH is [M2+

1− xM3+
x (OH)

2
]
x+
(An− )x

n
.yH2O, 

where M2+and M3+ represents the divalent and trivalent metal cation. 
An- represents the anion in the interlayer spaces and x indicates the 
molar ratio of [M3+]/[M2+] + [M3+] (Gao et al., 2020; Zubair et al., 
2017). Despite the extensive use of LDH as adsorbent for adsorption 

Abbreviations: LDH, layered double hydroxide; AC, activated carbon; CIP, ciprofloxacin; eg, example; AICc, corrected Akaike Information Criterion.
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Abstract
The study focused on the adsorption of tetracycline (TC) using Thysanolaena maxima activated carbon (TMAC) in a batch 
experiment. TMAC was formed via a chemical activation process involving potassium hydroxide mixed in a 2:1 ratio with 
carbonized char. Various analytical techniques such as Fourier transform infrared spectroscopy (FT-IR), scanning electron 
microscopy–energy dispersive X-ray spectroscopy (SEM–EDX), X-ray diffraction (XRD) spectroscopy, and Brunauer–
Emmett–Teller (BET) surface area analysis was performed to characterize the produced carbon. The TMAC possessed 
specific surface area, total pore volume, and average pore diameter values of 1065.011 m2/g, 0.4443 cm3/g, and 3.036 nm, 
respectively. The effect of various adsorbent dosage (0.15 g/L), initial TC concentration (20 mg/L), contact time (110 min), 
temperature (328 K), and pH (2) on TC adsorption was investigated, and the TMAC exhibited a high adsorption effi-
ciency of 97%. Thermodynamic analysis revealed that the spontaneous adsorption process was endothermic. The Langmuir 
(Qm = 21.317 mg/g) and the pseudo-second-order model (R2 = 0.9980) provided the best fit for the adsorption isotherm and 
kinetic study. The fifth regeneration cycle of the adsorbent was successful, proving its ability to be reused multiple times. 
Density functional theory (DFT) simulations revealed that the carboxyl group appeared to have a greater impact on the 
adsorption process than the hydroxyl and carbonyl groups, with an Eadsorp value of − 47.99 kJ/mol. The results indicate that 
the produced TMAC effectively eliminated TC from aqueous solutions.

Keywords  Thysanolaena maxima · Activated carbon · Tetracycline · Adsorption · Density functional theory

Abbreviations
TMAC	� Thysanolaena maxima Activated carbon
TC	� Tetracycline
DFT	� Density functional theory
pHzpc	� Zero-point charge

1  Introduction

The tetracycline (TC) is an antibiotic used worldwide and 
has been reportedly found in both surface and groundwater 
with concentrations in the range of 0.11 to 4.20 µg/L in sur-
face water [1]. Its presence in wastewater primarily stems 
from improper disposal of expired medications and human 

excretion [2, 3]. TC remains in the aquatic environment due 
to its slow degradation, impacting the growth of aquatic 
species and posing health risks through the food chain [4]. 
Even at low concentrations (< 1 mg/L) in natural water, 
TC’s presence raises significant concerns about its toxic-
ity [5]. Prolonged consumption of TC-contaminated water 
can lead to bacterial imbalances, gastrointestinal issues, and 
liver damage and can interfere with teeth and bone develop-
ment [6–8]. Thus, the effective removal of tetracycline from 
aquatic systems has become a critical concern.

Activated carbon (AC) as an adsorbent has been widely 
expected to effectively eliminate various water pollutants in 
developing nations [9]. In the adsorption mechanism, ACs 
are well-known due to their high surface area, well-formed 
micropores, excellent thermal stability, ease of regeneration, 
and low production cost [10]. Considering this, numerous 
studies have been focused on using inexpensive and abun-
dant raw materials, such as agricultural and waste bio-
mass, to produce AC [11]. Several studies have also been 
conducted on TC removal from wastewater using AC, for 
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Photocatalytic degradation of chlorpyrifos using Fe-doped ZnO/activated
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A B S T R A C T

The present research reports the synthesis of Iron-Zinc oxide nanocomposite supported on activated carbon
synthesised from Schima wallichii biomass. 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), Photo-
luminescence (PL), UV–Visible Diffuse Reflectance Spectroscopy (DRS) and BET analyser. The prepared material
was assessed for its degradation efficiency on chlorpyrifos (CPs) under visible light irradiation. The photocatalyst
demonstrated optimal conditions achieving 98 % CPs degradation with 0.05 g catalyst dosage, 150 ppm initial
concentration, 60-min of irradiation, and pH 2. Furthermore, recycling studies indicated the material’s promising
reusability, maintaining 62.7 % efficiency even after multiple cycles.

1. Introduction

Over the last century, pesticides have played a pivotal role in
increasing agricultural production and have also found use in urban
households. This is because of their efficiency, affordability, and im-
mediate 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 (organophosphorus pesticide) that is widely
used to control insects and pests in various crops such as fruit, grain,
vegetable, cotton, etc. as well as ornamental plants. The excessive use of
chlorpyrifos can result in neurological disorders, growth abnormalities,
brain cell replication and intracellular oxidative stress, and therefore
interrupting normal cellular development and differentiation. Further-
more, exposure to chlorpyrifos during pregnancy may result in mental
abnormalities in children. Pesticides containing chlorpyrifos are the
most common pollutants found in water sources, harming not only
farmers but also spreading over long distances due to their resistance
towards degradation [5,6]. As a result, removing chlorpyrifos from
water systems is of considerable importance [7]. Several techniques
have been applied to remove chlorpyrifos pesticides from waste water.
Among the different strategies available, photocatalysis has been
described as the most effective and advantageous method for treating

wastewater [8].
Semiconductor materials such as TiO2 (Titanium dioxide), ZnO (Zinc

oxide), ZrO2 (Zirconium dioxide), etc., are often used photocatalysts for
the degradation of organic pollutants [9–12]. 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
versatile applications such as organic pollutant photodegradation, op-
toelectronic devices, solar cells, and sensors [13–15]. However, only UV
light which makes up around 5% of the solar spectrum can activate ZnO.
Consequently, there have been various attempts to create an active ZnO
photocatalyst that functions under visible light. A preferred methodol-
ogy has been 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 have reported that
Fe doped ZnO nanocrystalline particles have superior photocatalytic
activity than pure ZnO. The presumption is that the inclusion of Fe (III)
cations within the lattice of the photocatalyst acts as shallow traps,
thereby reducing the rate at which electrons and holes recombined [16,
17]. The best photocatalytic activities might be obtained by doping iron
at a very low level. Besides their role as photocatalysts, both ZnO and its
doped nanoparticles have been explored for their potential in degrading
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Evaluation of a novel activated carbon/graphene oxide as an efficient 
composite adsorbent for the removal of herbicide 2,4-Dichlorophenoxy
acetic acid: Adsorption isotherm and kinetics study
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A B S T R A C T

Thysanolaena maxima-derived activated carbon/graphene oxide (TMAC/GO) composite was synthesized through 
a one-step mixing process via ultrasonication and used as an adsorbent for the removal of 2,4-Dichlorophenoxy
acetic acid (2,4-D) herbicide from solution. Various analytical techniques, including Fourier-transform infrared 
spectroscopy (FTIR), Field emission scanning electron microscopy-energy dispersive X-ray spectroscopy (FESEM- 
EDX), X-ray diffractometer (XRD), Brunauer, Emmett, and Teller (BET) surface area analyzer, and Transmission 
electron microscopy (TEM) were employed to characterize the synthesized composite. Results showed that the 
TMAC/GO had a porous structure with a large surface area of 960 m2/g, an average pore diameter of 2.658 nm, 
and a total pore volume of 0.6372 cm3/g. A series of batch experiments were conducted for different adsorption 
parameters, which include TMAC/GO dosage (0.05–0.25 g/L), initial concentration (50–300 mg/L), pH (2–12), 
contact time (20–140 mins), and temperature (298–398 K). Adsorption thermodynamics, isotherm models, and 
kinetics were employed to understand the adsorption mechanism. The composite showed good adsorption ability 
with the Langmuir maximum adsorption capacity of 98.469 mg/g. When compared with TMAC, the composite 
exhibited higher removal efficiency under the same dosage, concentration, and temperature with variations in 
pH and time. The pseudo-second-order kinetics model justified the experimental results with an R2 value of 
0.997. Furthermore, the composite displayed good reusability performance up to 5 cycles. These findings, along 
with the cost-effectiveness of the material and its selectivity towards the herbicide, suggest its practical 
importance for water decontamination.

1. Introduction

2,4-Dichlorophenoxyacetic acid (2,4-D) is widely used to manage 
broad-leaved weeds and pests in agricultural fields due to its cost- 
effectiveness and adequate selectivity [1]. Nevertheless, 2,4-D presents 
considerable environmental concerns as a pollutant, primarily because it 
degrades slowly in the environment [2]. 2,4-D is classified as a phenoxy 
compound; it is regarded as moderately toxic and falls into a category of 
chemicals that could pose risks to human health due to its carcinogenic 
and mutagenic properties [3]. The herbicide’s maximum permissible 
concentration in potable water is 100 ppb (0.1 mg/L) [4]. The concen
tration decreased below 3.13 mg/L can result in an unpleasant taste and 
odour, failing to meet the standards established by the World Health 
Organization (WHO, 2003) [5]. Environmental exposure to this 

herbicide, even in small amounts, can pose adverse health effects, 
particularly affecting vital organs in humans, such as the central nervous 
system, liver, and kidneys [6,7]. Besides that, the herbicide is associated 
with various reproductive health risks, including a higher incidence of 
abnormal sperm, sperm immobility, and sperm death, as well as an in
crease in lymphocyte levels and immune deficiency disorders. Studies on 
exposed animals have also reported fetal mortality, disorders of the 
urinary system, and congenital defects [8]. Furthermore, 2,4-D con
tributes to the degradation of soil and water resources because of its 
complex chemical composition, toxicity, and persistence in the envi
ronment [9]. Despite contamination risks, its use in agriculture will 
inevitably continue, adversely affecting water quality and human health 
[10]. Therefore, developing methods for the adsorption and removal of 
2,4-D from soil, water, and wastewater is crucial for reducing 
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Abstract
This study describes the synthesis of activated carbon from locally derived biomass Rubus alceifolius using ZnCl2 as an acti-
vating agent for sulfadiazine (SDZ) removal from wastewater. The adsorbent material was characterized by Fourier transform 
infrared (FTIR), powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscope 
(SEM), N2 adsorption–desorption isotherms, and zero-point charge (pHzpc). Brunauer–Emmett–Teller (BET) surface area 
and total pore volume of the synthesized carbon were found to be 233 m2 g−1 and 0.16 cm3 g−1, respectively. Batch adsorp-
tion studies were carried out under varying initial concentrations, adsorbent dosage, temperature, contact time, and pH to 
comprehend the effects of different operating parameters on the removal efficiency for sulfadiazine from wastewater. The 
equilibrium isotherm study fitted well with the Langmuir model with maximum adsorption capacity (qm) of 29.57 mg g−1. 
The adsorption kinetic was best fitted by the pseudo-second-order model. Thermodynamic process of adsorption of SDZ 
onto activated carbon was found to be spontaneous and endothermic. Theoretical investigations using density functional 
theory (DFT) calculations suggested that the adsorption of SDZ onto functionalized activated carbon is favorable. Among 
the oxygen-containing functional groups, the carboxyl group appeared to have the largest effect on the adsorption process. 
However, DFT calculation showed that the presence of all three oxygen-containing functional groups enhanced the adsorp-
tion of SDZ, compared with pristine activated carbon.

Keywords  Rubus alceifolius · Activated carbon · Adsorption · Sulfadiazine · Density functional theory

Abbreviations
RAAC​	� Rubus alceifolius activated 

carbon
SDZ	� Sulfadiazine
DFT	� Density functional theory
pHpzc	� Zero-point charge
AC	� Activated carbon
AC_P	� Pristine AC
AC_COOH	� COOH functionalized AC
AC_OH	� –OH functionalized AC
AC_CHO	� –CHO functionalized AC
OH + CHO + COOH_AC	� –OH, –COOH, –CHO func-

tionalized AC

1  Introduction

Antibiotics are drugs that are commonly used as a pre-
ventative and therapeutic treatment for infections caused 
by microorganisms, by obstructing their metabolism via 
biochemical activities [1]. Due to the rapid increase in 
antibiotic use around the world, they are often found in 
urban wastewater, surface water, groundwater, and drink-
ing water. This is a growing concern as antibiotic resi-
due may give rise to the emergence of antibiotic-resistant 
microorganisms in marine environments [2, 3]. Antibiotics 
are divided into several classes, including nitroimidazoles, 
sulfonamides, tetracyclines, chloramphenicol, quinolones, 
and fluoroquinolones. Sulfadiazine belongs to the class of 
antibiotics called sulfonamides, and they are frequently 
used in aquaculture and animal husbandry [4]. Probably 
due to its high consumption and affordable cost which 
leads to its high consumption, it has been reported that 
SDZ has been detected at high concentrations in sew-
age treatment plants [5]. Consequently, SDZ antibiotics 
have garnered global attention for their negative role in 
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Abstract 

 

Carbon-based nanoadsorbents, such as biochar, carbon nanotubes, graphene, and activated 

carbon, are widely used for wastewater remediation. Due to their large specific surface area 

(SURFACE AREA), mesoporous arrangement, excellent chemical stability, high 

adsorption capacity, availability of various functional groups that provide easy 

modification, ease of regeneration, and reusability, they have attracted special attention in 

environmental remediation. These characteristics enable them to resist extreme conditions 

encountered in wastewater, including acidic, basic, and salted conditions, even at elevated 

concentrations or temperatures. This chapter addresses various carbon Nanomaterials 

(NMs), as well as their morphologies, structures, and advantages for treating wastewater. 

A comprehensive analysis of issues associated with scalability, affordability, and 

environmental impact offers perspectives on future research areas and the advancement of 

environmentally friendly and more efficient wastewater treatment technologies. 

 

Keywords: nanoadsorbents, wastewater treatment, adsorption mechanism, industrial 

wastewater 
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