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Abstract 
 

The increasing prevalence of antibiotics in water systems poses significant 

environmental and health concerns, including antibiotic resistance and genotoxicity. 

This research focuses on synthesizing FeWO4 nanomaterials in three distinct 

morphologies- nanoparticles, nanorods, and nanofibers via a sustainable hydrothermal 

process. These nanomaterials were evaluated as heterogeneous catalysts in four different 

Fenton-based processes: conventional Fenton (CF), photo-Fenton (PF), sono-Fenton (SF), 

and sono-photo-Fenton (SPF). The performance of each morphology was systematically 

assessed for the degradation of ciprofloxacin (CIP), a common antibiotic pollutant found 

in water. The synthesized nanomaterials were characterized using UV-Vis, FESEM, 

XRD, XPS, EIS, and cyclic voltammetry (CV). The physicochemical analysis also 

confirmed differences in catalytic performance based on changes in their morphologies. 

The Response Surface Methodology (RSM) and Central Composite Design (CCD) were 

used to improve the degradation of CIP by altering three independent variables: solution 

pH, catalyst dose (mg/L), and reaction time (min). The quadratic model was found to be 

significant through analysis of variance (ANOVA). This mathematical model fits the 

experimental data satisfactorily, with R2 = 0.9953 and lack of fit = 0.2441 (P>0.05). Almost 

complete degradation was achieved at the optimum doses of 100 mg/L of FeWO4, pH = 

7, and a 40-minute reaction time. Among the Fenton processes, PF and SPF demonstrated 

higher antibiotic degradation efficiency than CF and SF processes. Notably, FeWO4 

nanoparticles exhibited the best performance, achieving complete degradation of CIP 

under optimized conditions of pH 7, FeWO4 dosage of 100 mg/L, and a reaction time of 

40 minutes, with initial concentrations of 10 mg/L for CIP and 2 mM for hydrogen 

peroxide (H2O2). FeWO4 nanoparticles were found to be effective for inactivation of ARB 

E. Coli RP4 by 6.45 log within 20 min. No ARB regrowth occurred after 72 h, which 

demonstrates the efficacy of this approach in achieving permanent removal of ARB. The 

synthesized FeWO4 nanoparticles have the potential to degrade demonstrated stability 

and recyclability, generating potent reactive species such as hydroxyl radicals (HO•), 

superoxide radicals (O2
•-), and singlet oxygen (1O2). These findings underscore the 

potential of FeWO4 nanoparticles as effective heterogeneous catalysts in advanced 

oxidation processes for mitigating antibiotics and antibiotic-resistant bacteria in aquatic 

environments.  
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বিমূর্ত 

 

জলজ পবিবিবে অ্যাবিিাব াবিবেি ক্রমির্তমান উপবিবর্ পবিবিে ও জনস্বাবিযি জনয গুরুর্ি হুমবে 

তর্বি েিবে, যাি মবর্য অ্যাবিিাব াবিে প্রবর্বিার্ ক্ষমর্া িৃবি এিং বজবনািবিবিবিি মবর্া 

িমিযাগুবলা উবেখবযাগ্য। এই গ্বিষণা  টিেিই হাইবরাথামতাল পিবর্বর্ FeWO₄ 

নযাবনামযাবিবি াবলি বর্নবি বিন্ন গ্ঠন- নযাবনাপাবিতবেল, নযাবনািড এিং নযাবনাফাইিাি আোবি 

তর্বি েিা হবয়েবে। এগুবলাবে টহিাবিাবজনাি েযািাবলস্ট বহবিবি িযিহাি েবি চািবি টফিন-বিবিে 

প্রবক্রয়ো, যেমন - েনবিনেনাল টফিন (CF), ফবিা-বফিন (PF), িবনা-বফিন (SF), এিং িবনা-

ফবিা-বফিন (SPF) এি মার্যবম বিবপ্রাবলািাবিন (CIP) নামে অ্যাবিিাবয়োবিে দষূবেি অ্িক্ষবয়ে 

োযতোবির্া মূলযায়েন েিা হবয়েবে।  বিবেিাইজড নযাবনামযাবিবি ালগুবলাি গুণগ্র্ তিবেষ্ট্য বনর্তািবণ 

UV-Vis, FESEM, XRD, XPS, EIS এিং িাইবিে টিাল্টাবমবি (CV) িযিহাি েিা হব বে। গ্ঠবনি 

বিন্নর্াি োিবণ FeWO4 অ্নঘুিে এি োযতোবির্াি পবিির্তন স্পষ্ট্িাবি লক্ষয েিা টগ্বে। টিিপন্স 

িািবফি টমথবডালবজ (RSM) এি টিন্ট্রাল েবপাবজি বডজাইন (CCD) িযিহাি েবি pH, অ্নঘুিে 

এি টডাজ (mg/L), এিং বিবিয়া িময়ে (বমবনি) পবিির্তন েবি CIP-এি অ্িক্ষয়েবে উন্নর্ েিা 

হবয়েবে। পিীক্ষাগ্াবিি টডিাি িাবথ টোয়োরাবিে মবডলবি অ্র্যন্ত িামঞ্জিযপূণত (R² = 0.9953 এিং 

লযাে অ্ফ বফি = 0.2441; P>0.05)।  FeWO₄ নযাবনাপাবিতবেল িযিহাি েবি pH = 7, অ্নুঘিে 

টডাজ 100 mg/L এিং 40 বমবনি বিবিয়া িমবয়ে প্রায়ে িপূণত CIP অ্িক্ষয়ে অ্বজতর্ হবয়েবে। চািবি 

টফিন প্রবক্রয়োি মবর্য PF এিং SPF প্রবক্রয়োগুবল িবিতাচ্চ দক্ষর্া প্রদেতন েবিবে। FeWO₄ 

নযাবনাপাবিতবেল 20 বমবনবিি মবর্য 6.45 লগ্ E. Coli RP4 অ্যাবিিাব াবিে-প্রবর্বিার্ী িযােবিবি া 

(ARB) বনবিয় েিবর্ িক্ষম হবয়েবে এিং 72 ঘণ্টা পযতন্ত টোবনা পুনঃিৃবি ঘবিবন।  FeWO₄ 

নযাবনামযাবিবি াল েবিোলী প্রবর্বক্রয়োেীল প্রজাবর্ টযমন হাইবরাবিল ি যাবডবেল (HO•), 

িুপািঅ্িাইড ি যাবডবেল (O₂•-), এিং বিঙ্গবলি অ্বিবজন (¹O₂) উৎপাদবন দক্ষ। এই গ্বিষণাি 

ফলাফল FeWO₄ নযাবনাপাবিতবেলবে অ্যাবিিাব াবিে এিং অ্যাবিিাব াবিে-প্রবর্বিার্ী িযােবিবি া 

দূিীেিবণি জনয োযতেি এিং পুনিতযিহািবযাগ্য েযািাবলস্ট বহবিবি প্রবর্িাপবনি িম্ভািনা বনবদতে 

েবি।  
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Chapter 1: INTRODUCTION 

1.1 Background 

Antibiotics are pharmaceutical agents employed to treat microbial infectious 

diseases and are extensively used in human and veterinary medicine, as well as in 

aquaculture and livestock feed [1]. Global antibiotic consumption has surged, with 

estimates ranging from 100,000 to 200,000 tonnes between 2010 and 2019 [2]. 

Approximately fifty percent of these antibiotics are used in human medicine, and this 

figure is projected to rise to 105,596 tonnes by 2030 [3]. The pervasive use and, 

particularly, the overuse or misuse of antibiotics have generated significant public 

concern [4]. Recently, antibiotics have been identified as emerging chemical 

contaminants [5]. Antibiotics excreted by humans and animals may persist in their 

original form or as active metabolites, leading to their continual presence in soil, surface 

water, and groundwater [6], posing high toxicity risks to aquatic and human life. It is 

assessed that 60-80% of prescribed pharmaceuticals are excreted into sewage treatment 

plants and the environment [7]. In 2018, the European Commission's Science and 

Knowledge Service released a technical report highlighting concerns about 

environmental antibiotics [8]. The persistent presence of antibiotics in natural habitats 

can lead to the development of antibiotic-resistant bacteria (ARBs) and their resistance 

genes (ARGs), which can accelerate the spread of antibiotic resistance, posing significant 

risks to human health and ecological systems [9]. 

To mitigate the environmental impact of antibiotics, various physical, biological, 

and chemical techniques have been employed [10, 11]. Physical wastewater treatment 

methods aim to reduce contaminant levels through mechanical separation, relocating 

rather than degrading the antibiotics [12, 13]. Although biological methods, such as the 

activated sludge process and biological membrane technologies, are widely used, they 

face limitations including extended processing times and heat generation that is difficult 

to recover. Chemical treatments, which include degradation and solid-liquid separation, 

primarily aim to convert pollutants into non-toxic or non-hazardous compounds. 
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However, traditional methods are often inadequate for the complete breakdown of 

antibiotics, as their complex composition and resistance to biodegradation in aquatic 

environments pose significant challenges [14]. 

The advanced oxidation process (AOP) represents a more efficient method for 

removing antibiotics than conventional treatments [15]. AOPs are distinguished by their 

simplicity, ease of operation, minimal sludge production, and ability to achieve rapid 

mineralization of pollutants. They are particularly effective in degrading high-strength 

organic and recalcitrant compounds [16]. In recent years, numerous significant review 

papers have focused on the removal of antibiotics using AOPs [17, 18]. It includes 

different treatment methods such as ozonation [19, 20], Ultraviolet (UV/H2O2) [21, 22], 

Fenton (Fe2+, H2O2) [23], photo-Fenton (Fe2+/H2O2/UV) [23, 24], heterogenous photo-

Fenton [25, 26], photocatalysis [27, 28], sonication, electrochemical degradation [29, 30], 

radiation have been effectively used to remove antibiotics  from wastewater. AOP 

gathered potential significant for the simplicity of equipment and easy operation, low 

cost of construction, no sludge generation, large production of highly reactive oxygen 

species (ROS) and finally produce mineralized products [31]. 

Fenton-based AOP processes have emerged as cost-effective, user-friendly, and 

highly efficient alternatives to traditional wastewater treatment methods, capable of 

achieving complete mineralization [32]. These methods encompass various Fenton-

based reactions, including Fenton [33], photo-Fenton [34], Fenton-like [35, 36], sono-

Fenton [37, 38], and electro-Fenton [39, 40], which effectively degrade antibiotics into 

their mineral components. 

Nanomaterials are essential in the degradation of pollutant from WW, because of 

their large area of surface, which facilitates the efficient removal of contaminants like 

heavy metals and organic matters. In the field of catalysis, particles which are nano sized 

such as Ag, Fe, or TiO2 serve as catalysts by triggering Redox reactions. This procedure 

deconstructs organic matters or infectious mircoorganism into substances that are less 

detrimental. In photocatalysis, semiconductor nanomaterials generate reactive oxygen 

species upon light exposure, facilitating the degradation of organic compounds in 

wastewater via photocatalytic reactions. A method that has garnered considerable 

interest is the use of FeWO4 as a promising photocatalyst for the elimination of pollutants 
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from wastewater. Iron tungstate (FeWO4), a notable wolframite-type metal tungstate, is 

a low-cost, non-toxic, narrow band gap (2.0 eV), p-type semiconductor material. Many 

studies have used it as a photocatalyst [41]. It exhibits rapid electron-hole recombination, 

resulting in low quantum yield as well as inadequate electron and ion transport capacity, 

and its catalytic effectiveness is not promising [42]. FeWO4 possesses distinctive 

characteristics that render it a viable option for tackling wastewater contamination 

issues. In fact, Liu et al.  [43] prepared FeWO4/WO3 photocatalysts with heterostructures 

that showed higher absorption to visible light and an increasing BET-specific surface 

area when compared to pure FeWO4 and WO3 samples. In photocatalytic activity tests, 

the FeWO4-modified WO3 composites showed the highest efficiency in the removal of 

organic pollutants like MB and TC, due to their enhanced adsorption ability, better 

visible light response, increased surface area, and fast separation and migration of 

photogenerated carriers. Boudghene et al.  [44] conducted a study on FeWO4 as a catalyst 

for the photocatalytic degradation of malachite green dye in wastewater. The 

degradation efficiency reached 97.47% under acidic conditions within 3 h. After three 

consecutive uses, the catalyst maintained stability, and the kinetic model of the 

degradation reaction followed pseudo-first-order kinetics. FeWO4 nanofibers with single 

dimension demonstrate remarkable catalytic efficacy for the degradation of Methylene 

Blue and RhB under neutral circumstances without pH modification, achieving 99.5% 

elimination of 20 mg/L MB in 14 minutes utilizing trace H2O2  and US  [45]. After four 

cycles, the FeWO4 NF maintain their catalytic activity, with h+ recognized as the principal 

active species in the degradation process.  Notwithstanding its potential, the utilization 

of FeWO4 in wastewater treatment encounters specific obstacles. A major problem 

involves adjusting parameters such as pH, temperature, and contact duration. The 

regeneration and reutilization of FeWO4 nanocatalyst necessitate meticulous attention to 

preserve their efficacy during several cycles [46]. The prospective application of FeWO4 

for the elimination of pollutants from wastewater is promising and bears significant 

potential. 

It is critical for every approach to establish the optimum doses in order to get the 

highest degradation efficiency. RSM is a statistical multivariate approach [47] for the 

optimization of variables that requires a limited number of experiments. It is a quick and 
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effective experimental design for evaluating the effect of variables on targeted responses 

[48]. The CCD method is among the most widely used RSM techniques. One of the key 

benefits of this statistical method is that it uses the response surface conditions to 

estimate the CCD's ideal settings for expressing the effects of each independent variable. 

1.2 Aims and Objectives 

This study focuses on the following specific objectives 

o To synthesize and characterize FeWO₄ nanomaterials with different 

morphologies for effective photocatalytic degradation of Antibiotic and 

Antibiotic-Resistant Bacteria. 

o To assess the efficiency of FeWO₄ nanomaterials in degrading antibiotic 

molecules under four Fenton processes. 

o To optimize the photo-Fenton process by Response Surface Methodology (RSM). 

o To explore the degradation mechanisms involved in antibiotic degradation and 

evaluate the stability and reusability of FeWO₄ nanomaterial for practical 

applications.  

1.3 Significance of this Study 

This study will help educate future researchers on the degradation and removal of 

antibiotic and ARB in Bangladesh and find environmental remediation. This research 

will provide an outline of the Heterogeneous PF. The research can also be used to find 

out the way to inactivate ARB completely by photo-Fenton Process. The study's final 

phase will involve the mechanism of involved in antibiotic degradation and evaluate the 

stability and reusability of FeWO₄ photocatalysts for practical applications and a 

sustainable strategy for environmental remediation 

1.4 Thesis Outline 

Chapter 1 of this thesis focuses on the general introduction of the main topics of 

this thesis. It mainly describes the context for the research, explains the topic and 

objectives, and outlines the work. 
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Chapter 2 of this thesis consists of a brief literature review focusing on wastewater 

treatment plants, antibiotic resistance, various factors that influence antibiotic removal 

in the Fenton process, Roles of reactive species for the degradation of antibiotics, lab-

scale, and full-scale application of Fenton processes. 

Chapter 3 describes the materials and instruments used during the research work 

and the procedures followed for the range of tests carried out during the work. 

Chapter 4 provides a brief description of the characterization of the materials used 

in the study and its outcomes, such as the degradation of ciprofloxacin by FeWO4 

nanomaterials, Parameter optimization by RSM, Degradation of ARB by FeWO4 

nanoparticles and other tests carried out to validate the study. 

Chapter 5 summarizes the whole study and gives a clear picture and future 

direction of this study. 
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Chapter 2: LITERATURE REVIEW 

 

2.1 Background 

Antibiotics are pharmaceutical agents employed to treat microbial infectious 

diseases and are extensively used in human and veterinary medicine, as well as in 

aquaculture and livestock feed [49, 50]. The excessive use and/or misuse of antibiotics 

have raised significant public concern. Recently, several studies have reported 

antibiotics as emerging chemical contaminants for the environment [51, 52]. Usually, 

antibiotics defecated by humans and animals can persist in their original form or as 

active metabolites, leading to their continual presence in soil, surface water, and 

groundwater. This poses significant toxicity risks to the aquatic environment and human 

health. It is assessed that 60-80% of prescribed pharmaceuticals are excreted into the 

sewage treatment plants and the environment [53]. The continuous presence of 

antibiotics in natural environments can contribute to the development of antibiotic-

resistant bacteria (ARB) and their resistance genes (ARGs), hastening the spread of 

antibiotic resistance [54]. Several studies have reported that this situation poses 

significant risks to human health and ecological systems [55, 56]. 

To mitigate the environmental impact of antibiotics, various physical, biological, 

and chemical techniques have been employed [55, 57]. Physical wastewater treatment 

methods aim to reduce contaminant levels through mechanical separation, relocating 

rather than degrading the antibiotics [12, 49]. Biological methods such as the activated 

sludge process and biological membrane technologies, are widely utilized in wastewater 

treatment [58]. Although recently, these technologies have been criticized due to several 

limitations, such as extended processing times and heat generation, which are difficult 

to recover [59]. On the contrary, chemical treatments, including degradation and solid-

liquid separation, are widely utilized to convert pollutants into non-toxic or non-

hazardous compounds [14, 55]. It should be noted that the traditional approaches are 

often inadequate for the complete breakdown of antibiotics, as their complex 

composition and resistance to biodegradation in aquatic environments. Therefore, 
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antibiotics have been identified in numerous aquatic environments, including rivers, 

lakes, streams, and groundwater in diverse regions. The concentration of antibiotics in 

water can range from trace levels to several milligrams per liter (mg/L), contingent upon 

the nature of the agricultural or industrial practices that often utilize antibiotics [60]. For 

example, wastewater treatment plants (WWTPs) in certain areas may release effluents 

containing elevated levels of antibiotics due to incomplete removal during the treatment 

process [61-63]. Antibiotics such as sulfamethoxazole (SMX), trimethoprim (TMP), 

ciprofloxacin (CIP), and erythromycin (ERY) are frequently detected in rivers [61]. 

Antibiotic concentrations tend to be particularly high in Africa and Asia, while the 

lowest concentrations have been detected in America and Europe, respectively. This 

could be due to advanced treatment technologies and the successful implementation of 

various rules and regulations. Li and coworkers (2023) reported the detection of 21 

distinct antibiotics across four continents in their WWTPs, as illustrated in Fig. 2.1. 

The Advanced Oxidation Process (AOP) is an efficient method for removing antibiotics 

compared to conventional treatments [18, 64]. AOPs are known for their simplicity, ease 

of operation, minimal sludge production, and ability to rapidly mineralize pollutants. 

They are particularly effective in degrading high-strength organic and recalcitrant 

compounds [16]. In recent years, numerous significant review papers have focused on 

the removal of antibiotics using AOPs [17, 18, 65]. Most reviews explore specific AOP 

methods for antibiotic elimination, including hydrogen peroxide-based AOPs [18], UV-

based AOPs [66], UV/chlor(am)ine-based AOPs [67], electrochemical-based AOPs 

(EAOP) [68] as well as graphene-based nanomaterials [69] and photocatalytic 

degradation process [70]. The previous reviews have particularly focused on AOP 

reaction mechanisms, analyzing the factors that influence treatment performance. They 

have also briefly covered lab-based AOP techniques for the removal of antibiotics. 

Additionally, several studies have provided a concise overview of the reaction kinetics, 

performance, and practical limitations related to AOPs. These create a gap in 

understanding the practical limitations of these processes for large-scale commercial 

treatment. 
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Fig. 2.1 Different typical antibiotic concentrations in wastewater treatment plants 

(WWTPs) across the four continents. 

 

Fenton-based AOPs are cost-effective, user-friendly, and highly efficient 

alternatives to traditional wastewater treatment methods. They are capable of achieving 

complete mineralization of contaminants [24, 71]. These methods including various 

Fenton processes such as conventional Fenton [33], photo-Fenton [24], Fenton-like [35], 
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sono-Fenton [38], and electro-Fenton [40], which effectively degrade the antibiotics into 

their mineral components. While some research has focused on developing and 

optimizing Fenton processes for lab-scale to real-life applications, there is a lack of 

comprehensive studies on the detailed mechanisms of each Fenton process, the benefits 

and drawbacks of scaling up, cost-effectiveness, and sustainability. The existing 

literature predominantly analyzes Fenton, photo-Fenton, Fenton-like, sono-Fenton, and 

electro-Fenton processes and their effectiveness against various pollutants. However, 

there is not much explicit focus on removing antibiotics [72-74]. This review aims to 

address this gap by discussing critical issues and the key process variables for scaling up 

these AOP processes. Through a comprehensive review of the literature, this study 

assesses the progression and significance of Fenton processes over the past three 

decades, especially in the context of environmental pollution and antibiotic degradation. 

The review evaluated the effectiveness of different lab-based Fenton processes in 

removing antibiotics and also looked at the practical limitations of these processes. It 

also discussed the environmental impact of antibiotics, the challenges in existing 

treatment processes, and the factors that can enhance the treatment process. The study 

seeks to provide readers with an in-depth explanation of the function of reactive species, 

the mechanisms that govern Fenton reactions, and possible alterations for practical 

applications. Additionally, it highlights fundamental knowledge gaps and potential 

future modifications for sustainable wastewater treatment to achieve the goal of 

protecting the aquatic environment. 

2.2 Antibiotic Intrusion into The Environment: Unveiling the Sources 

The presence of antibiotics in the environment exerts a significant impact on 

environmental ecosystems. The primary sources of antibiotics in surface water include 

animal husbandry and aquaculture, domestic sewage discharges, pharmaceutical 

manufacturing, and healthcare facilities [75]. Antibiotics in surface water and soil travel 

to groundwater through the vadose zone via intricate physical, chemical, and biological 

processes, including leaching, infiltration, and the interactions between underground 

and surface water. The present study investigates four primary sources of environmental 

antibiotics, as illustrated in Fig. 2.2 provides a comprehensive analysis of their pathways 
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and the mechanisms influencing their movement and persistence in groundwater 

systems. 

 

Fig. 2.2 Sources of antibiotics in environmental ecosystems. 

 

2.2.1 Animal Husbandry and Aquaculture 

Antibiotics are typically administered to animals through feed or water. In large-

scale animal husbandry, antibiotics are added to feed as growth promoters and to 

prevent and treat infectious diseases in animals [76]. Consequently, animals excrete 

antibiotic residues in their feces, which can enter the environment through manure 

application as fertilizer or runoff from animal confinement facilities. Additionally, 

aquaculture heavily relies on antibiotics. For the low absorption rate, aquatic products 

can absorb only 20-30% of administered pharmaceuticals [77]. The residual antibiotics 

are discharged into nearby water bodies or the sediments of the fish farming area via 

nonpoint source pollution, where they endure and disperse. Antibiotic residues may 

ultimately pollute urban water sources, threatening environmental and public health. 

2.2.2 Discharges From Domestic Sewage 

Domestic sewage discharge is a major source of antibiotics in metropolitan water 

systems [78]. Antibiotics are commonly consumed to treat various infections, but 

research indicates that only a small percentage of these antibiotics are absorbed and 
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utilized by the human body. The remaining 40%–90% are excreted as active drugs or 

metabolites in feces and urine [79]. Consequently, these antibiotics enter wastewater 

treatment plants or septic systems, where they may not be completely removed. Treated 

wastewater or septic effluent containing residual antibiotics can then be discharged into 

nearby water bodies [80]. The types and concentrations of antibiotics in the effluents of 

sewage treatment plants vary significantly due to the differing types and concentrations 

of antibiotics used across various regions and countries, leading to variable antibiotic-

containing wastewater treatment processes. 

2.2.3 Pharmaceutical Manufacturing 

Antibiotics can enter urban water systems as a result of industrial and production 

processes. Pharmaceutical companies produce, handle, and dispose of substantial 

quantities of antibiotics during manufacturing. Improper disposal methods, such as 

inadequate treatment or accidental spillage, can lead to the release of antibiotics into 

water bodies. A study revealed that antibiotic concentrations in water sources 

downstream of pharmaceutical production plants were significantly higher than those 

upstream. Furthermore, the researchers found that antibiotic concentrations were 

highest in water sources closest to pharmaceutical manufacturing facilities. The levels of 

antibiotics in the wastewater were sufficient to contribute to the development of 

antibiotic resistance in downstream water sources [81]. 

2.2.4 Hospital and Healthcare Facilities 

Hospitals and healthcare facilities are significant contributors of antibiotics to 

urban water systems [82]. These settings utilize large doses of antibiotics for patient 

treatment, leading to the excretion of antibiotic residues into wastewater. Additionally, 

improper disposal of expired or unused drugs by healthcare facilities can result in 

antibiotic contamination of water sources. The incineration of medical waste is another 

primary source of antibiotic emissions, potentially facilitating the proliferation of 

antibiotic resistance. A study found that antibiotic concentrations in hospital wastewater 

were substantially higher than those in domestic sewage [83]. 
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2.3 Key Factors Influencing Antibiotic Removal in Fenton Processes 

Multiple factors affect the efficacy of antibiotic elimination via Fenton processes. It 

utilizes highly reactive oxidants to degrade antibiotics in the environment. Key factors 

impacting the removal efficacy of antibiotics include the concentration of hydrogen 

peroxide and ferrous ions, pH levels, temperature, and coexisting organic and inorganic 

substances. Additionally, the initial concentration of antibiotics, reaction time, and the 

specific characteristics of the antibiotics being treated play crucial roles in determining 

the effectiveness of the Fenton processes. Understanding these factors is essential for 

optimizing the conditions and maximizing the efficiency of antibiotic removal in 

environmental applications. 

2.3.1 Antibiotic Properties 

The physicochemical properties of antibiotics are crucial factors influencing their 

removal from water by Fenton processes. These properties include chemical structure, 

stability, functional groups, electron density, solubility, and complexity in 

environmental samples. The stability of an antibiotic molecule significantly affects its 

removal efficiency. Certain antibiotics, such as tetracyclines, macrolides, sulfonamides, 

cephalosporins, and carbapenems, exhibit high chemical stability, making them resistant 

to oxidative degradation due to their complex structures, which include multiple 

aromatic rings and macrolide ring structures [84]. However, Fenton processes can still 

degrade these stable antibiotics under specific reaction conditions, extended treatment 

times, or higher oxidant concentrations. Antibiotics with susceptible functional groups 

are more easily oxidized; for example, those containing hydroxyl (OH), amine (NH2), 

and carbonyl (C=O) groups have high electron densities, making them more likely to 

undergo oxidative reactions [85]. Additionally, the solubility of antibiotics in water 

impacts their distribution within the treatment system. Poorly soluble antibiotics may 

not be as effectively treated in Fenton processes as they may not adequately interact with 

reactive species [86]. Studies have demonstrated that the effectiveness of degradation 

decreases as the concentration of pollutants surpasses a specific threshold. When the 

concentration of antibiotics increases, the availability of active radicals necessary for 

breaking down pollutant molecules diminishes, resulting in a reduced degradation rate 
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[57]. Furthermore, elevated levels of antibiotics can obstruct catalytic sites, impacting the 

generation of active radicals [87].  

2.3.2  Catalyst or Iron Concentrations 

The concentration of the catalyst in the Fenton process significantly impacts the 

removal efficiency of antibiotics and other contaminants by playing a crucial role in 

activating oxidants such as H2O2. The amount of catalyst used directly affects the rate at 

which antibiotics decompose [86]. Generally, the efficiency of degrading antibiotics 

tends to increase with higher iron or catalyst dosages up to a certain point [86, 88]. For 

instance, a study by Ouyang et al. (2019), using iron-based catalysts (GFe0.5) for the 

Fenton oxidation of lincomycin showed that adding 0.01 g/L of GFe0.5 catalyst resulted 

in a 93.85% reduction in lincomycin after 90 minutes of reaction time. Increasing catalyst 

dosages to 0.05 and 0.1 g/L resulted in the complete removal of lincomycin within 10 

minutes [89]. However, excessive catalyst dosages can have adverse effects. They not 

only led to higher operational expenses and increased production of iron sludge but also 

intensified the scavenging action of hydroxyl radicals (HO•), negatively impacting the 

degradation of antibiotics [74]. However, the optimal catalyst concentration required for 

maximum degradation of organic contaminants must be determined through 

experimentation. For example, in the case of sulfamethazine, the removal efficiency 

increased from 67% to 82% when the Fe0/Ce0 catalyst concentration increased from 0.1 to 

0.5 g/L, but efficiency decreased from 67% to 45% when the catalyst amount rose from 

1.0 to 1.5 g/L due to the scavenging of HO• by excess ferrous ions [90]. Additionally, the 

release of excess catalysts into the environment can have ecological impacts, affecting 

the sustainability of the Fenton process. Therefore, it is critical to evaluate the potential 

influence of discharging catalysts and unreacted H2O2 into the environment. 

2.3.3 Oxidant Dosage 

Hydrogen peroxide (H2O2) serves as the primary oxidant in the Fenton process. 

Adding it to the Fenton process improves the breakdown of antibiotics by helping to 

produce different ROS that can efficiently oxidize and degrade the molecular structure 

of antibiotics into less harmful substances [91]. However, the efficacy of the Fenton 
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process is intricately linked to the dosage of H2O2 utilized. Insufficient amounts of H2O2 

may result in incomplete removal of contaminants, while excessive concentrations may 

not necessarily enhance antibiotic degradation and can even lead to undesirable 

outcomes [18]. This phenomenon is attributed to the potential formation of less reactive 

species through the reaction of HO• radicals with each other, diminishing the oxidative 

capacity. Additionally, higher concentrations of H2O2 can lead to side reactions with 

other water matrix compounds, generating harmful substances that persist in the 

environment. For instance, researchers observed an increase in the elimination efficiency 

of sulfamethazine (SMT) from 40% to 74% as the concentration of H2O2 increased from 4 

mM to 12 mM. However, a subsequent rise in H2O2 concentration from 12 mM to 16 mM 

resulted in a gradual decline in SMT elimination efficiency to 54%, attributed to H2O2 

excess consumption of HO• radicals [90]. 

2.3.4 pH of the Solution 

The pH of the reaction medium significantly influences the degradation of 

antibiotics in Fenton processes. Changes in pH impact the reaction rate and efficiency 

[57]. Fenton reactions typically occurred under acidic conditions, ranging between 2.0 

and 3.0, which is the optimal condition for achieving the highest efficiency. The study 

also reported that the free Fe(III) concentration have decreased significantly at pH level 

of approximately 1, leading to the generation of FeOH2+ and Fe(OH)2+ aqua-complexes  

[92], as depicted in Fig. 2.3. The formation of the aqua-complex [Fe(H2O)6]2+ occurs at pH 

values below 2.0 [72], with the subsequent reaction between this complex and H2O2 

characterized by a slower rate. Moreover, this reaction facilitates the formation of 

[Fe(O2H)]2+, which exhibits weak oxidizing ability [72, 92]. In extremely acidic 

conditions, the abundance of H+ ions can neutralize HO• radicals, rendering H2O2 

unstable and forming H3O2+. This process impedes the synthesis of HO• radicals and the 

regeneration of Fe2+ ions [93]. At acidic pH levels (2 to 3), FeOH2+ is the predominant 

form, ensuring maximum system reactivity. However, as the pH exceeds 3.0, system 

reactivity diminishes due to decreased concentration of photoactive FeOH2+ and 

dissolved iron. When the pH exceeds 5 to 12 (Fig. 2.3), the degradation efficiency 

decreases due to the precipitation of dissolved iron as ferric hydroxide (Fe(OH)3), 
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hindering ferrous ion regeneration and resulting in the production of sludge with a high 

iron concentration [72, 92]. Furthermore, when the pH level goes beyond its optimal 

range, the breakdown of H2O2 happens, causing a decrease in the generation of HO• 

radicals, which then leads to reduced antibiotic degradation. Baran and Adamek [94] 

demonstrated the effective degradation of ampicillin, doxycycline, and tylosin at pH 3.5, 

underscoring the influence of pH.  

 

Fig. 2.3 Illustration of the relationship between the different forms of ferric species and 

the pH containing Fe(III) at 25 °C. 

 

Numerous studies have investigated the use of ligands in the Fenton process, such 

as citrate, oxalate, nitrilotriacetic acid (NTA), tetra amido macrocyclic (TAML), 

ethylenediamine-tetra acetic acid (EDTA), and ethylenediamine succinic acid (EDDS). 

When Fe(III) is dissolved in an aqueous solution with ligands, soluble Fe(III)-containing 

compounds are generated at a pH exceeding 3.0 due to the production of soluble 

complexes (Fe-L), which can be adjusted to basic pH levels without precipitating Fe(III) 

[24, 57]. The addition of citrate, NTA, oxalate, and EDDS can sustain Fe(III) availability 

at near-neutral pH by creating soluble complexes. In this modified Fenton process, we 

observed higher efficiency of antibiotic removal. However, TOC and COD tend to 

increase after the process, which represents a common limitation in practical application. 
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2.3.5 Matrices of Water 

Water matrices are essential for the elimination of antibiotics from water.. Within 

the Fenton process, both organic and inorganic substances present in water matrices can 

act as scavengers, competing with target contaminants such as antibiotics for ROS 

generated during oxidation [95]. Complex matrices, such as municipal or industrial 

effluents, may harbor a diverse array of interfering substances capable of adversely 

affecting antibiotic removal efficiency. Natural organic matter (NOM), a complex 

amalgamation of naturally occurring organic compounds derived from decaying plant 

and animal materials, constitutes a significant component. The variability of NOM in 

water sources holds paramount importance in water treatment and the application of 

the Fenton process for antibiotic elimination. Moreover, water hardness, determined by 

the levels of calcium and magnesium ions, can exert a profound influence on antibiotic 

removal efficiency. Elevated water hardness can precipitate the formation of insoluble 

metal hydroxides, potentially disrupting the efficacy of the Fenton process [96]. 

Additionally, it may contribute to scaling and fouling in equipment, leading to decreased 

heat transmission and hindering the efficiency of the photo-Fenton process. 

2.3.6 Radiation Sources and Irradiation 

UV-visible assisted advanced oxidation processes can be categorized into two 

types according to the characteristics of the radiation source: (1) linear sources and (2) 

continuous sources that emit radiation across a range of wavelengths [97]. The first 

category encompasses mercury vapor arc lamps, which can be further categorized into 

low-pressure and high-pressure lamps, as well as incoherent excimers. The second 

category includes xenon arc lamps, which can operate in either pulsed wave mode or 

continuous wave mode [72]. One source of UV-visible radiation is thought to be the sun. 

Photocatalyzed Fenton reactions can transpire at multiple wavelengths, including UV-

A, UV-B, UV-C (λ < 285 nm), and visible light (λ > 400 nm). The efficiency of deterioration 

is affected by photon wavelength, as photons with larger wavelengths have reduced 

energy [72]. For instance, the heterogeneous Fe-POM/BMO-3 catalyst exhibited an 

impressive removal efficiency of 99.79% for tetracycline after 18 minutes of exposure to 

5 W light [98]. Another study noted that the degradation rate of ciprofloxacin increased 
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by 94.7% when exposed to visible light. The rate constant exhibited an 11.7-fold increase 

compared to the Fenton system, indicating that visible light can significantly enhance 

the Fenton system [99]. Two events are frequently linked to light's impact on the Fenton 

process: (1) the breakdown of the aqua complex Fe(OH)2+ through photolysis, resulting 

in the regeneration of Fe2+ and the generation of HO• radicals. This process also prevents 

the accumulation of Fe3+ (2) The decomposition of H2O2 by a light source, which produces 

two HO• radicals [72, 100]. 

2.3.7 Reaction Time 

The duration of treatment or reaction time is a critical factor influencing the 

efficiency of antibiotic removal in the Fenton process. Longer reaction times typically 

allow for more extensive contact between the ROS and the antibiotics, resulting in a 

higher degradation rate. If complete mineralization is the objective, an extended reaction 

time becomes essential to ensure thorough removal [101]. For instance, Qin and 

colleagues observed that the MnFe2O4@C-NH2 catalyst can degrade ofloxacin, 

amoxicillin, and tetracycline by approximately 52.8%, 64.8%, and 38.4%, respectively, 

after 30 minutes of reaction time [102]. In contrast, the degradation efficacy reaches 100% 

after 180 minutes of reaction. This phenomenon is attributed to the prolonged reaction 

time allowing for the generation of more HO• radicals, facilitating the degradation of 

additional antibiotic molecules [102]. However, some researchers noted a negative 

impact on degradation efficiency with increasing reaction time. When assessing removal 

methods, optimizing reaction time is crucial. Determining the ideal reaction time is 

essential to any chemical reaction, as exceeding the equilibrium state renders the 

procedure no longer cost-effective [103]. 

2.3.8 Temperatures  

In the Fenton process, temperature has a major impact on the rate of reaction. 

Elevated temperatures enhance oxidation rates, resulting in accelerated reactions and 

more rapid removal of antibiotics [104]. For instance, a rise in temperature from 15 to 

45°C leads to faster degradation of CIP, with higher reaction kinetics ranging from 0.0055 

to 0.0105 min-1 [105]. Higher temperatures can reduce the activation energy required for 
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chemical reactions, facilitating the initiation of oxidation reactions by ROS, thereby 

increasing antibiotic degradation. Tetracycline, for example, was completely degraded 

after 60, 90, and 120 minutes of reaction at 65°C, 55°C, and 45°C, respectively. In contrast, 

lower temperatures such as 15°C, 25°C, and 35°C necessitated a longer reaction time for 

the removal of acetaminophen and naproxen [106]. The positive impact of temperature 

rise on antibiotic degradation through sonochemistry has been frequently observed 

[107]. Temperatures above 35°C require a higher frequency (1000 kHz) to achieve 

complete degradation [106]. Moreover, the increase in reaction temperature enhances 

the deterioration of sulfadiazine in the US/Fe0/PS system. Increasing the reaction 

temperature from 10 to 50°C led to an increase in the observed rate constant from 3.56 to 

27.39 h-1. Elevated temperatures ranging from 22 to 50°C enhanced the rate constant (k) 

for tetracycline removal in the sono/Fe3O4/H2O2 system. Furthermore, the temperature is 

crucial in affecting the stability and behavior of oxidants like H2O2. Lower temperatures 

generally promote greater stability, while higher temperatures can accelerate 

decomposition, leading to a loss of oxidizing capability. 

2.3.9 Irradiation Sources and Cost Constraints 

Energy consumption and cost-effectiveness are critical considerations in 

implementing the Fenton process for antibiotic removal in water treatment systems. The 

Fenton reaction uses energy to operate lights or ultrasonic devices. Hence, it is essential 

to optimize energy use for efficient treatment [108]. Determining the light intensity 

requirement in the Fenton process at specific H2O2 concentrations is crucial, as exceeding 

this point may not significantly enhance treatment efficiency. Energy consumption can 

be reduced without compromising treatment effectiveness by optimizing Fenton factors 

such as reactant amount, treatment duration, and process conditions. Utilizing 

renewable energy sources like solar energy instead of UV or visible light can reduce the 

cost of energy usage [109]. In the sono-Fenton process, ultrasound irradiation plays a 

pivotal role by influencing cavitation, which involves the formation, growth, and 

collapse of bubbles in the liquid. At optimal ultrasonic power, cavitation bubbles reach 

their resonant size and collapse violently, producing HO• that drives the degradation of 

antibiotics [37]. Increasing ultrasonic power enhances cavitation by lowering the 
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threshold limit and increasing the number and size of cavitation bubbles, thereby 

generating more active radicals. This improvement also enhances the mass transfer of 

pollutants and breaks up catalysts, increasing the reactive surface area and boosting 

degradation efficiency [110]. Karaca et al. (2023) observed that increasing ultrasonic 

irradiation power from 300 W to 450 W enhanced tetracycline degradation efficiency 

from 59.76% to 92.85%. Another study demonstrated that the degradation rate of 

metronidazole increased from 82.8% to 89% as ultrasonication power was raised from 

40 W to 60 W, but a subsequent increase to 70 W reduced the degradation rate to 88.4% 

[38]. However, excessively high ultrasonic power can cause a scattering effect, reducing 

cavitation effectiveness and the overall degradation process [110]. Similarly, in the 

electro-Fenton reaction, current flow increases the generation of ROS, but excessive 

current can stimulate undesirable side reactions [40]. Yang et al. (2023) observed that the 

mineralization efficiency of ofloxacin increased from 69 % to 100 % as the current density 

rose from 4.2 to 16.6 mA/cm² [111]. Achieving a balance between treatment efficiency 

and energy consumption is critical, considering factors such as catalyst and oxidant 

costs. High concentrations of costly catalysts may not be economically viable, 

highlighting the need for a cost-benefit analysis to assess the economic viability of 

Fenton implementation for antibiotic removal, considering both implementation costs 

and improved water quality benefits. Conducting life cycle and cost-benefit analyses 

provides comprehensive insights into Fenton process costs and resource utilization, 

aiding in informed decision-making for sustainable water treatment solutions. 

2.4 Roles of Reactive Species for The Degradation of Antibiotic  

The Fenton process is a highly efficient technique for degrading antibiotics from 

contaminated water by generating diverse reactive species (RSs) through a series of 

cyclic reactions that break down antibiotic molecules [112, 113]. In the conventional 

Fenton process, hydroxyl (HO•) radicals are primarily produced by the decomposition 

of H2O2 with iron (Eq. 2.1). The catalyst, typically iron, undergoes a redox reaction in 

which it is reduced from Fe3+ to Fe2+ (Eq. 2.2) in the presence of oxidant (H2O2) in an acidic 

environment. This process produces hydroperoxy radicals (HO2
•). Subsequently, these 

HO2
• generate HO• radicals through the oxidation by other H2O2 molecules (Eq. 2.3). At 
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pH 7, HO2
• is predominantly present as the radical anionic form (O2

•-), with only 0.6% 

existing in its protonated form. O2
•- have a strong reduction capacity, facilitating the 

conversion of Fe3+ to Fe2+ (Eq. 2.4) [57]. Ultimately, the O2
•- radical is converted into HO• 

through the Haber–Weiss reaction (Eq. 2.5) [114, 115]. Additionally, the 

disproportionation of HO• radicals leads to the generation of  singlet oxygen (1O2) (Eq. 

2.6) [115]. The conventional Fenton process typically produces three types of ROS as 

HO•, O2
•- and 1O2. However, the precise percentage of these ROS in a reaction varies 

depending on the process parameters [57, 93]. The Fe2+ ion acts as the primary catalyst 

in the traditional Fenton process, whereas the Fenton-like process can utilize a variety of 

multivalent metal ions, including Cu, Co, Mn, Ce, Ag, Cr, Ru, W, Mo, V, and Ti. These 

metal ions exhibit both oxidation and reduction properties, allowing them to activate 

H2O2 and produce different ROS [116]. The flexibility in using different metal ions 

broadens the applicability and efficiency of the Fenton and Fenton-like processes in 

treating wastewater containing antibiotics.  

In the homogeneous Fenton process, exposure of the reaction system to light 

significantly boosts the production of HO• radicals by facilitating the conversion of Fe³⁺ 

to Fe²⁺. This light-assisted process enables the simultaneous reduction of Fe³⁺ and the 

generation of HO• radicals (as shown in Eq. 2.7) [57]. In a heterogeneous system, the 

process begins when photons with energy greater than the semiconductor's band gap 

are adsorbed. This adsorption triggers a catalytic reaction that generates charge carriers 

including electrons (e-) and holes (h+) (Eq. 2.8). These charge carriers can be trapped on 

the catalyst surface in the presence of oxidants such as oxygen or H2O2, leading to the 

formation of ROS like HO•, O2
•- and 1O2. The presence of light enhances this process by 

generating additional photoinduced electrons, which reduce Fe3+ to Fe2+ (Eq. 2.9) and 

further catalyze the reduction of dissolved oxygen (Eq. 2.10) and H2O2 (Eq. 2.11) to 

produce O2
•- and HO•, respectively. The holes generated during this process have a 

strong oxidation potential (2.53 V versus NHE) [117], which allows them to oxidize 

hydroxyl groups or water molecules to generate more HO• radicals (Eq. 2.12). In the CF 

process, it is important to avoid the formation of Fe3+ hydroxy complexes such as 

Fe(OH)2+ and Fe2(OH)24+, especially under acidic conditions. When exposed to light, 

these complexes undergo photoreduction, producing additional HO• and Fe2+ (Eq. 2.13), 
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thus enhancing the catalytic activity. Conversely, the Fenton process occurs in absence 

of light, and the Fe3+ hydroxy complexes present in the system slow the reaction rate. 

The production of HO• radicals initiate the degradation of antibiotic molecules through 

two primary chemical pathways: (a) the abstraction of a hydrogen atom from the 

antibiotic molecule (R-H), leading to the formation of a free radical intermediate (Eq. 

2.14), and (b) the addition of an oxygen atom to the antibiotic molecule, resulting in the 

creation of an oxygenated intermediate (Eq. 2.15). These intermediates can react further 

with HO• radicals or other reactive species. This may lead to additional hydrogen 

abstraction, oxygen addition, or bond cleavage, leading to antibiotics degradation. 

The combination of simultaneous Fenton oxidation and photo-reduction in the PF 

process presents a distinct advantage. When HO• radicals are exposed to light, a 

significant portion of them is converted into other ROS, thereby broadening the available 

pathways for antibiotic removal. Moreover, the addition of US to the Fenton processes 

harnesses acoustic cavitation. This phenomenon involves ultrasonic waves generating 

localized hot spots with intense pressure fluctuations and high temperatures, reaching 

up to 5000 K and approximately 1000 atm. As a result, microbubbles form and rapidly 

collapse, leading to the dissociation of water and oxygen molecules and the generation 

of reactive radicals such as HO•, H•, HOO•, and O•. These radicals are instrumental in 

oxidizing and decomposing the chemical structures of antibiotics, ultimately breaking 

them down into harmless by-products (Eq. 2.16). 

Fe2+ + H2O2 → Fe3+ + HO• + OH-      Eq. 2.1 

Fe3+ + H2O2 → Fe2+ + HO2
• + H+     Eq. 2.2 

H2O2 + HO2
• → HO• + O2      Eq. 2.3 

Fe3+ +HO2
• → Fe2+ + H+ + O2                           Eq. 2.4 

O2
•- + H2O2 → HO•  + HO− + O2     Eq. 2.5 

4HO•  → 2H2O + 1O2       Eq. 2.6  

Fe3+ + H2O + hν → Fe2+ + HO• + H+     Eq. 2.7 

            Catalysts + hν → e- + h+                                                                             Eq. 2.8 
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            Fe3+ + e- → Fe2+                                                                                            Eq. 2.9 

O2 + e- → O2
•-        Eq. 2.10 

H2O2 + e- → HO• + OH-       Eq. 2.11 

h+ + H2O → H+ + HO•        Eq. 2.12 

Fe(HO)2+ + hν → Fe2+ + HO•       Eq. 2.13 

  HO• + R-H → R• + H2O           Eq. 2.14 

  HO• + R-H → R-OH         Eq. 2.15 

  Antibiotics + HO• → H2O + Degradation products → CO2 + H2O    Eq. 2.16 

2.5 Laboratory-Based Fenton Processes  

Antibiotics and other organic pollutants can be efficiently eliminated from 

wastewater using the Fenton procedures. Developed in the 19th century, the Fenton 

processes utilize iron salts (Fe²⁺) and H2O2 to generate various ROS, which are powerful 

oxidants capable of degrading organic pollutants [118]. Each of the Fenton processes can 

be classified as homogeneous or heterogeneous, both of which are advanced oxidation 

techniques employed to degrade or remove antibiotics from contaminated sources. The 

subsequent sections will provide a comprehensive examination of various laboratory 

methodologies employed for the removal of antibiotics utilizing different Fenton 

processes. Furthermore, this discussion will elucidate the respective benefits and 

limitations inherent to each approach. 

2.5.1 Fenton and Fenton-Like Process for Antibiotic Degradation 

The conventional homogeneous Fenton process has been extensively studied due 

to its advantageous properties for removing a wide range of antibiotics from wastewater. 

This process can completely degrade common antibiotics like amoxicillin, ampicillin, 

and cloxacillin within two minutes of treatment but requires higher concentrations of 

H2O2 (46.87 mM) and Fe2+ (4.687 mM). Their molar ratio was H2O2/ Fe2+ of 10 [119]. It is 

essential to use the optimum concentration of reagent, as higher levels can lead to a more 
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efficient treatment within a shorter time but can also result in excessive sludge 

production, increased chemical costs, and the scavenging of hydroxyl radicals, which 

decreases the overall efficiency of pollutant degradation, as observed in the cases of 

flumequine [120], ciprofloxacin [121, 122], tetracycline [123] and sulfathiazole [112]. An 

excessive amount of H2O2 and its by-products may pose adverse environmental impacts, 

such as oxygen depletion in aquatic ecosystems, potentially endangering marine life if 

not managed properly. Additionally, high Fe2+ levels can cause an increase in iron 

concentration in the effluent, surpassing acceptable wastewater discharge limits and 

necessitating further treatment [57, 122]. A detailed summary of research on the 

homogeneous Fenton process for antibiotic removal is shown in Table 2.1. 

One important element in the breakdown of antibiotics is the pH of the solution. 

Most conventional Fenton research has focused on acidic conditions, typically elevation 

antibiotic breakdown efficiency at a pH range of 2.5 to 4 [112, 121, 123-125]. In 2023, 

Baran and Adamedk used optimized doses to degrade three antibiotics, such as 

ampicillin, doxycycline and tylosin at pH 3.5 and reported complete degradation during 

30 minutes of treatment [94]. In contrast, the heterogeneous process is less effective at 

acidic pH. It has shown higher efficiency across a wider pH range, making it a more 

versatile option for various water treatment scenarios. Diverse solid iron and its 

derivative materials such as nZVI [126, 127], Fe0@CeO2 [128], rGO-Fe3O4 [129], Fe-BC 

[130], CuCoFe2O4@AC [131] can provide many advantages for heterogeneous processes 

and act as a catalyst in the Fenton process, including easy retrieval, prolonged use, and 

broader pH range. However, the recovery and reuse of catalysts are still challenging. 

The use of magnetic iron materials as carriers or substrates for material retrieval is a 

viable approach. However, magnetic iron alone is insufficient for the complete 

breakdown of antibiotics, necessitating further modifications. In their study, 

Pourshaban-Mazandarani et al. (2023) synthesized a CuCoFe2O4@AC magnetic 

composite, which showcased enhanced photocatalytic activity, achieving 95.77 % 

removal efficiency for CIP after 2 hours. 



 

 

 

Chapter 2: LITERATURE REVIEW    24 

 

Fig. 2.4 Graphical mechanism of the conventional Fenton Process in homogeneous and 

heterogeneous process. 

The Fenton-like reaction extends beyond the conventional Fenton oxidation 

process by substituting ferrous ions (Fe2+) with ferric ions (Fe3+) or other transition metal 

ions [132]. Various catalysts, including Fe(II), Fe(III), Cu(II), nZV, and carbon-based 

materials such as graphene oxide (GO), CNTs, g-C3N4, fly ash, and biochar, as well as 

iron confined on titania nanofibers (Fe-TNFs) and metal-organic frameworks (MOFs) 

like MIL-101-NH2 and PPyC@Py-MIL (Fe), are frequently reported for antibiotic 

degradation [36, 98, 133-139]. A comprehensive summary of the research on the 

Heterogeneous Fenton and Fenton-like processes for antibiotic removal is presented in 

Table 2.2 and its graphical mechanism is shown in Fig. 2.4. 

Ligand compounds that are suitable for Fenton-like processes can operate 

effectively at higher pH levels. For example, the elimination rates of norfloxacin (NOR) 

and ciprofloxacin (CIP) in the Fe(III)-tetra amido macrocyclic ligand (TAML)/ H2O2 

system were minimal at pH 6.0 but significantly increased to over 95% at pH 10.0 [140]. 

Much of the research on removing antibiotics using the Fenton-like process has focused 

on heterogeneous systems. Recent studies have shown that iron-based MOF 

heterogeneous catalysts are highly effective in removing antibiotics. In 2023, Chen et al. 

synthesized MIL-101-X(Fe) with various substituents X = -H, -NH2, -OH, -OCH3) on the 

organic ligands. They achieved 100% sulfamethoxazole (SMX) removal within 70 
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minutes using MIL-101-NH2, with a reaction rate 30.06 times faster than MIL-101-H 

[132]. The efficiency of Fenton-like processes in degrading substances is affected by the 

presence of complex matrices containing inorganic anions and organic components. 

Zhou et al. (2019) synthesized iron nanoparticles enclosed in carbon nano shells doped 

with boron and nitrogen (B/N-C@Fe) and found that certain inorganic anions had a 

detrimental impact on levofloxacin removal [141]. This highlights the importance of 

considering matrix effects in the application of Fenton-like processes for antibiotic 

degradation. In the Fenton process, the size of nanoparticles plays a significant role in 

determining their catalytic performance, as reactions predominantly occur on the metal 

surface. Nanoparticles larger than 5 nm involve fewer metal atoms in the catalytic 

reaction, limiting their efficiency [142]. In contrast, single-atom catalysts (SACs), which 

consist of individual atoms (∼0.1 nm), exhibit nearly 100% atomic efficiency, making 

them highly effective in Fenton-like processes. According to their distinctive geometric 

and electrical characteristics, SACs often demonstrate superior catalytic activity 

compared to conventional nanoparticle catalysts (NPCs) [143]. This highlights the 

prominence of SACs in achieving enhanced performance in Fenton-like reactions. 

2.5.2  Photo-Fenton Process for Antibiotic Degradation 

The primary functions of photo-Fenton processes are to enhance catalytic efficacy 

and generate energy through various light sources, including solar-simulated light, 

sunlight, visible light, and ultraviolet light. This approach reduces the required catalyst 

quantity in both homogeneous and heterogeneous Fenton reactions by enhancing the 

conversion of Fe3+ to Fe2+ in the presence of light, thereby improving efficiency and 

promoting the production of higher concentrations of HO• radicals. Additionally, this 

method facilitates further reactions, producing other ROS such as superoxide (O2
•−), 

singlet oxygen (1O2), and H2O2 [57, 144]. The primary HO• radicals are generated not only 

by the direct breakdown of H2O2 but also by the fragmentation and ionization of water 

molecules, a phenomenon attributable to photon energies exceeding the bond 

dissociation energy of water [17]. 
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Fig. 2.5 Graphical mechanism of the photo-Fenton Process in homogeneous and 

heterogeneous process. 

 

The homogeneous photo-Fenton process effectively enhances antibiotic 

elimination and reduces catalyst quantities and operational expenses. However, 

practical applications are limited due to challenges in catalyst recovery, the generation 

of Fe-containing sludges causing secondary pollution, and stringent pH requirements 

[36, 98, 145]. The heterogeneous photo-Fenton process, utilizing iron-based 

semiconductors, serves as an alternative technique to degrade antibiotics. Combining 

photocatalysis with the Fenton process enhances the generation of active species and 

mineralization efficiency [98, 146, 147]. Selecting appropriate photocatalytic materials 

can further enhance electron transport and reduce electron-hole recombination, 

improving overall Fenton process performance [36, 148, 149]. Addressing the rapid 

recombination of photogenerated carriers is crucial for improving photocatalysis 

efficiency, which can be achieved through incorporating co-catalysts, creating 

heterojunctions, introducing dopant atoms, constructing nanoscale photocatalysts, and 

adding sensitizers or light-absorbing dopants [52, 150-152]. Fig. 2.5 Graphical 

mechanism of the PF Process in homogeneous and heterogeneous systems. A 

comprehensive summary of the research on the homogeneous and heterogeneous PF 

processes for antibiotic removal is presented in Table 2.3 and Table 2.4. 
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Lanthanum (La) compounds are not commonly utilized as photocatalysts, yet they 

are known to enhance light sensitivity and catalytic reaction efficiency. A heterojunction 

with lanthanum-doped bismuth ferrite effectively absorbs solar-simulated light, leading 

to the degradation of 84.94% of norfloxacin within two hours, a rate approximately 6.9 

times faster than that of undoped BiFeO3 [150]. Similar enhancements have been 

reported for α-Fe2O3/BiOI [153], FePOM/CNNS-Nvac [52], g-C3N4/ Fe2O3 [151], FeS2/g-

C3N4[154] for tetracycline; Iron (II) phthalocyanine (FePc) with g-C3N4 [152] for 

oxytetracycline; Fe-impregnated BiVO4 [155] and TiO2/γ-Fe2O3/GO [156] for 

ciprofloxacin; α-FeOOH [157] and cephalexin by MoS2@Fe [158] for sulfadiazine. These 

combinations show notable effectiveness in enhancing the degradation of various 

antibiotics. 

Despite advancements in using iron or other semiconductor materials as catalysts 

in the PF process, performance issues persist due to significant iron species 

agglomeration and the discharge of Fe ions into solution [159]. Integrating 

photocatalysts with appropriate support materials can improve stability, enlarge the 

surface area, and promote charge separation. Carbon nanotubes (CNT), sepiolite, silica, 

charcoal, biochar and natural clay have been utilized to enhance photo-Fenton activity 

[146, 160-164]. MWCNTs have a substantial fixed surface area and excellent 

conductivity, which helps in separating photogenerated carriers, leading to exceptional 

photo-Fenton performance. When combined with NiFe2O4, MWCNTs successfully 

decomposed sulfamethoxazole and achieved a 68% mineralization efficiency, surpassing 

the performance of NiFe2O4 alone [146]. Similarly, other supported material, such as 

biochar integrated with Ag0/Fe0 bimetallic nano-catalyst showed higher mineralization 

efficiency of 68.0% for sulfamethoxazole (SMX) and 70.4% for amoxicillin (AMX) [165]. 

Additionally, FeSA/WO3/BiOBr showed superior efficacy in degrading ciprofloxacin, 

achieving 100% degradation and 45% mineralization efficiency [34]. 

2.5.3 Sono-Fenton or Sono Photo-Fenton Process for Antibiotic Degradation 

The integration of ultrasound (US) irradiation into Fenton processes, known as the 

sono-Fenton process, shows promise for breaking down antibiotics in wastewater. 

Various additives are used in ultrasound treatment to speed up antibiotic degradation 
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and minimize treatment expenses [110]. H2O2 acts as not only a potent oxidizing agent 

but also a promoter in sonolysis processes, decomposing into hydroxyl (HO•) radicals 

within cavitation bubbles due to its lower dissociation energy (213 kJ/mol) compared to 

the O-H bond in H2O [166]. Antibiotics are effectively eliminated using H2O2/US with 

heterogeneous catalysts, enhancing the efficiency of sono-Fenton process (Fig. 2.6). For 

instance, Ma et al. (2018) demonstrated that nanosized zero-valent copper (nZVC) 

activated H2O2 in combination with ultrasound for the oxidative degradation of 

norfloxacin (NOR), achieving a 91.5% elimination efficiency due to the synergistic effect 

between sonolysis and the Fenton reaction [167]. Similarly, Damiri et al. (2020) reported 

that a combination of sediment catalyst, H2O2 and US degraded amoxicillin (AMX) by 

97.66% under optimal conditions: pH 5, 50 mg/L AMX, 4.5 g/L sediment catalyst, 37 kHz 

US frequency, and 50 mM H2O2 concentration [168]. 

Magnetic Fe3O4 nanoparticles have shown potent activity in the Fenton process, 

with enhanced levofloxacin degradation observed in the presence of US/ H2O2 due to 

increased generation of active radicals and nucleation sites for cavity formation [169]. 

The inherent peroxidase-like activity of Fe3O4 magnetic NPs (MNPs) also contributes to 

the enhanced efficiency of the US/ H2O2/ Fe3O4 system, as ultrasonication inhibits catalyst 

aggregation and modifies surface physiochemical properties [170]. Similar US methods 

based on H2O2 have been created to remove different antibiotic pollutants and achieving 

high removal rates with the Fenton-based US process [37, 38]. Moreover, ultrasonic 

irradiation promotes the regeneration of ferrous ions and the generation of additional 

HO• radicals from water, where H2O2 is used or not. This process facilitates the efficient 

degradation of antibiotics even at lower concentrations of Fenton reagents [171]. For 

example, treating synthetic wastewater containing metronidazole (MTZ) with 400 mg/L 

of Fe3O4@HZSM-5 at a 40 kHz ultrasound frequency resulted in nearly 98% removal of 

MTZ and 81% reduction of TOC after just 40-minute treatment. In contrast, the removal 

efficiency in real wastewater was slightly lower, at 83% [170]. Another study showed 

that employing lower US frequency (20 kHz) resulted in 83.1% degradation and 42% 

mineralization efficiency for 50 mg/L of chloramphenicol. This approach utilized sodium 

percarbonate, which acts as a solid carrier for H2O2) with n-Fe2O3. Here, hydroxylamine 

(HA) in its protonated form effectively reduced Fe 3+ to Fe2+ [172]. 
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Fig. 2.6 Graphical mechanism of the sono or sono-photo-Fenton process in 

homogeneous and heterogeneous process. 

 

The sono-photo-Fenton process combines ultrasonic (US) and light irradiation to 

create reactive species (RSs) such as HO•, HOO•, and H•, which prevents the 

recombination of these species and increases the efficiency of degrading contaminants 

at lower US frequency. For example, when using a spinel ferrite cobalt on an activated 

carbon nanocatalyst at a 20 kHz US frequency, nearly 95.7% degradation of MTZ was 

achieved within 90 minutes. This is compared to only 42.1% removal efficiency with 

photo-Fenton systems alone [38]. Another study showed that a bit higher US frequency 

(40 kHz) resulted in 95.65% of CIP degradation efficiency using red mud/rice husk 

biochar composite (RMR) with in situ generation of H2O2, compared to 75.97 for the 

sono-Fenton process [173]. The advantages of the sono-photo-Fenton process include 

reduced chemical and catalyst requirements, ease of operation, wide pH tolerance, and 

compatibility with other methods. However, there are also some disadvantages, such as 

high energy consumption and the need for special reactors using light, increasing initial 

and operating costs. Despite these factors, the SPF technique offers a reliable way to 

improve the breakdown of newly discovered pollutants in wastewater treatment. A 

comprehensive summary of the research on the homogeneous and heterogeneous sono 

Fenton processes for antibiotic removal is presented in Table 2.5. 
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2.5.4 Electro-Fenton Process for Antibiotic Degradation 

The Electro-Fenton (EF) process employs the Fenton reaction, in which H2O2 is 

electrochemically produced at the cathode by reducing oxygen (Fig. 2.7). An iron-

containing catalyst facilitates this reaction, generating highly reactive HO• radicals that 

can oxidize pollutants. EF processes are classified into four types based on the addition 

or generation mechanism of the Fenton reagents (H2O2 and Fe2+) [174]. Type I (actual 

electro-Fenton) involves the in-situ production of H2O2 and the external addition of Fe2+. 

Type II (peroxi-coagulation) generates both H2O2 and Fe2+ electrochemically using a 

sacrificial iron anode. Type III (Fered-Fenton) externally adds both reagents and 

regenerates Fe2+ at the cathode. Type IV (electrochemical peroxidation) adds H2O2 

externally while generating Fe2+ in-situ. Each type optimizes pollutant degradation 

differently, offering advantages such as cost-efficiency, reduced sludge production, and 

enhanced safety by preventing H2 production, making EF processes effective and 

environmentally friendly for wastewater treatment [175]. The simultaneous on-site 

production of H2O2 and the cathodic regeneration of Fe2+ from Fe3+ enhance the reaction 

rate and mineralization efficiency in lab-scale operations. Initially, the EF system 

requires a low pH of around 3, which can be expensive due to the need for pH 

adjustment chemicals. However, alternative methods have been developed to maintain 

the optimal pH using reaction-released H⁺ and OH⁻ without additional chemicals. 

Nevertheless, there are still issues with non-recoverable catalysts post-reaction [176]. To 

address these limitations, heterogeneous EF has been proposed as a viable alternative 

[177]. This process typically employs Fe-based solid catalysts, such as α-FeOOH [178], 

FeS [179], Pd/Fe3O4 [180], MWCNTs-CB/GF [181], Fe0 [39] and FeNi3@C [182] to 

decompose H2O2 into HO• radicals. For example, Du et al. (2020) utilized Fe/Fe₃C@PC as 

a heterogeneous EF catalyst, achieving 99% and 97% degradation of sulfamethazine and 

levofloxacin, respectively, within 60 minutes. The catalyst was easily recovered and 

recycled using a simple H2 thermal treatment [183]. Moreover, novel heterogeneous 

catalysts like Cu-Fe-NLDH have demonstrated impressive performance, with a 93% 

reduction of gentamicin in 100 minutes at pH 3 and 400 mA current flow [184]. Droguett 

et al. (2020) employed a cell with a titanium-iridium dioxide anode and a gas diffusion 

electrode cathode to treat cefalexin, achieving complete removal at pH 3 and 50 mA/cm2 
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current density within 30 minutes and a 43% mineralization after 300 minutes. Despite 

some loss of surface material, these catalysts showed excellent reusability. The minimal 

current efficiency (MCE) was 2%, and the electrical energy consumption for TOC 

removal (ECTOC) was 8.67 kWh [185]. 

 

Fig. 2.7 Graphical mechanism of the electro-Fenton process in homogeneous and 

heterogeneous process. 

 

The oxidation capacity of the EF process can be significantly increased when the 

solution is exposed to light, leading to the photo-electro-Fenton (PEF) process [186, 187]. 

The primary disadvantage of utilizing artificial light sources is their substantial energy 

expenditure in practical implementation. To address this issue, researchers have 

suggested using sunlight directly as a sustainable and cost-effective energy resource. The 

significant impact of UV irradiation in these photo-assisted electrochemical advanced 

oxidation processes (EAOPs) can be attributed to two main factors [188]: (i) the 

breakdown of Fe(OH)²⁺ by photolysis and (ii) the conversion of certain Fe(III)-

carboxylate complexes through photodecarboxylation. Utilizing an undivided cell in EF 

and solar PEF, along with a high O2-overpotential anode (M), facilitates the simultaneous 

degradation of antibiotics by heterogeneous M(HO•) radicals generated as intermediates 

during water oxidation [188]. Boron-doped diamond (BDD) thin-film electrodes are the 

most desirable anodes for EAOPs due to their superior capacity to generate larger 

quantities of reactive BDD compared to other commonly used anodes such as Pt, PbO2, 
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Ti4O7, carbon-felt, carbon-fiber, graphite, and dimensionally stable anodes (DSA) [111, 

176, 182]. This enables more extensive mineralization of antibiotics. For instance, the 

BDD anode could improve the decay kinetics of ofloxacin by 1.4–2.6 times and reduce 

disposal costs by 28%–41%. A TOC removal efficiency of 72% was observed at a lower 

current of 4.2 mA/cm2, which is better than the anodic oxidation process under 8.3 

mA/cm2 [111]. A comprehensive summary of the research on the homogeneous and 

heterogeneous Electro Fenton processes for antibiotic removal is presented in Table 2.6. 

2.6 Practical Applications of Fenton Processes 

The majority of research on Fenton processes for breaking down antibiotics focuses 

on individual compounds in ultrapure water, drinking water, or synthetic water 

matrices [18]. Only a few studies have examined the application of these processes to 

real-world wastewater effluents [72, 189, 190]. Additionally, there is a lack of information 

on using traditional Fenton and modified Fenton processes for treating real wastewater 

containing antibiotics at very low concentrations, such as those in the ppb range (μg/L 

to ng/L). Real wastewater differs significantly from synthetic samples used in laboratory 

studies due to its complex mix of various contaminants, variables pH levels, and 

unknown matrix effects. These factors can greatly impact the effectiveness of Fenton 

processes, as real wastewater often contains alkalinity, low conductivity, and substantial 

amounts of radical scavengers, such as chloride, carbonate, and bicarbonate, which can 

reduce the efficiency of conventional Fenton treatments. Although laboratory studies 

have extensively documented the effectiveness of various Fenton processes, their 

practical implementation shows promise for real-world application. For instance, a 1.5 L 

solar-Fenton reactor, using 3.0 mg/L of Fe(III)-EDDS (in a 1:2 ratio) and 2.75 mg/L of 

H2O2, achieved 90% degradation of amoxicillin and 70% degradation of acetaminophen 

in municipal wastewater treatment plant (MWTP) effluent after 210 minutes of operation 

at neutral pH [72]. Complete elimination of acetaminophen required five additional 

increments of 2.75 mg/L of H2O2, as the consumption of H2O2 exceeded optimal levels 

due to the presence of other compounds that consume hydroxyl radicals, including 

organic matter, humic acids, carbonates, and bicarbonates. This experiment was 

conducted using a solar simulator light. Multiple factors influence the cost of the PF 
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process, including radiation energy levels and the availability of Fenton reagents [191]. 

Additionally, integrating solar reactors with pre-treatment or polishing processes can 

lead to further costs reductions. This integration offers advantages such as lowered 

installation and maintenance costs, as well as reduced electricity consumption. A notable 

practical application was demonstrated in a study at the El Bobar wastewater treatment 

plant (WWTP) in Almería, Spain. This study involved the construction of a 100 m2 

raceway pond reactor (RPR) with a liquid depth of 18 cm. The operational plant served 

a population equivalent to 230,000 and has treatment capacity of 30,000 m3 per day. It 

not only reduced construction costs but also allowed for adjustment in liquid depth 

based on the availability of UV radiation from sunlight. The study showed that over 85% 

of 115 emerging contaminants were successfully removed from the real WWTPs [190]. 

To operate the Fenton treatment process at a neutral pH, chelating agents were 

used to prevent iron precipitation by binding to iron in laboratory experiments. Lab-

scale experiments demonstrated that a very low iron dose of 0.054 mM was sufficient to 

remove 97% of the model compounds (MCs). However, when treating real MWTP 

effluent with the same MCs, a higher iron dose of 0.1 mM was required, resulting in an 

87% removal of the MCs. The pilot-scale reactor efficiently eliminated all the studied 

MCs, using optimal conditions determined at the lab scale with a solar simulator [189]. 

These removal percentages align with findings from previous RPR pilot-scale studies on 

solar photo-Fenton treatment of municipal effluents. Molina et al. [192] found that over 

80% of contaminants of emerging concern (CEC) were removed within 15 minutes of 

treatment in a 5 cm deep RPR plant using the Fe-EDDS reagent [192]. Similarly, Arzate 

et al. (2017) reported 84% and 89% CEC removal rates in a 5 cm deep RPR operating in 

continuous flow mode with hydraulic retention times (HRT) of 40 and 80 minutes, 

respectively [193].  

Recent advancements in wastewater treatment technologies have shown 

promising potential for the sono-Fenton process due to its simple operation and efficient 

production of reactive species. Although acoustic cavitation (AC) has shown significant 

promise in laboratory settings, real- world applications remain underexplored. Studies 

have demonstrated that high ultrasonic frequencies, typically ranging from 350 to 500 
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kHz, effectively eliminating antibiotics at the laboratory scale. Furthermore, pilot-scale 

applications suggest that even higher frequencies (>500 kHz) could enhance wastewater 

treatment in practical scenarios [194]. However, the considerable expenses associated 

with ultrasonic treatments prompt a reconsideration of the method by incorporating 

light irradiation to achieve synergistic effects and lower treatment costs. For example, a 

half liter sample of real wastewater containing a reactor was effectively utilized to 

degrad fifteen pharmaceuticals by using ultrasound and photocatalytic system in 

Colombian hospital wastewater. This approach achieved approximately 91% removal 

efficiency within 1.5 hours using a sonochemical process (375 kHz and 88 W L⁻¹, 1.5 h) 

with Fe2+ (5 ppm) and UVC light (4 W). These results surpassed the efficiency of the SPF 

process, which achieved an 82.86% removal rate [195].  

The electro-Fenton (EF) process is gaining attention due to its potential application 

at pilot or full-scale levels for real wastewater treatment, which handles complex and 

diverse contaminants. Despite most EF studies being laboratory-based, scaling up poses 

challenges such as optimizing degradation efficiency, hold-up time, area requirements, 

and economic feasibility. The investment and operating costs are significant 

considerations, particularly for electrode development and energy consumption. For 

example, Basturk et al. [196] conducted an economic feasibility study of the EF process 

for degrading cephalexin, ciprofloxacin, and clarithromycin antibiotics from medical 

laboratory wastewater. However, translating these findings to industrial scales presents 

challenges due to the idealized conditions of laboratory experiments. Effective scale-up 

of EF process requires innovative approaches, such as developing cost-effective, high-

performance electrode materials, optimizing operational conditions, and integrating 

hybrid systems. Bugueño-Carrasco et al. [187] evaluated a solar photo-electro-Fenton 

pilot facility for degrading pharmaceuticals, including ampicillin, sulfamethazine, 

tetracycline, and non-steroidal anti-inflammatories. This pilot plant features an 

electrochemical filter press cell with a dimensionally stable anode (DSA) and an air-

diffusion cathode connected to a solar photoreactor exposed to sunlight. Complete 

degradation of all pharmaceutical drugs was achieved within 10 minutes, and TOC 

removal efficiency reached 99.2% after 100 minutes, with an energy consumption of 

534.23 kWh and 7.15 kWh/m3. The treatment costs ranged from 0.064 to 1.01 USD per 
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cubic meter of pharmaceutical wastewater. Over the past decades, the Brillas working 

group has published numerous articles on EF processes using a pre-pilot plant for 

treating various wastewater [197, 198]. In photo-electro-Fenton (PEF) setups, the plant is 

connected to an annular photoreactor with a 160W UVA lamp, enhancing oxidation 

power in the order EO-H2O2 ≪ EF < PEF. The superiority of PEF over EF is attributed to 

additional Fe2+ regeneration and HO• production induced by light. Moreover, 

continuous electrochemical reactors are gaining attraction for their improved treatment 

efficiency, chemical reduction, high reproducibility, and ease of scale-up. A novel system 

termed the solar electrochemical raceway pond reactor (SEC-RPR) combines a raceway 

pond reactor with an electrochemical system. It has shown promising results in 

degrading contaminants of emerging concern (CECs) in MWWT effluents [186]. This 

involves the reaction of Fe2+ with H2O2, generated through the reduction of O2 at an air 

diffusion cathode. The SEC-RPR process further boosts the mineralization efficiency up 

to 55% with extended treatment time. A comprehensive summary of the research on the 

degradation of antibiotics on a pilot scale study is presented in Table 2.7. 



 

 

 

Chapter 2: LITERATURE REVIEW     36 

Table 2.1. Degradation of Antibiotics by Homogenous Fenton Process 

Antibiotics Name & dose 

(mg/L) 

Fe2+ dose 

(mg/L or mM) 

Dose of H2O2 

(mM) 

Solution 

pH 

Removal 

efficiency (%) 

Reaction 

time (min) 
Reference 

Amoxicillin (104) 

4.687 46.87 3.0 

100 

2 [119] Ampicillin (105) 100 

Cloxacillin (103) 100 

Amoxicillin (105) 25 0.007 3.5 100 2.5 [199] 

Ampicillin (20) 0.87 0.373 3.7 100 10 [200] 

Doxycycline (100) 25 17.99 5 100 10 [201] 

Chlortetracycline (34.22) 0.3 0.3 3 76 106 [87] 

Sulfamethoxazole (200) 1 4 3 100 10 [124] 

Trimethoprim (14.5) 4 mM 1 3 100 20 [125] 

Ciprofloxacin (53.21) 17.46 74.55 4.57 74 25 [202] 

Ciprofloxacin (10) 5 25.6 3 76 45 [121] 

Ciprofloxacin (100) 1.42 14.2 7 70 15 [122] 

Ciprofloxacin (8) 20 2.35 5.8 64 80 [203] 

Amoxicillin (100) 112 0.03 3 82.67 20 [204] 
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Tetracycline (50) 0.05 0.1 3 71 10 [123] 

Sulfathiazole (0.1) 0.15 2 3.45 <90 10 [112] 

Ampicillin (0.27) 1 2.5 3.5 

100 30 [94] Doxycycline (0.1) 1 1 3.5 

Tylosin (0.19) 5 20 3.5 
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Table 2.2. Degradation of Antibiotics by Heterogeneous Fenton and Fenton-Like Process 

Antibiotics Name & 

dose (mg/L) 

Catalyst Name and dose (mg/L 

or mM) 

Dose of 

H2O2 (mM) 

Solution 

pH 

Removal 

efficiency (%) 

Reaction 

time (min) 
Reference 

Ofloxacin (10) 50 mg/L of alginate beads/CDTA 10.0 3 94 120 [205] 

Ciprofloxacin (10) 280 mg/L of nZVI 100.0 7 100 30 [127] 

Ciprofloxacin (10) 500 mg/L of FeCuO2 10.0 6 10 30 [73] 

Ciprofloxacin (10) 200 mg/L of sludge Biochar 60.0 4 90 240 [206] 

Metronidazole (20) 0.5g/L of 3D-GN@Cu0 2.0 3.2 92 120 [207] 

Tetracycline (100) 100 mg/L of Fe0@CeO2 100 5.8 94 60 [128] 

Tetracycline (30) 500 mg/L of Pig manure Biochar 5.0 7.4 100 240 [135] 

Ofloxacin (30) 

1000 mg/L of MnFe2O4@C-NH2 29.4 3 

97.4 180 

[102] Amoxicillin (30) 99.1 180 

Tetracycline (30) 95.5 180 

Ofloxacin (20) 230 mg/L of rGO-Fe3O4 50.0 7 99.9 60 [129] 

Tetracycline (30) 1000 mg/L of MnFe2O4-HSO3 29.4 3 87.6 180 [136] 

Ciprofloxacin (20) 500 mg/L of Fe (Fe0.69Al0.31)2O4@C 1.2 3 51 180 [208] 

Ofloxacin (20) 
20 mg/L of (Fe-PW12O40)/ 

Bi4TaO8Cl 
1.5 3 52.77 60 [209] 

Tetracycline (20) 
20 mg/L of Fe-polyoxometalate 

decorated Bi2MoO6 
1.5 3.5 37.16 18 [98] 

Sulfamethoxazole (10) 10 mg/L of MIL-101-NH2 -Fe 1.0 5.4 100 70 [132] 

Ciprofloxacin (20) 1g/L of CuCoFe2O4@AC 73.5 7.0 95.77 120 [131] 

Sulfamethoxazole (130) 1.2 g/L of iron-loaded biochar  20  3.0  98.37 480 [130] 
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Table 2.3. Degradation of Antibiotics by Homogenous Photo-Fenton and Fenton-Like Process 

Antibiotics Name & 

dose (mg/L) 

Catalyst Name & dose 

(mg/L or mM) 

H2O2 dose 

(mM) 

Light Sources and 

Solution pH 

Removal 

efficiency (%) 

Reaction 

time (min) 
Reference 

Ciprofloxacin (15) 0.05 mM of Fe2+ 5.0 
6 W of UV lamp 

pH = 4, UPW/SWW 
100 45 [210] 

Sulfamethazine (50) 50 mg/L of Fe2+ 17.6 
300 W Sunlight lamp 

pH = 3, UPW 
100 2 [211] 

Chloramphenicol (209) 10 mg/L of Fe2+ 11.75 

400 W High-pressure 

mercury vapor lamps 

pH = 2.8, UPW 

98 16 [212] 

Thiazole (0.047) 
0.157 mM of Fe2+ 

 
1.2 

20 W UV light 

pH = 3, DW 
90 8 [213] 

Sulfamethazine (50) 0.2mM of Fe2+ 1.0 
White LED light 

pH = 3, UPW 
90 30 [214] 

Tylosin (15) 6 mg/L of Fe2+ 0.01 
11W UV light 

pH = 2.6, UPW 
97.1 210 [215] 

Sulfamethoxazole (40) 
0.179mM of Fe2+ 

 
0.1 

1500 W Xenon lamp 

pH = 3, DW 
99.7 50 [33] 

Cephalexin (50) 0.2 mg/L of Fe2+ 9.0 
UV lamp 

pH = 3.5, UPW 
51.7 180 [158] 

Chloramphenicol (6.5) 0.04 mM Fe3+ 0.5 
Xenon arc lamp 

pH = 3, UPW 
100 60 [216] 
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Table 2.4. Degradation of Antibiotics by Heterogeneous Photo-Fenton and Fenton-Like Process 

Antibiotics Name & 

dose (mg/L) 

Catalyst Name & dose (mg/L or 

mM) 

H2O2 dose 

(mM) 

Light Sources and 

Solution pH 

Removal 

efficiency 

(%) 

Reaction 

time (min) 
Reference 

Cefuroxime (20) 1000 mg/L of α-Fe2O3-TiO2 5.3 

30W Solar 

simulator light 

pH = 3, DW 

100 150 [217] 

Tetracycline (20) 500 mg/L of CuCN 80 
300W Xenon lamp 

pH = 7, UPW 
93.6 60 [218] 

Cephalexin (50) 0.63 mg/L of FS/FA/TiO2 beads 4.4 
36 W UV Tubes 

pH = 3.5, UPW 
89 240 [219] 

Norfloxacin (0.5) 
1200 mg/L of Fe3O4/ multi 

walled carbon nanotubes 
0.098 

300 W Xenon lamp 

pH = 3, UPW 
90 180 [220] 

Ofloxacin (10) 
500 mg/L of ferrocene@ sepiolite 

(FeCp@Sep) 
2.0 

300 W Xenon lamp 

pH = 3, UPW 
100 150 [160] 

Tetracycline (40) 50 mg/L of MnFe2O4/biochar 100 
300W Xenon lamp 

pH = 5.5, UPW 
93 120 [163] 

Amoxicillin (50) 1000 mg/L of flyash 10 
150 W UV lamp 

pH = 7.1, UPW 
36.1 240 [139] 

Tetracycline (20) 1000 mg/L of α-Fe2O3/BiOI 10 
35 W Xenon lamp 

pH = 6.5, UPW 
80.3 30 [153] 

Ciprofloxacin (10) 200 mg/L of Fe-BiVO4 0.04 
35 W Xe lamp 

pH = - 
99 30 [155] 
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Ciprofloxacin (10) 20 mg/L of TiO2/γ-Fe2O3/GO 9.7 mM 

300 W of Xenon 

lamp 

pH = 6.6, UPW 

99 140 [156] 

Sulfamethoxazole (5) 25 mg/L of NiFe2O4-MWCNT 8.82 

150 W of Xenon arc 

lamp (UV light), pH 

= 5, UPW 

99 120 [146] 

Tetracycline (20) 1.0 g/L of FePOM/CNNS-Nvac 10 

300 W of Xenon 

lamp 

pH = 4.5, UPW 

96.5 18 [52] 

Tetracycline (60) 300 mg/L of ZnFe2O4 20 
LED lamp (420 nm) 

pH = 2, UPW 
94.2 40 [221] 

Tetracycline (20) 200 mg/L of g-C3N4/ND Fe2O3 50 

300W of Xenon 

lamp (UV) 

pH = 7, UPW 

87 60 [151] 

Tetracycline (50) 50 mg/L of FeS2/g-C3N4 50 

50 W of Xenon 

lamp (UV) 

pH = 10, UPW 

93 60 [154] 

Tetracycline (20) 200 mg/L of CuFeO2/ biochar 20 

300 W of Xenon 

lamp (UV) 

pH = 5.5, UPW 

92.5 120 [162] 

Cephalexin (50) 150 mg/L of MoS2@Fe 26.4 
UV lamp 

pH = 3.5, UPW 
73 180 [158] 

Sulfamethoxazole (20) 100 mg/L of PPyC@Py-MIL (Fe) 0.1 
300 W Xenon lamp 

pH = 6.5, UPW 
93 60 [138] 

Sulfamethoxazole (5) 300 mg/L of Fe3S4 9.79 
10 W of LED (UV) 

pH = 5, UPW 
100 25 [147] 



 

 

 

Chapter 2: LITERATURE REVIEW     42 

Tetracycline (20) 
500 mg/L of Fe-doped porous 

carbon nitride  
80 

300 W of Xenon 

lamp  

pH = 7, UPW 

94.6 80 [222] 

Ciprofloxacin (20) 500 mg/L of FeSA/WO3/ BiOBr 1.6 

500 W of Xenon 

lamp  

pH = 5.6 - 5.8, UPW 

100 60 [34] 

Ofloxacin (10) 
20 mg/L of (Fe-PW12O40)/ 

Bi4TaO8Cl (FPWBT) 
3.0 

5W LED light 

pH = 3, UPW 

98.87 60 

[209] Norfloxacin (10) 98.18 90 

Ciprofloxacin (10) 97.26 90 

Tetracycline (50) 
40 mg/L of Cd/CdS-CuO/Fe2O3/ 

CuFe2O4 
20 

300W of Xenon 

lamp 

pH = 7, UPW 

82.43 90 [149] 

Norfloxacin (20) 

500 mg/L Fe-TNFs 17.6 
100 W White LED 

pH = 6.8, UPW 

95 300 

[36] Tylosin (20) 60 300 

Tetracycline (20) 95 300 

Tetracycline (20) 

20 mg/L of Fe-polyoxometalate 

decorated Bi2MoO6 

1.5 

 

5W White LED 

pH = 3.5, UPW 

 

99.79 

18 [98] 

Ofloxacin (20) 98.68 

Norfloxacin (20) 93.69 

Ciprofloxacin (20) 89.78 

Sulfamethoxazole (20) 81.82 

Tetracycline (20) 
400 mg/L of NaFeSi2O6/ Fe3O4 –

Fe2O3 
20 

300 W Xenon arc 

lamp 

pH = 6.5, UPW 

91.8 50 [148] 
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Oxytetracycline (10) 125 mg/L of FePc/g-C3N4 1000 
300 W Xenon lamp 

pH = 5, UPW 
88.48 60 [152] 

Norfloxacin (10) 1500 mg/L La-doped BiFeO3 15 
300 W Xenon lamp 

pH = 5, UPW 
84.94 120 [150] 

Oxytetracycline (10) 
1000 mg/L iron-doped resorcinol 

formaldehyde (FRF) resin 
- 

5 W Simulated solar 

light 

pH = 5, UPW 

99.9 60 [159] 

Sulfamethoxazole (2.0) 
250 mg/L Ag0/Fe0/biochar 0.10mL/L 9 W UV-A lamps 

pH = 3, UPW 

82.6 
120 [165] 

150 mg/L Ag0/Fe0/biochar 0.25 mL/L 92.8 
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Table 2.5. Degradation of Antibiotics by Sono-Fenton Process 

Antibiotics Name & 

dose (mg/L) 

Catalyst Name & dose 

(mg/L or mM) 

H2O2 dose 

(mM) 

Ultrasound 

irradiation and other 

parameters 

Removal 

efficiency (%) 

Reaction 

time (min) 
Reference 

Tinidazole (45) 200 mg/L of Fe0 1000 
US = 130 kHz, 800W, 

pH = 3, UPW 
93 150 [223] 

Levofloxacin (20) 1000 mg/L of Fe3O4 5.0 
US = 20 kHz, 195 W, 

pH = 7.14, UPW 
99 150 [224] 

Tetracycline (100) 1000 mg/L of Fe3O4 150 
US = 20 kHz, 100 W, 

pH = 3.7, UPW 
93.6 60 [104] 

Clindamycin (45) 200 mg/L of Fe0 1000 
US = 130 kHz, 500 W, 

pH = 3, UPW 
95 150 [225] 

Metronidazole (500) 3 mM/L of Fe2+ 60 
US = 20 kHz, -W, pH = 

3, UPW 
90 120 [171] 

Norfloxacin (5) 0.25 g/L of nZVC 20 
US = 20 kHz, 240 W, 

pH = -, UPW 
91.5 30 [167] 

Azithromycin (20) 1000 mg/L of ZnO 50 
US = 35 kHz, -W, pH = 

3, UPW 
98.4 15 [226] 

Amoxicillin (100) 800 mg/L of ZnO/Fe3O4 2.0 
US = 20 kHz, 60W, pH 

= 3, UPW 
90 120 [227] 

Cephalexin (50) 8 mg/L of Fe2+ 60 mg/L 
US = 130 kHz, -W, pH 

= 3, UPW 
90 60 [228] 

Amoxicillin (5) 4.5 g/L of sea sediment 50 
US = 37 kHz, 320 W, 

pH = 5, UPW 
97.7 60 [168] 

Tetracycline (10) 
300 mg/L of Fe-MOF 

(MIL-88B) 
44 

US = 40 kHz, 60W, pH 

= 5, UPW 
>80 7 [229] 
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Tetracycline (8) 
1000 mg/L of nano-

pyrite 
4.0 

US = 26 kHz, 200W, 

pH = 3, UPW 
93.1 20 [230] 

Tetracycline (10) 
300 mg/L of 

MnFe2O4/rGO 
12 

US = 40 kHz, 450W, 

pH = 3, UPW 
92.85 120 [37] 

Metronidazole (25) 
400 mg/L of 

Fe3O4@HZSM-5 
1.0 

US = 40 kHz, 50W, pH 

= 7, SWW 
98 40 [170] 

Metronidazole (30) 

300 mg/L of spinel 

ferrite cobalt on 

activated carbon 

4.0 
US = 20 kHz, 50W, pH 

= 3, UPW 
89 90 [38] 

Chloramphenicol (50) 2500 mg/L of n-Fe2O3 - 
US = 20 kHz, 200W, 

pH = 3, UPW 
83.1 120 [172] 

Ciprofloxacin (20) 
1000 mg/L of red 

mud/rice husk biochar 

- 
US = 40 kHz, 600W, 

pH = 3, Distilled water 
75.97 

180 [173] 

- 

US = 40 kHz, 600W, 

pH = 3, 8W UVA 

lamp, Distilled water 

95.65 
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Table 2.6. Degradation of Antibiotics by EF Process 

Antibiotics Name & 

dose (mg/L) 

Catalyst Name & dose 

(mg/L or mM) 

H2O2 dose 

(mg/L or mM) 

Electrode, pH and 

Other Parameters 

Removal 

efficiency (%) 

Reaction 

time (min) 
Reference 

Sulfadiazine (10) 0.4 mM of Fe2+ 73.5 
DSA/graphene, pH = 

7.1, I = 50 mA 
99 120 [231] 

Amoxicillin (100) 0.5 mM of Fe2+ 309 

MWCNTs-CB/GF 

electrode 

Ti|RuO2-

IrO2/MWCNTs-CB/GF 

pH = 5.5, J = 12mA cm-2 

98.7 30 [181] 

Amoxicillin (10) 
26.17 mg/L of 

FeSO4.7H2O 
17.68 

Cubic cell (BDD, 

DSA/SS 

pH = 2.29, I = 366.08 

mA 

97 30 [232] 

Amoxicillin (20) 1000 mg/L of Fe2O3 38.0 
Pt sheet/GF, pH = 3, I = 

300 mA 
98.2 60 [233] 

Metronidazole (80) 500 mg/L of Fe3O4–GO - 
Pt gauze/CF, pH = 3, I 

= 300 mA 
100 15 [234] 

Gentamicin (20) 
1.25 g/L of Cu-Fe-

NLDH 
20 µM 

Pt sheet/graphite, pH = 

6, I = 400 mA 
91.3 100 [184] 

Cephalexin (50) 1 g/L of chalcopyrite 4.5 mM 

IrO2/air diffusion 

cathode 

pH = 3, I = 125 mA 

94 15 [185] 

Sulfamethazine (10) 

50 mg/L of Fe/Fe3C@CP 68.0 

Ti–RuO2/CB–CF, pH = 

4, I = 25 mA 
99 30 

[183] 

Levofloxacin (80) 
Ti–RuO2/CB–CF, pH = 

3, I = 25 mA 
97 60 
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Cefazolin (20) 
1.25 g/L of CuFeNLDH-

CNTs 
- 

Pt sheet/CUFeNLDH–

CNTs-graphite, pH = 

6, I = 300 mA 

89.9 100 [235] 

Sulfamethazine (10) 
224 mg/L of Fe0 

20 mg/L of MoS2 
- 

Ti|RuO2-IrO2/GF, pH = 

4, I = 50 mA 
100 10 [39] 

Levofloxacin (20) 1 mM of Fe2+ - 
CF/FeNC, pH = 3, I = 

100 mA 
96.1 40 [40] 

Ofloxacin (0.1 mM) 0.2 mM of Fe2+ 6.7 mg/h 
EEGr and BDD, pH = 

3, I = 8.33 mA 
100 30 [111] 

Levofloxacin (30) 0.1 mM of Fe2+ - 
 Fe@Co/GF, pH = 3, I = 

5 mA/cm2 
90.38 160 [236] 

Sulfamethoxazole (20) - - 
CeO2@MoS2@GF, pH = 

3, I = 5 mA/cm2 
97.1 60 [237] 

Sulfamethoxazole (10) 

 
- - 

 Cu-Al LDO/HGF, pH 

= 5.6, I = 5 mA/cm2 
100 60 [238] 

Metronidazole (20) metal-free  - 
AGF/BN-GF, pH = 5.8, 

I = 5 mA/cm2 
99.9 30 [176] 

Oxytetracycline (10) 30 mg/L of FeNi3@C - 
FeNi3@C/CP, pH = 3, I 

= 60 mA 
95.4 90 [182] 

Tetracycline (20) - - 
CuFe@NCNT/CMM, 

pH = 6.5, I = - 
82.2 120 [177] 
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Table 2.7. Degradation of Antibiotics in a Pilot Scale Study 

Antibiotics Name & 

dose (mg/L) 

Catalyst Name & 

dose (mg/L or mM) 

H2O2 dose 

(mM) 
Operating parameters 

Removal 

efficiency 

(%) 

Reaction 

time (min) 
Reference 

Ofloxacin (0.1) 
5 mg/L Fe²+ 75 (mg/L) 

Sunlight, CPC pilot plant 

pH = 2.8-2.9, SWTP (250 L) 

100 
180 [239] 

Trimethoprim (0.1) 100 

58 Micropollutants 

(MPs) 
5.5 mg/L of Fe2+ 30 mg/L 

Sunlight, RPR pilot plant, pH = 

2.8, WWTP secondary effluent 

84 40 
[193] 

89 80 

18 Chemical emerging 

contaminants (CECs) 

5.6 mg/L (0.1 mM of) 

of Fe3+:EDDS (1:1) 
0.88 mM  

Sunlight, RPR pilot plant (19 L, 

5 cm depth), pH = 7.4 ± 0.2, 

WWTP secondary effluent 

> 80 15 [192] 

15 Pharmaceutical 

drugs 
5.0 mg/L of Fe2+ - 

UVC light (4W), pH = 7.9, 

hospital wastewater (350 mL) 
82.86 90 [195] 

17 Micropollutants 

(MPs) 
5.0 mg/L of Fe2+ - 

UVA light (4W), pH = 7.48, 

municipal effluents (300 mL) 
47.36 90 [51] 

15 Pharmaceutical 

drugs 
5.0 mg/L of Fe2+ - 

US frequency 375 kHz, US 

power 88 W L−1, UVC (4W), pH 

= 7.9, hospital WW (350 mL) 

91 90 [195] 

17 Micropollutants 

(MPs) 
5.0 mg/L of Fe2+ - 

US frequency 375 kHz, US 

power 88 W L−1, pH = 7.48, 

municipal effluents (300 mL) 

45.99 90 [51] 

46 Microcontaminants 
5.6 mg/L (0.1 mM of) 

of Fe3+:EDDS (1:1) 
1.47 mM  

Sunlight, RPR pilot plant (90 L, 

15 cm depth), pH = 7.4 ± 0.2, 

MWWTP effluent 

> 80 20 [189] 

115 Chemical emerging 

contaminants (CECs) 
0.1 mM FeSO4 1.47 mM  

Sun light, RPR pilot plant, pH 

= 2.8, WWTP's effluents 
> 85% CEC 60 [190] 
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2.7 Key Knowledge Gaps and Future Directions 

Complex contamination and assessment in natural water bodies 

Current research on Fenton processes frequently focuses on simplified, controlled 

environments that fail to capture the complexity of real-world water contamination. The 

presence of multiple contaminants in natural water bodies, including surface and 

groundwater, significantly complicates the assessment and effectiveness of these 

treatment processes. Future research should aim to elucidate the interactions between 

multiple pollutants in natural water environments, with an emphasis on simulating real-

world conditions to evaluate the efficacy of Fenton processes in removing a diverse array 

of contaminants, not limited to antibiotics. This necessitates a comprehensive 

exploration of Fenton reactions in complex matrices, including investigating the impact 

of various environmental factors such as pH, ionic strength, and the presence of natural 

organic matter on treatment efficiency. By adopting a more holistic approach that reflects 

the intricate nature of environmental water systems, future studies can provide a more 

accurate assessment of Fenton processes and their potential for real-world applications. 

Scale-up from laboratory to pilot-scale applications 

The majority of research on antibiotic degradation employing Fenton processes are 

conducted at the laboratory scale, resulting in a limited understanding of their 

performance at larger pilot or full scales, particularly concerning operational stability, 

cost-effectiveness, and scalability. For Fenton processes to transition from laboratory to 

industrial applications, research should prioritize developing and testing pilot-scale 

reactors. These reactors could include commercial photoreactors or membrane 

bioreactor (MBR) systems integrated with Fenton processes. Key focus areas should 

involve optimizing reactor design to enhance efficiency, rigorously evaluating long-term 

operational stability under real-world conditions, and performing comprehensive cost-

benefit analyses. Such efforts are crucial for demonstrating these processes' feasibility 

and economic viability on an industrial scale, thereby facilitating their broader adoption 

for wastewater treatment. 
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Development of cost-effective and high-performance plants 

To transition from lab to practical applications, it is essential to address challenges 

such as optimizing energy efficiency, reducing chemical consumption, and ensuring 

cost-effectiveness. Economic assessments highlight the need for further improvements 

to make Fenton processes competitive with other treatment technologies. Despite these 

successes, pilot-scale applications of Fenton and modified Fenton processes face 

challenges that must be addressed for full-scale implementation. These improvements 

encompass minimizing iron-laden sludge formation, enhancing efficiency under 

environmentally relevant pH conditions, designing affordable electrodes, and reducing 

chemical requirements. These advancements aim to facilitate the scaling and 

commercialization of Fenton-based technologies, rendering them effective for treating 

real wastewater contaminated with antibiotics. 

Comprehensive by-product analysis and toxicity assessment 

The degradation of antibiotics via Fenton processes can result in the formation of 

various by-products, some of which may exhibit unknown or increased toxicity. 

Comprehensive studies on identifying, quantifying, and toxicity assessment of these by-

products are currently lacking. Future research should employ advanced analytical 

methods, such as differential electrochemistry mass spectroscopy (DEMS), to identify 

and quantify the by-products generated during antibiotic degradation. Furthermore, it 

is imperative to prioritize the evaluation of the toxicity of these by-products to prevent 

the inadvertent production of more harmful compounds during treatment processes. 

Investigating the degradation pathways of specific antibiotics, including how reactions 

affect the stability and toxicity of resulting breakdown products, is crucial for enhancing 

the safety and efficacy of Fenton processes. 

Optimization of reaction conditions and process parameters 

A comprehensive understanding of the optimal reaction conditions and process 

parameters essential for maximizing the efficiency of Fenton processes in antibiotic 

removal remains limited. Parameters including pH, temperature, catalyst concentration, 

and reaction time warrant further investigation. Future research endeavors should 

prioritize systematic optimization studies aimed at elucidating the most favorable 
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operational parameters across different Fenton processes. This necessitates that the 

exploration should prioritize systematic optimization studies aimed at elucidating the 

most favourable impacts of various catalysts, oxidizing agents, and reactor 

configurations. By meticulously fine-tuning these parameters, it is possible to 

significantly enhance degradation efficiency and cost-effectiveness, thereby rendering 

the processes more suitable for large-scale applications. 

Environmental impact and sustainability assessment 

Although Fenton processes demonstrate efficacy in antibiotic degradation, a thorough 

understanding of their broader environmental implications and sustainability remains 

lacking. This encompasses considerations such as energy consumption, potential 

secondary pollution, and long-term ecological impacts. To address these knowledge 

gaps, comprehensive life cycle assessments (LCAs) and environmental impact studies 

are warranted to evaluate the sustainability profile of Fenton processes. Future research 

endeavours should be directed towards minimizing energy consumption, mitigating the 

generation of secondary pollutants, and fostering the development of eco-friendly 

treatment methodologies. Integrating renewable energy sources, particularly solar 

power, into solar photo-Fenton processes presents a promising avenue for enhancing 

these treatments' sustainability and environmental benefits. 
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Chapter 3: MATERIALS AND METHODOLOGY  

 

3.1 Chemicals and Reagents 

Ammonium iron Sulfate Hexahydrate (99.5 %, JHD), Sodium Tungstate Dihydrate 

(98 %, Sisco research lab), Cetyltrimethyl ammonium bromide (99%, SRL), NaOH 

(Research lab), Absolute Ethanol (SigmaAldrich), Ciprofloxacin Hydrochloride hydrate 

(98-102%, SRL), Hydrogen peroxide (30% w/w, Scharlau), Potassium Ferrocyanide (99%, 

Giant Chem solutions), Potassium Chloride (99%, Qualikems), Sulfuric acid (98%), 

Ampicillin sodium salt, Tetracycline hydrochloride (H2SO4, ACS reagent, 95-98%, 

Sigma-Aldrich),  LB Broth with agar (Miller), Sodium Chloride (NaCl), Sodium Azide 

(99.5%, SigmaAldrich), Triethanolamine (98%, SigmaAldrich), Iso Propyl alcohol (99.8%, 

Research lab), Superoxide Dismutase bovine (30KU, SigmaAldrich), Potassium 

Dichromate (BDH Chemical Ltd., England), 18.2 MΩ UPW. 

3.2  Instruments 

The instruments and apparatus used for the synthesis and the photocatalytic 

activity of FeWO4 are as follows: Digital balance (BEL M254Ai), Hotplate magnetic stirrer 

(MS-H380-Pro, USA), Direct-Q®3 UV Water purification System, Centrifuge machine 

(CTF-TH16, China), Sonicator (Hwashin Powersonic 405, Korea), Hot air Oven 

(Memmert UN55), Vortex, UV-Vis spectrophotometer (T80+, UK), Xenon Light Source 

(Perfect light PLS-SXE300UV, China), Potentiostat ( µStat-i 400s Potentiostat / 

Galvanostat / Impedance Analyzer), Laminar Air Flow, Refrigerate, Centrifuge machine, 

Rotator Incubator. 

3.3  Synthesis of FeWO4 Nanomaterials 

The FeWO4 nanomaterials were synthesized using a facile hydrothermal method, 

resulting in the development of three different morphologies: particles, rod-like, and 

fiber-like shapes. The precursors, Mohr's salt ((NH4)2Fe(SO4)2∙6H2O) and sodium 

tungstate (Na2WO4·2H2O) were separately dissolved in deionized water and then mixed 
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under constant stirring for 10 minutes to obtain a homogenous solution. After that, 2.5 g 

of cetyl trimethyl ammonium bromide (CTAB) was added into the homogeneous 

solution dropwise and stirred for 1 h. Then, three unlike concentrations of NaOH 

solution (0.66 g, 1.32 g, and 2.64 g) were prepared and poured into the mixture dropwise 

to synthesize particles, rod-like, and fiber-like shapes nanomaterials, respectively. After 

that, the mixture was vigorously stirred for an additional 2 hours, and the resulting 

solution was moved into a 250 mL Teflon-lined stainless-steel autoclave and heated to 

160°C for 24 hours. Upon reaching room temperature, the obtained precipitates were 

washed several times with deionized water and ethanol, followed by drying at 70 °C for 

6 hours. Subsequently, the dried samples were subjected to calcination at 500 °C for 2 

hours to obtain the different crystalline FeWO4 nanomaterials. 

3.4 Characterization of FeWO4 Nanomaterials 

Synthesized FeWO4 nanomaterials were characterized through different 

physiochemical characterization processes. The optical properties of the synthesized 

FeWO4 nanomaterials were analyzed using UV-Vis diffuse reflectance 

spectrophotometry (UV-Vis DRS) with a Lambda 365 UV/Vis spectrophotometer from 

PerkinElmer, USA. The analysis provided information on absorbance and bandgap 

energy in order to understand the material’s photocatalytic potential in Fenton 

processes. The FESE Microscope (FESEM, JSM 7600F, JEOL Ltd., Tokyo, Japan) was used 

to investigate the surface morphology, lattice structure, particle size, and distribution in 

order to present a full view of structural integrity and homogeneity within the FeWO4 

nanomaterials. XRD (XRD, EMPREAL, Netherlands) was used to investigate the 

crystalline structure and phase composition of synthesized nanomaterials to confirm 

their phase purity. The EIS and CV measurements were performed on a 

Potentiostat/Impedance Analyzer (Metrohm, µStat-i 400s, Switzerland). The EIS was 

conducted to determine the CTR and the conductivity of nanomaterials, indicating their 

electrochemical performance and efficiency for ROS generation. CV was performed to 

investigate the redox behavior and electrochemical stability of nanomaterials with the 

objective of probing deeply into the catalytic activity in Fenton reactions. 
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3.4.1 The Debye-Scherrer Formula for Crystalline Size 

The crystalline size and average crystallite size have been estimated by the Debye-

Scherrer formula from the diffractogram of the FeWO4 NP, NR and NF. By using the 

Scherrer equation calculate the crystallite size and average crystallite size from XRD data 

- 

D = 
𝐾λ

β cosθ 
 

Where, D = crystallite size (nm), K = 0.9 (Scherrer constant), λ = 0.15406 nm (wavelength 

of X-ray sources), β = FWHM (radians) and θ = Peak position (radians) 

3.4.2 Determination of Band Gap 

The band gap energy (Eg) of FeWO4 can be calculated from the diffuse reflectance 

spectroscopy (DRS) data using Tauc plots. To determine the values of the direct/indirect 

bands gap energy (Eg), the reflectance was recalculated into the dependence of Kubelka–

Munk function [240]  

(𝐹(𝑅) ⋅ ℎ𝜈){
1
2

}
=  𝐴(ℎ𝜈 −  𝐸𝑔) 

Where F(R) is the Kubelka-Munk function, related to the reflectance, h\nu is the photon 

energy, A is a constant, Eg is the band gap energy. 

By using Tauc’s relation, band gap energies were calculated. This relationship is 

between the absorbance and the photon energy (hν). By plotting ( ℎ𝜈)𝑛 against ℎ𝜈, and 

extrapolating the linear portion of the curve to the x-axis, the band gap energy can be 

determined [241]. In the case of an indirect band gap material, the Tauc equation is 

utilized for this purpose as follows- 

( ℎ𝜈)𝑛 =  𝐴(ℎ𝜈 − 𝐸𝑔) 

In this relation,  is the absorption coefficient, ℎ𝜈 is the photon energy, A is a constant, 

Eg is the band gap energy and n = 2 for direct band gap energy for these nanomaterials. 

The absorption coefficient (α) is estimated by the following relation: 

 =  
−1

𝑡
𝑙𝑛𝑇 

Where, T is the transmittance value and t is the thickness of the substance that is placed 

under UV-Vis irradiation. 
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3.4.3 Electrochemical Characterizations 

3.4.3.1 Preparation of Modified Working Electrode: 

Before modifying the electrodes, the glassy carbon electrode (GCE) was polished 

with an alumina slurry. Subsequently, the GCE was sonicated in ethanol, rinsed with DI 

water, and dried at room temperature. Following this, 1 mg of FeWO4 NP, NR, NF was 

dispersed in 2 mL of 0.5% chitosan and sonicated in a bath sonicator for 20 minutes to 

achieve a homogeneous dispersion. Approximately 10 µL of the homogeneously 

dispersed composite suspension was carefully applied to the pre-cleaned GCE surface 

and then dried in a hot air oven at 50 ºC. For the ensuing electrochemical detection tests, 

the working electrodes were kept at ambient temperature.  

3.4.3.2 Measurement of EIS and CV 

The electrochemical characteristics of three different nanomaterials were assessed 

using EIS and CV. EIS is a valuable methodology in electrochemistry that provides 

insight into the conductivity of electrode surfaces during either oxidation or reduction 

reactions. This technique also yields information about an electrode's alteration in 

conductance or impedance after its modification. In this regard, EIS was conducted using 

three different modified electrodes: FeWO4-NP/CHI-modified GCE (GCE/CHI/FeWO4-

NP), FeWO4-NR/CHI-modified GCE(GCE/CHI/FeWO4-NR), FeWO4-NF/CHI-modified 

GCE (GCE/CHI/ FeWO4-NF). The GCE was first polished using an alumina slurry before 

any electrode modifications. Following this, the GCE was sonicated in ethanol, rinsed 

with DI water, and dry at RT. Next, 1 mg of FeWO4-NP, NR, and NF was dispersed in 2 

mL of 0.5% chitosan and sonicated in a bath sonicator for 20 minutes to ensure uniform 

dispersion. Approximately 10 µL of the resulting composite suspension was then 

carefully applied to the pre-cleaned GCE surface and dried in a hot air oven at 50 ºC. The 

measurements were made in the frequency range from 2.5 × 103 Hz to 5 × 105 Hz, using 

a modulation amplitude of 40 mV in applied electrode potential. The Nyquist plots of 

bare and modified electrodes were recorded in the solution of 5.0 mM [Fe(CN)6]3−/4- and 

0.1 M KCl. In this plot, two-time constants may be well distinguished: a semicircular 

portion at high frequency due to electron transport processes and a linear portion at low 

frequency due to mass transport processes.  
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CV is a very powerful technique in the analysis of electro-active species and 

especially in the studies of the redox reactions of the analytes. In this study, the 

preliminary electroactive properties of the bare and modified GCE electrodes were 

characterized in the potential range from -0.2 to - 0.7 V with a scan rate of 50 mV/s. This 

was conducted in a solution comprising 5.0 mM [K4Fe(CN)6] with 0.1M KCl.  

3.5 Degradation of Ciprofloxacin by Various Heterogeneous Fenton Process 

For evaluating the catalytic activity of Iron Tungstate degradation of Ciprofloxacin 

antibiotic was examined under different conditions. 

3.5.1 Preparation of Ciprofloxacin Solution 

 An aqueous solution of ciprofloxacin was prepared in a Duran bottle by adding 

10mg of ciprofloxacin in 1000 mL DI water and used as a stock solution, the 

concentration of the stock solution was 10mg/L, and it was further diluted to various 

concentrations by adding de-ionized water. 

3.5.2 Batch Experiment of Degradation of Ciprofloxacin 

 In this research, ciprofloxacin (CIP) antibiotic was used as a model contaminant. 

The model antibiotic was prepared according to the standard operating procedure, and 

the concentration of CIP was 10 mg/L. The antibiotic degradation experiments were 

conducted in a 150-mL beaker containing 50 mL of CIP. The pH value of the solution 

was 7.0  0.2, adjusted with 0.1 M NaOH and 0.1 M H2SO4. A fixed amount (100 mg/L) 

of FeWO4 nanomaterials was mixed with the 10 mg/L of CIP solution. The reaction 

mixture was continuously stirred at 600 rpm using a magnetic stirrer for 10 minutes 

under dark conditions to achieve adsorption and desorption equilibrium. After that, the 

required volume of hydrogen peroxide (H2O2) stock solution was added to the CIP and 

catalyst-containing solution to obtain the desired 2 mM of H2O2 and initiate the Fenton 

process. In the PF process, the visible light source was turned on after the dark condition. 

The PLS-SXE300E/UV (Beijing Perfect Light Technology Co. Ltd. China) was used as a 

visible light source over the reactor and used a 300W xenon (Xe) lamp with a range of 

320–780 nm VISREF filter. The average light intensity was 126.75 mW/cm2, and the 
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surface of the reaction media was kept at 16 cm from the bulb. The sono-Fenton process 

utilized an ultrasonicator (Hwashin Powersonic 405, Korea). The sonication volume was 

high, and the sonicator's average frequency, voltage, and temperature were 40 KHz, 

220V, and 30 ºC  2.0, respectively. Aliquots of 3 mL sample were collected from the 

reaction mixture at chosen time intervals: -10, 0, 10, 20, 30, and 40 minutes, and were 

immediately quenched with a small quantity of sodium thiosulfate to stop the reaction. 

The samples were filtered using 0.22 µm syringe filter to eliminate the FeWO4 catalyst. 

The concentration of ciprofloxacin was determined using a UV-Vis spectrophotometer 

(T80+, UK) at its 275nm  wavelength. The degradation efficiency was calculated 

according to the following Eq (3.1) [49, 50].  

 

Degradation efficiency = 
𝐶0−𝐶

𝐶0
 × 100% 

 

 Eq.  3.1 

 

Where, C0= initial concentration of CIP, C = final concentration of CIP. 

 

3.6 Response Surface Methodology 

Optimization of the catalytic Process was conducted using the design expert 

software 13 through the central composite design framework. A series of experiments 

was conducted to determine the degradation efficiency of ciprofloxacin at five levels (-

alpha, low, central, high, + alpha) of the three independent variables - pH, catalyst 

concentration, and time, as shown in Table 3.1. 

Table 3.1. Variables and Experimental Design Using CCD 

Variables Units -alpha Low Central High +alpha 

pH 
 

1.95 4 7 10 12.05 

Catalyst mg/L 15.91 50 100 150 184.09 

Time min 4.7 15 30 45 55.2 

 

A mathematical model is developed to describe the relationship between the 

independent variables and the degradation efficiency. The model is usually represented 

by a second-order polynomial equation. The efficacy of the constructed polynomial 
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model in forecasting the experimental removal efficiency outcomes was assessed by 

statistical analysis (ANOVA). Catalytic Activity Experiment for Optimization 

To evaluate the catalytic efficiency of FeWO4 nanoparticles, firstly 50 mL of 

ciprofloxacin (10 mg/L) for the degradation efficiency test, with different pH (1.95, 4,7,10, 

12.05). Then, different amounts of catalyst (15.91 mg/L, 50 mg/L, 100 mg/L, 150 mg/L, 

184.09 mg/L) were added into the CIP solution and magnetically stirred the solution for 

10 minutes under dark conditions to disrupt the equilibrium of absorption. After that 2 

mM of H2O2 to the solution after 10 minutes of dark conditions, allowing the photo-

Fenton reaction to continue under visible light irradiation. At different intervals, 3 mL 

of the solution was taken out and filtered with a 0.22 µM syringe filter. The absorbance 

of ciprofloxacin was measured from the beginning of the reaction until it reached 

equilibrium after 45 minutes. A UV-visible spectrophotometer observed the degradation 

of ciprofloxacin at various time intervals by measuring the absorbance at 275 nm while 

DI water as a blank sample.  

3.7 Reactive Species Analysis 

Five scavengers, including sodium azide (SA), isopropanol (IPA), triethanolamine 

(TEA), superoxide dismutase (SOD), and potassium dichromate (K2Cr2O7) were further 

used to identify ROSs such as 1O2, HO•, h+ O2
•-, and e- during photo-Fenton process, 

respectively. 1mM of TEA, IPA, and SA were used to reduce the catalytic effect and 

elavate the scavenging effect. Low concentrations such as 0.025 mM of K2Cr2O7 and 6 

U/mL of SOD were used in this study [24]. The influence of scavengers was determined 

by measuring the absorbance of ciprofloxacin after different time intervals. 

3.8 Reusability Test 

For reusability test, optimum amount (100 mg/L) of FeWO4 nanoparticles was 

mixed with the 10 mg/L of CIP solution. The reaction mixture was continuously stirred 

at 600 rpm using a magnetic stirrer for 10 minutes under dark conditions to achieve 

adsorption and desorption equilibrium. After that, the required volume of hydrogen 

peroxide (H2O2) stock solution was added to the CIP and catalyst-containing solution to 

obtain the desired 2 mM of H2O2 and turn on light to initiate the photo-Fenton process. 

Aliquots of 3 mL sample were collected from the reaction mixture at 40 minutes, and 
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were immediately quenched with a small quantity of sodium thiosulfate to stop the 

reaction. The samples were filtered using 0.22 µm syringe filter to eliminate the FeWO4 

catalyst. The concentration of ciprofloxacin was determined using a UV-Vis 

spectrophotometer (T80+, UK) at 275nm wavelength. Then the catalyst recovers by 

centrifuge the remaining solution. The remaining catalyst dried at 70 ºC. Then reuse this 

catalyst to run another catalytic experiment as previously described procedure. 

3.9 Inactivation of ARB by Photo-Fenton Process 

To evaluate the photocatalytic activity of FeWO4 to degrade antibiotic-resistant bacteria. 

3.9.1 Preparation of E. coli and Enumeration of ARB 

A single colony of E. coli RP4 containing plasmid LE392 was transferred from an 

overnight LB agar plate into 10 mL of LB broth containing 10 mg/L of tetracycline and 

100 mg/L of ampicillin and grown at 37C for 6 h to stationary phase. The bacterial cell 

broth (200 L) was sub cultured into 10 mL of LB broth containing 10 mg/L of tetracycline 

and 100 mg/L of ampicillin and incubated for 16 h. The bacterial biomass was washed 

by centrifuging at 6000 rpm for 5 minutes, discarding the broth and rinsing thrice with 

normal saline solution. The E. coli cell concentration in these primary stocks was 109 

CFU/ml. The cells were re-suspended into normal saline at 106 colony-forming units per 

mL (CFU/mL), as determined by monitoring the solution absorbance at λ of 600 nm, 

which concentration was used as an initial treatment concentration. For bacterial colony 

enumeration, 0.1 mL samples were serially diluted in normal saline and inoculated onto 

LB agar plates supplemented with 10 mg/L tetracycline and 100 mg/L ampicillin, 

the MIC for the plasmid-mediated ARGs [242]. 

3.9.2 Catalytic Activity Experiment to Inactivate ARB 

To evaluate the catalytic efficiency of FeWO4 nanoparticles, firstly, 50 mL of 

bacteria-containing solution (106 CFU/ml). For the inactivation efficiency test, the 

optimum dose of FeWO4 nanoparticles (100 mg/L) was added into the solution and 

magnetically stirred the solution for 10 minutes under dark conditions to disrupt the 

equilibrium of absorption. After that 2 mM of H2O2 to the solution after 10 minutes of 
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dark conditions, allowing the photo-Fenton reaction to continue under visible light 

irradiation. At different intervals, 1 mL of the solution was taken out and put into 

Eppendorf. Then the samples were serially diluted with normal saline solution and 0.1 

mL of the solution spread on LB agar plates containing 10 mg/L tetracycline and 100 

mg/L ampicillin. Then the plates were incubated for 16 h at 37C and count the colony 

grew on the plates. 

3.9.3  Bacterial Regrowth and Recovery Analysis 

The regrowth and recovery analyses were conducted to explore the ability of 

bacteria to undergo repair after PF treatment. During the treatment, 20 μL bacterial cell 

suspension was collected at each time interval, followed by incubation in 20 mL liquid 

LB broth at 37 °C in the dark, with constant shaking (180 rpm) for 24 h, 48 h and 72 h. 

For each day during the regrowth period, 1mL of sample was collected and measure the 

absorbance of the media at 600nm. In addition, LB broth was used as the blank control. 
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Chapter 4: RESULTS AND DISCUSSION 

 

4.1 Characterization of FeWO4 Nanomaterials 

4.1.1  Ultraviolet-Visible Diffuse Reflectance Spectroscopy Analysis (UV-Vis DRS) 

The UV-Vis DRS is the most crucial measurement technique for the optical 

properties of semiconductor materials like FeWO4. The application of the DRS technique 

is particularly helpful in measuring the band gap energy of materials. The potential of a 

material to absorb visible light and generate electron-hole pairs is vital for its 

photocatalytic efficiency. A reduced band gap broadens the range of absorption into the 

visible spectrum, which may lead to an improvement in photocatalytic efficiency [243]. 

The bandgap energy (Eg) of FeWO4 nanomaterial was determined from the DRS data 

employing Tauc plots, with further details provided in the Methods and Materials 

chapter section 3.4.2. The bandgap energies for FeWO4 NPs, NRs, and NFs are measured 

at 1.45 (Fig. 4.1a), 1.97(Fig. 4.1c), and 1.95 eV (Fig. 4.1e) respectively. These observations 

indicate that the band gap of FeWO4 NPs is the smallest among the three morphologies, 

which implies a potential performance increase under visible light irradiation due to a 

broader absorption spectrum. Consequently, the bandgap energies of NRs and NFs were 

slightly higher compared to the NPs shape but effective in utilizing the full spectrum of 

visible light. 
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Fig. 4.1 Tauc plot and UV-Vis absorbance of synthesized FeWO4 nanomaterials (a, b) 

FeWO4 NPs, (c, d) FeWO4 NRs, and (e, f) FeWO4 NFs. 

 

4.1.2 Field Emission Scanning Electron Microscopy (FESEM) 

Field emission scanning electron microscopy (FESEM) is an advanced, high-

resolution imaging technique used to understand the morphology, particle size, and 

other structural features of nanomaterials. High-resolution imaging using FESEM 

enables detailed observation of the shape and size distribution of FeWO4 nanomaterials. 

This is crucial for understanding their catalytic activity in the Fenton processes. The 

FESEM images of FeWO4 nanomaterials were synthesized by adding different 
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concentrations of NaOH in the reaction medium, and their morphologically changed 

images are represented in Fig. 4.2.  

 

 

Fig. 4.2 FESEM images and corresponding histogram of FeWO4 NPs (a-b), NRs (c-d) 

and NFs (e-f). 

 

It is evident from the reaction that increasing the NaOH concentration leads to a 

morphological transformation in FeWO4, resulting in the formation of FeWO4 

nanomaterials with diverse structures such as particles, rod-like, and fiber-like 

(a) 

(c) 

(e) 

(d) 

(f) 

(b) 
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configurations. In the first image (Fig. 4.2a), the nanoparticles (NPs) appear spherical 

with an average radius of approximately 74 nm (Fig. 4.2b). These NPs have a relatively 

high surface area-to-volume (SA: V) ratio of about 0.040 nm⁻1, which allows for a greater 

surface area exposed [244]. In contrast, the second image (Fig. 4.2c) shows nanorods 

(NRs) with a length of approximately 465 nm and a radius of 102 nm (Fig. 4.2d). The 

elongated shape of the nanorods results in a higher radius than that of the nanoparticles 

and a lower SA:V ratio of approximately 0.021 nm⁻1, providing less surface area for 

reactions than spherical nanoparticles. The third FESEM image (Fig. 4.2e) depicts 

nanofibers (NFs). These materials have a notably large aspect ratio, resulting in a surface 

area to volume ratio of 0.035 nm⁻¹, which is higher than that of NRs but lower than NPs. 

The NFs have an estimated length of 792 nm and a radius of 57 nm (Fig. 4.2f). It is evident 

that these NFs exhibit a more significant increase in surface area compared to their 

volume. Therefore, FESEM images show distinct morphological differences in shape and 

size that are very important to optimize catalytic efficiency for FeWO4 nanomaterials 

toward environmental remediation applications.  

4.1.3 X-ray Diffraction analysis (XRD) 

The X-ray diffraction (XRD) analysis of FeWO4 nanomaterials with diverse shapes, 

including nanoparticles, nanorods, and nanofibers, indicate variations in their 

crystallinity, phase purity, and structural arrangement. The XRD pattern of FeWO4 

nanoparticles displays broad peaks with small crystallite sizes, indicating lattice strain, 

which is typical of nanoscale materials. The XRD pattern of FeWO4 nanomaterials with 

three morphological changes synthesized is depicted in Fig. 4.3. The diffraction peaks 

correspond to a highly crystalline monoclinic phase of FeWO4, with lattice parameters 

of a = 4.75Å, b = 5.72 Å, c = 4.97 Å and α = γ = 90°, β = 90.17°. The space group is P2/c, in 

line with the reference values (JCPDS powder diffraction file no. 71-2391) [243]. There 

are nine peaks in the XRD diffraction patterns at 15.158°, 24.168°, 31.893°, 40.496°, 

45.099°, 48.604°, 53.490°, 55.064°, 63.027° which are closely matched with the diffraction 

peaks of reference card file at 2 = 15.479°, 24.338°, 31.249°, 41.012°, 45.098°, 48.491°, 

53.339°, 55.067°, 63.029° that are corresponded to (010), (110), (020), (-121), (-211), (022), 

(-221), (-131), (-222) crystal planes with interplanar spaces (d -value ) 5.72 Å, 3.65 Å, 2.86 

Å, 2.19 Å, 2.008 Å, 1.87 Å, 1.716 Å, 1.66 Å, 1.47 Å [243]. The broad nature of these peaks 
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in nanoparticles indicates some lattice defects, but the absence of extra peaks confirms 

the phase purity without impurities. On the other hand, the XRD pattern for the 

nanorods and nanofibers show sharper and better-defined peaks at the same 

characteristic 2θ positions, providing evidence of enhanced crystallinity and improved 

structural order. The nanorods showed the sharpest and strongest peaks, demonstrating 

high crystallinity and phase purity among the three morphologies. The higher intensities 

of these peaks may indicate larger crystallites with less lattice strain in the nanorods 

favoring better electron-hole separation and improved charge transfer, which are critical 

factors for high photocatalytic performance [245]. These findings confirm that the 

morphological differences in nanoparticles, nanorods, and nanofibers directly affect the 

crystal quality and phase purity of FeWO4. These characteristics are paramount in 

enhancing their effectiveness in catalytic activity in the heterogeneous Fenton reaction 

for pollutant degradation. 

 

Fig. 4.3 XRD analysis of FeWO4 NPs, NRs, and NFs. 

 

The size of the crystal of FeWO4 nanoparticles (NPs), nanorods (NRs), and 

nanofibers (NFs) was estimated using the Debye-Scherrer formula [246, 247] based on 

their diffractogram (refer to 3.4.1). Gaussian function fitting was conducted on the peaks 

observed to obtain the FWHM that is needed to be used in estimating the crystallite size. 

FWHM was obtained using OriginPro 8.5. The average crystalline size of the synthesized 

FeWO4 NPs, NRs, and NFs were 14.89 nm, 26.47 nm, and 19.72 nm, respectively. The 

FeWO₄ NPs, with a reduced crystalline dimension of 14.89 nm, faced the common 

problems linked to elevated electron-hole recombination rates in little crystallites but 
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showed higher photocatalytic performance compared with nanofibers and nanorods. 

The pronounced effectiveness can be attributed to the much-increased surface area of 

the nanoparticles. The presence of such a feature provides a considerably large number 

of active sites that are favourable for photocatalytic reactions, thus promoting efficient 

adsorption of reactant molecules and increasing their interaction with photogenerated 

charge carriers accordingly [248]. Additionally, the presence of surface defects or defect 

states in nanoparticles can significantly affect the performance by acting as trapping 

sites, leading to an increase in the lifetime of the charge carriers by mitigating the 

recombination process, hence enhancing photocatalytic activities [249]. Furthermore, the 

unique morphology possessed by nanoparticles tends to improve their adsorption and 

scattering of light radiation significantly; hence, better exploitation of light energy 

increases the rate of generation of reactive species involved in degrading pollutants. On 

the other hand, FeWO₄ nanorods with a relatively larger crystallite dimension of 26.47 

nm presumably decreased the surface area, restricting the availability of catalytic active 

sites. In this regard, although FeWO₄ nanofibers with crystalline dimensions of 19.72 nm 

can have an optimum compromise between the available surface area and charge 

separation, they do not exhibit the defect-laden structure along with the higher surface-

to-volume ratio in the case of nanoparticles. Consequently, the enhanced photocatalytic 

efficacy of the FeWO₄ nanoparticles might be effectively ascribed to its extensive surface 

area, plenty of defect-related features, and enhancements in light adsorption capability, 

which in turn mitigate certain shortcomings typically associated with reduced crystallite 

dimensions. 

4.1.4 X-ray Photoelectron Spectroscopy (XPS) 

The chemical composition and ionic states of the synthesized materials have been 

investigated by XPS measurements. The Fig. 4.4 shows the XPS spectra of the 

synthesized FeWO4 nanoparticles. Fig. 4.4a represents the entire X-ray photoelectron 

spectroscopy (XPS) spectrum of FeWO4. One can see the peaks assignable to the binding 

energies of W 4f, C 1s, O 1s, and Fe 2p [243]. Fig. 4.4(b-e) enlarged XPS spectra for carbon, 

iron, tungsten and oxygen. Fig. 4.4c clearly assigns the two BE peaks at 710.9 eV and 

723.6 eV to Fe 2p3/2 and Fe 2p1/2, respectively. These two characteristic peaks of Fe2+ in the 
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FeWO4 nanoparticles indicate the purity of this composite photocatalyst [243, 250]. In the 

FeWO4 tungstates studied here, the XPS results indicated iron atoms have a formal 

valence of +2. The binding energy peaks at 35.4 eV and 37.7 is as shown in Fig. 4.4d 

originating from the binding energies of W 4f7/2 and W 4f5/2 indicated the presence of W6+ 

in the prepared samples [250, 251]. O 1s corresponds to the binding energy peak at 530 

as shown in the Fig. 4.4e.  

 

       

Fig. 4.4  Full survey XPS spectra (a), XPS Spectra of (b) C 1s, (c) Fe 2p, (d) W 4f and (e) 

O 1s for FeWO4 nanoparticles 
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The C1s peak (Fig. 4.4b) in the survey XPS spectra appears to arise from 

hydrocarbons adhering to the surfaces of the FeWO4 nanostructures. However, the 

survey XPS spectra suggested relatively small C 1s core-level line intensities for the 

material. Generally, XPS examines the alterations in surface composition and structure 

of a material before and after etching. After etching, this reduced surface can be masked 

by adsorbed contaminants such as oxides, carbonaceous species from hydrocarbons due 

to atmospheric exposure, or other surface defects. Among other processes, ion sputtering 

removes such surface layers after etching. Consequently, the XPS peaks that are 

characteristic of surface impurities, such as C 1s and O 1s diminish while the peaks of 

the substrate-underlying material become more intensive. This transition will evidence 

that the outside layer is decaying and real mass substance is unveiled underneath. From 

these XPS data, one can clearly realize that the nanoparticles really represent pure-phase 

FeWO4. 

4.1.5 Electrochemical Impedance Spectroscopy (EIS)  

The electrochemical impedance spectroscopy is considered a significant 

methodology to investigate the interfacial charge transfer processes occurring in 

semiconductor materials [252]. It provides detailed insight into the conductive 

properties of semiconductor material surfaces during both the oxidation and the 

reduction reaction. This technique also offers information on any modification done with 

the electrode regarding its conductance or impedance [253]. In EIS spectra, normally, the 

real component (Z') should be plotted on the x-axis, and the imaginary component (Z'') 

in a Nyquist plot is plotted on the y-axis [254]. Fig. 4.5a depicts the Nyquist plots of 

various modified electrodes of FeWO₄. This can be explained by the use of an equivalent 

circuit from Inset-Randles containing Warburg impedance (W or Zw), charge transfer 

resistance (Rct), solution resistance (Rs), and double-layer capacitance (Cdl) in Fig. 4.6. The 

values corresponding to the mentioned components are given in Table 4.1Usually, a 

smaller EIS semicircle implies a higher electron transfer rate, while a larger diameter 

suggests a slower rate of electron transfer (Magar et al., 2021). As shown in Fig. 4.5a, the 

Rct values of FeWO4 were 88.5 Ω, 93.4 Ω, and 92.5 Ω, respectively. From the Nyquist 

plots, it is very much clear that the nanoparticles have minimum Rct, and nanorods have 

shown maximum Rct. Thus, the nanoparticle shape has better electron transfer ability. 
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Their well-aligned structure offers higher surface area which provides easy mobility to 

the charge carriers [255]. It is to be noticed that Rs maintains quite constant for all 

morphologies, indicating the properties are the same in an electrolyte. Due to a slow 

diffusion of ions inside the electrolyte, Zw is more dominant in nanoparticles compared 

to nanorods and nanofibers. The nanorods had a bigger semicircle diameter, indicating 

higher double-layer capacitance and the ability to store more charge at the electrode-

electrolyte interface. Compared to other morphologies, nanofibers of FeWO4 exhibit 

better electron transfer and ion diffusion characteristics due to their lower Rct and Zw, 

respectively. Therefore, the three morphologies of synthesized FeWO4 can contribute 

substantially to the breakdown of antibiotics via photocatalytic processes. 

 

Fig. 4.5 Electrochemical analysis of FeWO4 nanomaterials using (a) EIS spectra and (b) 

CV of FeWO4 nanoparticles, nanorods, and nanofibers.  

 

Table 4.1. Components of the Randles equivalent circuit for different morphological 

FeWO4 nanomaterials. 

Electrode Rs () Rct () Cdl(F) W(s-1/2) 

CHI/GCE/NP 11.6 88.5 1.11×10-8 0.000192 

CHI/GCE/NR 16.7 93.4 6.42×10-7 0.000231 

CHI/GCE/NF 14.5 92.5 3.12×10-8 0.000210 
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Fig. 4.6 Randles equivalent circuit model for FeWO4 nanomaterials (a) NP, (b) NRs, and 

(c) NFs. 

 

4.1.6 Cyclic voltammetry (CV) 

The cyclic voltammetry (CV) analysis revealed a distinct redox peak associated with the 

oxidation and reduction processes of the FeWO4 nanomaterials (Fig. 4.5b). The shape 

and position of these peaks provide insights into the electrochemical activity and 

reversibility of the redox processes. The comparison was made based on the CV of 

FeWO4 NPs, NRs, and NFs under the same scan rate of 50 mV/s, identifying that the 

peak anodic current of the NPs reached to about 110 μA with a potential of 0.3 V; this 

can be clarified by their strong oxidation activity. However, it showed that the peak 

currents of NRs and NFs were comparatively low, about 54 μA and 56 μA respectively, 

due to their poor oxidation activity. Similarly, in the cathodic region, the FeWO4 NPs 

(a) 

 
 

(b) 

 
 

(c) 
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showed the highest peak current of 108 μA, representing high reduction activities, while 

the NRs and NFs again gave lower peak currents (67 μA and 68 μA, respectively) for 

reduction. This higher redox performance of NPs indicates a higher electrochemical 

surface area and a higher amount of electrochemically active sites. FeWO4 nanoparticle's 

structural features help to increase the area related to ion exchange particular surface; 

hence, Fe(CN)63-/4- on the electrode surface may act effectively in rapid interaction 

between ions and electrons. These results confirm the study of EIS that showed a lower 

Rct for NPs compared to NRs and NFs. These results emphasized the crucial role of 

electron transfer properties in determining the overall electrochemical performance of 

nanomaterials. 

4.2 Degradation of Ciprofloxacin by FeWO4 Nanomaterials Using Heterogeneous 

Fenton Processes 

The extensive utilization of heterogeneous catalysis processes for the degradation 

of antibiotics has garnered significant interest due to their exceptional efficiency. The 

FeWO4 nanomaterials serve as a solid-phase catalyst in the heterogeneous Fenton 

processes, thereby producing various ROS through a reaction with H2O2, that degrades 

the antibiotics present in aqueous solution. The influence of different structural and 

morphological shapes of FeWO4 nanomaterials on the degradation of CIP antibiotics was 

investigated for the reaction conditions (10 mg/L of CIP, 2 mM of H2O2, 100 mg/L of 

FeWO4 nanomaterials, pH = 7) by changing the four Fenton processes.  

4.2.1 Degradation of Ciprofloxacin by Conventional Fenton Process 

The efficiency of FeWO4 nanomaterials was assessed in the degradation of CIP 

antibiotics through the conventional Fenton (CF) process, where only the FeWO4 

nanomaterials were added to the reaction media with 2 mM of H2O2. Fig. 4.7 presents 

the efficiency of three different morphological varieties of FeWO4 during the 

conventional heterogeneous Fenton process. In the absence of H2O2, the adsorption 

efficiencies of NPs, NRs, and NFs on CIP were found to be 15 %, 4 %, and 6 %, 

respectively. As an oxidizing agent, H2O2 could also be inefficient in CIP degradation 

without catalysts. Only 1-2% of the CIP degradation was obtained after 40 min treatment 
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(Fig. 4.11). When H2O2 was added with the catalyst in the Fenton processes, the removal 

efficiencies were found to be 33 %, 18 %, and 15 % for FeWO4 NPs, NRs, and NFs, 

respectively (Fig. 4.7). The catalytic activity is augmented by the synergistic action of 

H2O2 and catalysts [256, 257]. The morphology of NPs, NRs, and NFs plays a crucial role 

in improving catalytic activity in the studied heterogeneous Fenton process. Among the 

samples exhibited in the study, it is evident that the NPs exhibit the highest level of 

catalytic efficiency. This can be attributed to improved catalytic activity of the NPs as the 

relative concentration of Fe2+/Fe3+ species on the surface increases. Similar findings were 

also observed for  MnFe2O4 nanorods, which exhibited higher efficiency in the 

decomposing of ofloxacin antibiotic compared with its nanospheres and nanocubes in 

the Fenton process [257].  

 

Fig. 4.7 Degradation of ciprofloxacin antibiotic by FeWO4 nanomaterials (a), and the 

UV-Vis absorption spectrum for NPs (b), NRs (c), and NFs (d) using the conventional 

Fenton process at the following reaction conditions: 10 mg/L of CIP, 2 mM of H2O2, 100 

mg/L of FeWO4 nanomaterials, pH = 7. 
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4.2.2 Degradation of Ciprofloxacin by Photo-Fenton Process 

In the heterogeneous photo-Fenton process, the main differences from the 

homogeneous or conventional Fenton are related to the use of a solid-phase catalyst 

instead of dissolved iron (Fe²⁺/Fe³⁺) in solution under light irradiation. The solid catalyst 

is usually prepared by using iron or other transition metals impregnated onto materials 

such as iron oxides, iron-doped material, or metal-organic frameworks (MOFs), which 

can offer catalytic reactions on their surface. The utilization of light in this process yields 

a higher generation of ROS, which are responsible for the degradation of antibiotics [57]. 

In the blank test, the elimination efficiency of CIP was 36 % after 40 minutes of treatment 

under visible light irradiation (Fig. 4.11). This suggests that CIP molecules are sensitive 

to light and break down at the exposure of light. Only nanomaterials such as NPs, NRs, 

and NFs exhibit degradation rates of 56 %, 40 %, and 43 %, under visible light irradiation, 

as shown in (Fig. 4.11). This demonstrates that the catalyst enhances degradation 

efficiency through photocatalysis. In the absence of a catalyst, the addition of H2O2 to 

CIP solution, along with light irradiation, enhances its degradation rate, increasing from 

36 % to 58 %.  This indicates that the combination of H2O2 and light has a synergistic 

impact on the degradation of CIP. The degradation rates in the heterogeneous photo-

Fenton system were found to be 99 %, 93 %, and 96 % for NPs, NRs, and NFs, 

respectively, as shown in Fig. 4.8. This indicates that the photo-Fenton process achieved 

almost complete degradation of CIP within 40 minutes. There are several explanations 

for the constructive relationship between photocatalysis and Fenton reactions: (i) light 

illumination plays a crucial role in breaking down H2O2 molecules to generate ROS, and 

(ii)  leads to the Fe2+ ion regeneration caused by the irradiation, which in turn improves 

the system's H2O2 catalytic reactions [57, 258]. This discovery indicates that the 

generation of ROS is significantly enhanced in the presence of light and thereby 

accelerates the degradation of CIP. As a result of the synergy between photolysis and 

Fenton catalysis, CIP can almost be fully degraded by FeWO4 NPs and NFs [45].  These 

findings thus suggest that morphology should have an influence on determining the 

catalytic properties of FeWO4 nanomaterials. All NPs demonstrated higher 

photocatalytic activities than their counterparts, NRs and NFs. Smaller-sized particles 

provide a larger number of active sites that could explain the higher CIP degradation 
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rates. In the same way, the degradation of tetracycline antibiotic, nanosheets-like 

Fe2O3/BC (97%), cube-like and ring-like shape was found to degrade TC about 66% and 

17%, respectively [258]. 

 

Fig. 4.8 Degradation of ciprofloxacin antibiotic by FeWO4 nanomaterials (a), and the 

UV-Vis absorption spectrum for NPs (b), NRs (c), and NFs (d) using the photo-Fenton 

process at the following reaction conditions: 10 mg/L of CIP, 2 mM of H2O2, 100 mg/L 

of FeWO4 nanomaterials, pH = 7. 

 

4.2.3 Degradation of Ciprofloxacin by Sono-Fenton Process 

The sono-Fenton process is an AOP, based on the coupling of the classical Fenton 

reaction with ultrasound irradiation-usually in the high-frequency range greater than 20 

kHz. Ultrasonic irradiation enhances the Fenton reaction by the bubbles of cavitation 

generated across the solution, which collapse to promote local high temperatures and 

pressures. This improves the yield of ROS, a species responsible for antibiotic 

degradation [259, 260]. In the blank test (Fig. 4.11), it was observed that the sonication 

alone had a minimal effect on the degradation of CIP, achieving degradation of only 6 

%. When H2O2 was added with sonication, there was also negligible or no degradation. 
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A similar lower degradation efficiency also observed for only catalysts under ultrasound 

irradiation (data not shown). The limited activity of the catalysts is due to the ineffective 

enhancement of antibiotic degradation in the presence of cavitation phenomenon [260]. 

However, when FeWO4 nanomaterials were used as a catalyst in combination with 

ultrasound and H2O2, CIP elimination rates of 36 %, 9 %, and 17 % were achieved, as 

displayed in Fig. 4.9. The elevated catalytic performance of antibiotic degradation was 

observed during the initial 10 minutes of treatment; subsequent degradation occurred at 

a markedly slower rate. The Fe3+ ions were generated initially in the Fenton reaction 

under solar irradiation, while it became sluggish with the preceding time interval as non-

degraded CIP molecules may restrict iron availability [260]. It is essential to 

acknowledge that the formation of ROS at low-frequency ultrasonics is minimal, and the 

accumulation of H2O2 is insignificant, particularly when operating at low power levels 

below 100 W [261].  

 

Fig. 4.9 Degradation of ciprofloxacin antibiotic by FeWO4 nanomaterials (a), and the 

UV-Vis absorption spectrum for NPs (b), NRs (c), and NFs (d) using the sono- Fenton 

process at the following reaction conditions: 10 mg/L of CIP, 2 mM of H2O2, 100 mg/L 

of FeWO4 nanomaterials, pH = 7. 
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4.2.4 Degradation of Ciprofloxacin by Sono Photo-Fenton Process 

The sono photo-Fenton process is widely utilized as a hybrid AOP, in which Fenton 

reaction is assisted by both ultrasound and light irradiation. The integration of the 

Fenton process with light along with ultrasound improves removal efficiency via the 

synergistic interplay of light and ultrasound irradiation. Furthermore, ultrasound can 

produce active radicals and perpetually refresh the catalyst surface to inhibit the buildup 

of pollutants and their byproducts formed during the treatment operation. Therefore, it 

promotes pollutant degradation efficiency [38]. In the control test, H2O2 and ultrasound 

did not show a noticeable degradation of CIP (Fig. 4.11). The combination of light and 

H₂O₂ with ultrasound produced the degradation of CIP to up to 58% without a catalyst. 

The integration of ultrasound in a Fenton process or visible light in a sono-Fenton system 

greatly enhanced the efficacy of the Fenton process on the degradation of ciprofloxacin. 

Indeed, CIP rates reached 36%, 9%, and 17% in the sono-Fenton process under three sets 

of experimental conditions (Fig. 4.9) but these rates increased significantly with the 

addition of visible light in the SPF system to 99%, 89%, and 94%, respectively (Fig. 4.10). 

The results presented herein have shown that the SPF process is much more effective 

than the SPF alone for achieving higher levels of pollutant degradation. This remarkable 

improvement in the efficiency of CIP degradation underlines the synergistic effect of the 

combination of ultrasound with visible light, which favors the formation of reactive 

species, accelerating the decomposition of CIP. On the other hand, the efficiency of the 

photo-Fenton system was considerably found to be lowered (97%) compared to the sono-

photo-Fenton reaction, which had a degradation efficiency of 99 %. This phenomenon 

can be attributed to the photolysis of H2O2 and the photo reduction of ferric ions (Fe3+) 

to ferrous ions (Fe2+), leading to the generation of ROS in the PF reaction  [38, 57]. This 

finding is consistent with the previous studies. The degradation rate of metronidazole 

by sono-Fenton increased from 89.0% to 95.7% for spinel CoFe2O4/AC catalyst after 

inducing light in the reaction system [38]. 
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Fig. 4.10 Degradation of ciprofloxacin antibiotic by FeWO4 nanomaterials (a), and the 

UV-Vis absorption spectrum for NPs (b), NRs (c), and NFs (d) using the sono-photo-

Fenton process at the following reaction conditions: 10 mg/L of CIP, 2 mM of H2O2, 100 

mg/L of FeWO4 nanomaterials, pH = 7. 

 

4.2.5 Control Test for Validation 

Various control test was carried out to validate the process and find out the effect 

of individual elements in the catalytic degradation reaction. The descriptions of this tests 

are briefly described previously. 

 

Fig. 4.11 Control test in dark and light conditions 
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4.3  Parameters Optimization for FeWO4 Nanoparticles by RSM 

4.3.1 Model Fitting and Statistical Analysis: 

The degradation percentage of ciprofloxacin (CIP) was determined over 20 

experimental runs, with the independent variables and their corresponding values 

provided in Table 4.2. 

Table 4.2. Degradation Efficiency of Ciprofloxacin by FeWO4 nanoparticles 

Run 

Factor 1 Factor 2 Factor 3 Response Value Predicted value 

pH 
Catalyst  

(mg/L) 

Time  

(min) 

CIP Degradation 

(%) 

CIP Degradation 

(%) 

1 7 100 30 99 98.53 

2 4 150 45 81 82.38 

3 7 100 30 100 98.53 

4 4 50 15 52 51.57 

5 7 100 30 98 98.53 

6 10 150 15 55 53.76 

7 7 15.91 30 70 69.96 

8 4 150 15 54 54.97 

9 12.04 100 30 45 45.92 

10 1.95 100 30 60 58.04 

11 7 100 30 100 98.53 

12 7 100 30 98 98.53 

13 7 184.09 30 75 74.00 

14 7 100 30 96 98.53 

15 4 50 45 76 77.98 

16 10 50 45 65 64.77 

17 10 150 45 65 66.17 

18 7 100 4.7 54 55.16 

19 10 50 15 54 53.36 

20 7 100 55.22 90 87.80 
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Table 4.2 presents the degradation efficiency of ciprofloxacin by FeWO4 nanoparticles. 

The degradation efficiency, Ef (%) was calculated using the equation: 

Ef (%) = (1 – Cf/C0) × 100%   Eq. 4.1 

Where Cf represents the final concentration and C0 the initial concentration.  

The experimental results underwent statistical analysis using analysis of variance 

(ANOVA) and p-values. Initially, a linear regression model was considered. Still, a 

second-order model was ultimately found to be the most suitable for predicting the 

degradation percentage of CIP based on the experimental data obtained from the central 

composite design and the specified input variables. The degradation efficiency of CIP 

was evaluated by considering three factors: the initial pH of the solution (A), the dosage 

of the catalyst (B), and the reaction time (C). The efficiency was modelled as the sum of 

a constant, three first-order effects (A, B, and C), three interaction effects (AB, AC, and 

BC), and three second-order effects (A², B², and C²). Model selection was based on several 

criteria: the R² value, the adjusted R² value, the predicted R² value, and the p-value for 

lack of fit. These values were 0.9953, 0.9911, 0.9738, and 0.2441, respectively. 

The predicted values were calculated using Design-Expert software. The variation 

in response values across different experimental designs indicates that pH, catalyst 

dosage, and reaction time changes lead to different degradation efficiencies. The 

comparison between actual and predicted values shows that the model accurately 

represents real conditions, as these values have a high correlation.  

Table 4.3 further supports this by indicating a lack of fit for the actual degradation 

efficiency responses and projections. To validate the model, we conducted a lack-of-fit 

test for the coefficients and assessed the significance of the regression model. The 

significance of the factors was ranked based on p values and F values. The lack of fit test 

assesses the model's precision in explaining the data. The chosen model, labelled as 

"suggested," has a p-value (Prob > F) of 0.2441, which is above the 0.05 significance level, 

indicating that the model does not suffer from a significant lack of fit. This suggests that 

the model is statistically significant and accurately describes the data. Significant model 
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terms include A, B, C, AC, A², B², and C², while terms greater than 0.1000 are considered 

non-significant. The analysis indicates that the chosen model is quadratic 

Table 4.3. Lack of Fit tests 

Source 
Sum of 

Squares 
df Mean Square F-value p-value  

Linear 5685.5 11 516.86 224.72 < 0.0001  

2FI 5568 8 696 302.61 < 0.0001  

Quadratic 22.18 5 4.44 1.93 0.2441 Suggested 

Cubic 2.73 1 2.73 1.19 0.3254 Aliased 

Pure Error 11.5 5 2.3    

 

In Table 4.4, the ANOVA results show a sum of squares of 7146.87, mean squares 

of 794.1, an F-value of 235.74, and a p-value of less than 0.0001, signifying the model's 

significance. The Model F-value suggests a mere 0.01% probability of such a high F-value 

occurring due to noise. P-values less than 0.0500 indicate significant model terms, 

emphasizing the importance of A, B, C, AC, A², B², and C². The Lack of Fit F-value of 

1.93 indicates a non-significant lack of fit relative to pure error, with a 24.41% chance that 

such a large F-value could occur due to noise, further confirming the model's suitability. 

In summary, the quadratic model, with a p-value of less than 0.05, accurately 

represents the data and significantly influences the degradation efficiency response. The 

statistical significance and lack of significant lack of fit demonstrate that the chosen 

model is appropriate and that any inaccuracies have a negligible impact on the model's 

reliability. 
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Table 4.4.ANOVA for Ciprofloxacin degradation 

Source 
Sum of 

Squares 
df Mean Square F-value p-value  

Model 7146.87 9 794.1 235.74 < 0.0001 Significant 

A-pH 177.44 1 177.44 52.68 < 0.0001  

B-Catalyst 

Dosage 
19.72 1 19.72 5.85 0.0361  

C-Time 1286.39 1 1286.39 381.89 < 0.0001  

AB 4.5 1 4.5 1.34 0.2746  

AC 112.5 1 112.5 33.4 0.0002  

BC 0.5 1 0.5 0.1484 0.7081  

A² 3903.83 1 3903.83 1158.93 < 0.0001  

B² 1270.02 1 1270.02 377.03 < 0.0001  

C² 1318.3 1 1318.3 391.36 < 0.0001  

Residual 33.68 10 3.37    

Lack of Fit 22.18 5 4.44 1.93 0.2441 
Not 

significant 

Pure Error 11.5 5 2.3    

Cor Total 7180.55 19     

 

The equation representing the degradation response efficiency in the quadratic model is 

as follows: 

Coded Equation: 

CIP degradation efficiency = 98.5299 + -3.60456A + 1.20152B + 9.70535C + -0.75AB 

+ -3.75AC + 0.25BC + -16.4587A2 + -9.38758B2 + -9.56436C2 

Actual Equation: 

CIP degradation efficiency = -100.289 + 27.4008A + 0.800037B + 3.74752C + -0.005AB 

+ -0.0833333AC + 0.000333333BC + -1.82874A2 + -0.00375503B2 + -0.0425083C2 

CIP degradation efficiency response value (%), A is the Initial pH of the Solution, 

B is the Catalyst Dosage (mg/L) and the C is reaction time (minutes). 
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4.3.2 Optimization Result  

Through our numerical analysis, we have identified the optimal conditions for 

achieving maximum degradation efficiency of ciprofloxacin (CIP). Our results show that 

the highest degradation efficiency occurs at a pH of 7, with a catalyst dose of 100 mg/L 

and a reaction time of 32.78 minutes. To validate our optimization, we have established 

a correlation between the predicted efficiency and the experimental data. Our findings 

indicate that a catalyst concentration of 100 mg/L at pH 7 can achieve complete 

degradation of ciprofloxacin within 40 minutes. These results confirm the robustness 

and effectiveness of our developed model in optimizing the degradation process of 

ciprofloxacin. This demonstrates its practical applicability and reliability in predicting 

the optimal operational conditions. 

4.3.2.1 Effect of Catalyst Dose 

The concentration of the catalyst in the Fenton process significantly impacts the 

removal efficiency of antibiotics and other contaminants by playing a crucial role in 

activating oxidants such as H2O2. The amount of catalyst used directly affects the rate at 

which antibiotics decompose [86]. At low dosages of catalysts, the degradation efficiency 

decrease. With the increase of catalyst dosage, the degradation efficiency is also 

increased. However, each additional increase in catalyst dosage diminishes the 

degrading efficacy. Generally, the efficiency of degrading antibiotics tends to increase 

with higher catalyst dosages up to a certain point [86, 88]. With a fixed pH (pH = 7), the 

highest degradation efficiency was achieved 99% at 100mg/L of FeWO4. This 

improvement is due to the increased surface area and availability of functional groups 

resulting from the greater mass of the catalyst. However, further increasing the catalyst 

dose 185mg/L of FeWO4, the degradation efficiency decreased from 99% to 75% after 30 

min reaction time. The quantity of reactive species served as a limiting factor at elevated 

catalyst levels when the quantity of H2O2 was constant in the reaction solution [262, 263]. 

It has been shown that the self-quenching processes of active species may occur at 

elevated catalyst dosages [264]. Another reason of decreasing the The removal 

effectiveness of CIP at an elevated catalyst dosage is attributable to the light reflection 

by the catalyst [265]. 
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4.3.2.2 Effect of pH 

The pH variable is a very crucial operational variable in wastewater treatment 

[266]. The pH of the reaction medium significantly influences the degradation of 

antibiotics in Fenton processes, with changes in pH impacting reaction rate and 

efficiency [267]. Research indicates that Fenton reactions typically occur under acidic 

conditions, with pH levels between 2.0 and 3.0 being the most favourable [119]. If the pH 

value is less than 2, H2O2 would be decomposed under strong acid conditions to produce 

H+, which acts as a scavenger of HO• to inhibit the degradation of pollutants. At a fixed 

Catalyst dosage (100 mg/L), The highest degradation rate achieved at pH 7. The CIP 

removal elevated from 60% to 99% when the pH was elevated from 2 to 7, with a 

consistent initial CIP concentration of 10 mg/L and 100 mg/L of FeWO4 catalyst. The 

optimum pH for the decomposition of CIP is 7 [268]. A notable reduction in CIP removal 

was recorded, decreasing from 99% at pH 7.0 to 45% at pH 12. The noted decrease may 

be associated with zeta potentials (ZPs) and the existing species of CIP in the reaction 

solution. The literature indicates that ciprofloxacin has two pKa values: 5.90 ± 0.15, 

corresponding to the carboxylic acid group, and 8.89 ± 0.11, related with the basic 

nitrogen moiety. CIP can manifest as a cation, zwitterion, or anion, contingent upon pH 

conditions [269]. When the pH surpasses the zero-point charge, the surface charge 

density of the synthesized nanocatalyst becomes negative. This affects the adsorption of 

the CIP, which are anionic at pH levels above 7. Similarly, when the pH is below the 

zero-point charge, the surface charge density of the synthesized nanocatalyst exhibits a 

positive value. The adsorption of the cationic CIP is affected at pH levels below 7. The 

degradation rate of CIP is limited at pH 2 and 12 [270]. 

4.3.2.3 Effect of Reaction Time 

The duration of treatment or reaction time is a critical factor influencing the 

efficiency of antibiotic removal in the Fenton process. Longer reaction times typically 

allow for more extensive contact between the ROS and the antibiotics, resulting in a 

higher degradation rate. If complete mineralization is the objective, an extended reaction 

time becomes essential to ensure thorough removal [101]. The analysis of effect of 

reaction time reveals that the increase in reaction time increase the degradation 
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efficiency. The analysis indicates that optimal degradation efficiency, approaching 

nearly 100%, is achieved at the 40 minutes reaction time. Further increase in reaction 

time does not change the degradation efficiency greatly, the degradation rate almost 

same as 40 minutes. Nevertheless, depending on the wastewater and treatment method, 

the deterioration rate stabilized at specific intervals, with only marginal improvements 

noted subsequently [271, 272]. 

4.3.2.4 Effect of Catalyst Dosage and pH 

The analysis of the effect of catalyst dosage and pH on the degradation efficiency 

reveals several critical insights. The Fig. 4.12 indicate that there is an optimal pH of 

approximately 7 and a catalyst dosage of around 100 mg/L, which together achieve 

maximum degradation of ciprofloxacin.  

 

Fig. 4.12 Effect of catalyst dosage and pH in degradation of ciprofloxacin by photo-

Fenton process 

 

The interaction between pH and catalyst dosage is evident in the response surface 

plot, demonstrating that both parameters significantly influence degradation efficiency. 

The combined effect of pH and catalyst dosage is non-linear, highlighting the complexity 

of their interaction. Furthermore, the color gradient and contour lines on the plot 

illustrate that even small deviations from these optimal conditions can result in 

significant reductions in degradation efficiency. This finding underscores the 
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importance of precise control over pH and catalyst dosage in practical applications to 

maintain high degradation efficiency. 

 

4.3.2.5 Effect of Reaction Time and pH 

The analysis of the effect of reaction time and pH on degradation efficiency reveals that 

the highest degradation efficiency is achieved at higher pH values and longer reaction 

times (Fig.  4.13). This observation suggests that the degradation process is more effective 

under basic conditions and requires sufficient reaction time to achieve optimal 

degradation percentages. The optimal conditions for maximum degradation efficiency 

are identified at a pH range of 9 to 10 and a reaction time of approximately 39 minutes. 

This region corresponds to the peak of the response surface plot, where the highest 

degradation efficiency is observed. The influence of pH is particularly significant, with 

degradation efficiency increasing substantially as pH becomes more basic. This trend is 

crucial for designing effective treatment processes, as it indicates that adjusting the pH 

to a more basic level can enhance degradation performance. Additionally, the 

dependency on reaction time is notable, with longer reaction times generally resulting 

in higher degradation percentages. This suggests that the reaction kinetics are relatively 

slow, necessitating extended periods to reach completion. Therefore, optimizing both 

pH and reaction time is essential for maximizing degradation efficiency in practical 

applications.  
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Fig.  4.13 Effect of reaction time and pH in degradation of ciprofloxacin by photo-

Fenton process 

 

4.3.2.6 Effect of Reaction Time and Catalyst Dosage 

The analysis of catalyst dosage and reaction time on degradation efficiency reveals 

a clear positive correlation between these variables and the degradation percentage (Fig.  

4.14).  

 

Fig.  4.14 Effect of catalyst dosage and reaction time in degradation of ciprofloxacin by 

photo-Fenton process 
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As both the reaction time and catalyst dosage increase, the degradation efficiency 

correspondingly improves. The analysis indicates that optimal degradation efficiency, 

approaching nearly 100%, is achieved at the highest values of both catalyst dosage and 

reaction time. This consistent improvement across the gradient underscores the 

importance of sufficient catalyst quantity and adequate reaction time in maximizing 

degradation efficiency. These findings are critical for optimizing operational parameters 

in practical applications to achieve the highest possible degradation rates. 

4.4 Reactive Species Analysis of FeWO4 Nanoparticles  

Radical trapping experiments with FeWO4 nanoparticles were carried out to 

degraded ciprofloxacin (50 mg/L) in order to determine the mechanism of the 

heterogeneous photo-Fenton catalytic process. Five scavengers, including isopropanol 

(IPA), sodium azide (SA), superoxide dismutase (SOD), triethanolamine (TEA) and 

potassium dichromate (K2Cr2O7) were utilized for identification of HO•, 1O2, O2
•-, h+ and 

e- during heterogeneous PF processes, respectively [24]. Fig.  4.15 represents the 

scavenger test of FeWO4 nanoparticles and in the absence of a scavenger, it was shown 

that 99% of CIP was degraded after 40 minutes, however the corresponding figure 

substantially dropped upon the addition of 1 mM triethanolamine (TEA) and 

isopropanol (IPA), 71.3% and 78% of CIP degradation was achieved, respectively, 

indicating that the inhibition of CIP degradation reaction was caused by triethanolamine 

(TEA) and isopropanol (IPA). Conversely, the degradation efficiency of CIP somewhat 

reduced after the addition of 1 mM of sodium azide (SA), 0.025 mM of potassium 

dichromate (K2Cr2O7) and 6u/mL of superoxide dismutase (SOD), nearly 83.7%, 86% and 

88.7% of CIP degradation was still observed, respectively. This result indicating that 

sodium azide (SA), potassium dichromate (K2Cr2O7) and superoxide dismutase (SOD) 

was less participate in the degradation of CIP. These findings demonstrated that the 

primary radicals causing CIP degradation were h+ and HO• radicals. by heterogeneous 

photo-Fenton system using FeWO4 nanoparticle. The constraining impact of superoxide 

dismutase (SOD) indicated that 88.7% of  CIP degradation was still evident, and the 

presence of SOD had a minimal quenching effect on the degradation of CIP which 

demonstrated that O2
•- were minor radicals and minimal responsible for CIP degradation 
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[134]. The following is the reaction rate of different scavengers.: SOD > K2Cr2O7 > 

SA> IPA > TEA, the following radicals have the matching contribution ability: O2
•- < e- < 

1O2 < HO• < h+.+. It suggested that the h+ and HO•  are the main active species in the 

degradation process [45]. 

 

Fig.  4.15 Reactive Species Analysis of FeWO4 NPs by photo-Fenton at the optimum 

doses (10 mg/L of CIP, 2 mM of H2O2, 100 mg/L of FeWO4, pH = 7) and various reaction 

times. 

A potential heterogeneous photo-Fenton catalytic mechanism for FeWO4 

nanoparticles has been proposed. The FeWO4 nanoparticle experienced moderate 

distortion, resulting in the accumulation of substantial positive and negative charges 

(h+/e-) on its opposing surfaces. Photo-Fenton-induced h+ is a pivotal element in the 

degradation process. It may directly participate in catalytic processes, degrading 

pollutants, or it can react with H2O or OH− adsorbed on the surface of the FeWO4 

nanoparticle to generate HO• radicals. Consequently, the catalytic process was 

significantly inhibited by the introduction of an H+ scavenger, as indicated by the 

outcomes of radical trapping experiments. Photo-Fenton-induced electrons can 

substantially augment the catalytic process as well. The electron can react with the 

adsorbed O2 on the FeWO4 nanoparticle to produce O2•−. Conversely, the e− atoms would 

have promoted the Fe3+/Fe2+ cycle, so catalytically promoting the Fenton reaction [273, 

274]. The following illustrations demonstrate the key mechanisms involved in the 

breakdown of antibiotics by heterogeneous PF process using FeWO4 [45, 275-277]. 

Fe2+ + H2O2 → Fe3+ + HO• + OH-      Eq. 4.2 

Fe3+ + H2O2 → Fe2+ + HO2
• + H+     Eq. 4.3 

H2O2 + HO2
• → HO• + O2      Eq. 4.4 
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Fe3+ +HO2
• → Fe2+ + H+ + O2                           Eq. 4.5 

O2
•- + H2O2 → HO•  + HO− + O2     Eq. 4.6 

4HO•  → 2H2O + 1O2       Eq. 4.7 

Fe3+ + H2O + hν → Fe2+ + HO• + H+     Eq. 4.8 

HO• + RH → R• + H2O       Eq. 4.9 

 HO• + RH → R-OH        Eq. 4.10 

 FeWO4 + hν → FeWO4 (h+ + e−)      Eq. 4.11 

e− + Fe3+ → Fe2+         Eq. 4.12 

h+ + H2O/OH− → HO•        Eq. 4.13 

e− + O2 → •O2−         Eq. 4.14 

 H2O2 + Fe2+ → Fe3+ + HO• + OH−      Eq. 4.15 

  CIP + HO• → H2O + Degradation products → CO2 + H2O     Eq. 4.16 

4.5 Stability and Reusability Test of FeWO4 Nanoparticles  

Two important characteristics of the nanomaterial that can help in reducing the 

treatment costs are its reusability and structural integrity. Five cycles of the tests were 

conducted in order to investigate the reusability of FeWO4. Following that, FeWO4 

nanoparticles' catalytic activity did not significantly decline, and their performance was 

nearly constant across all cycles (Fig.  4.16). This finding suggests that the synthesized 

FeWO4 nanoparticles can be an economical photocatalyst for environmental 

remediation. 

 

Fig.  4.16 Reusability test of FeWO4 nanoparticle 
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4.6 Inactivation of ARB by FeWO4 Nanoparticles Using Photo-Fenton Process 

Fenton process is a potential advanced oxidation process (AOP) that is utilized for 

the degradation of antibiotics and the inactivation of microorganisms, including 

bacteria, fungi, viruses, and yeasts [278-280]. The process is augmented by H2O2 and light 

radiation, which produce HO• that penetrate the bacterial outer membrane, resulting in 

heightened membrane permeability, triggering internal cellular processes, and 

ultimately inactivating the cells [281]. 

To assess the efficacy of FeWO4 nanoparticle heterogeneous catalysts in 

inactivating antimicrobial-resistant bacteria (ARB), the concentration of E. coli was 

quantified in the UPW matrix. Initially, FeWO4 nanoparticles and evaluated their 

efficacy in H2O2, Fenton, and photo-Fenton systems, contrasting their inactivation 

performance. The H2O2 and Fenton systems attained reductions of 2.08-log and 0.40-log, 

respectively. In the dark Fenton procedure, the combination of catalyst and H2O2 is 

insufficient to effectively inactivate ARB, resulting in a minimal inactivation of 0.40-log. 

Conversely, only H2O2 enhanced the ARB inactivation efficiency (2.08-log) but failed to 

achieve the detection limit after 40 minutes of treatment.Fig. 4.17 demonstrates that the 

PF system exhibited superior efficiency compared to the other two, achieving a complete 

(6.45-log) inactivation of ARB within 20 minutes of light irradiation. The superior 

disinfection efficacy achieved by FeWO4 nanoparticles may be attributed to the 

improved interconversion between Fe3+ and Fe2+ ions. In this heterogeneous process, 

neither the catalyst nor H2O2 alone was adequate; however, the synergistic impact of 

FeWO4 nanoparticles combined with H2O2 under illumination may inactivate all ARB. A 

comparable outcome was noted by Ahmed et al [26] , they found that 0.25 g/L of 

FeS2@GO and 1 mM of H2O2 can efficiently inactivate 6.35 log ARB after 30 minutes of 

reaction time. In another study, Ahmed et al. applied photo-Fenton treatment with a 

lamp that simulates the visible sun spectrum with light-emitting diodes to evaluate the 

inactivation of E. coli DH5 and two ARGs (tetA and blaTEM-1) present in external and 

internal plasmids. The maximum bacterial inactivation (6.17-LRV) was achieved after 30 

min of treatment in simulated wastewater using 2.8/340.2 mg/L (0.5/10 mM) of Fe2+/H2O2 

[71]. 
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Fig. 4.17 Inactivation of ARB E. coli RP4 by Fenton and photo-Fenton process 

 

 

Fig. 4.18 ARB E. coli RP4 before starting the reaction (Control Test) 
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Fig. 4.19 Inactivation of ARB E. coli RP4 by H2O2 

 

 

Fig. 4.20 Inactivation of ARB E. coli RP4 by Fenton Process 
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Fig. 4.21 Inactivation of ARB E. coli RP4 by photo-Fenton Process after 15 min 

treatment 

 

Fig. 4.22 Inactivation of ARB E. coli RP4 by photo-Fenton Process after 20 min 

treatment 
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Fig. 4.23 Inactivation of ARB E. coli RP4 by photo-Fenton Process after 30 min 

treatment 

 

 Reagent concentration, solution pH, and HO• generation have been regarded as 

the key impacting factors affecting the effectiveness of the PF process. The inactivation 

efficiency distinctly improved when the molar ratio of Fe2+/H2O2 was increased. The PF 

process is so sensitive to the Fe3+ concentration, mainly because its efficiency is 

dependent on ferric iron regeneration from ferrous iron-a rate-limiting phase [282]. 

Researchers suggest the solar-based PF procedure for the inactivation of ARB in the 

presence of UV visible sun light in order to improve the regeneration of Fe2+ [280]. 

Giannakis, Stefanos et al. (2018) demonstrated that a duration of 60 minutes of photo-

Fenton treatment was necessary to achieve a 4-log reduction value of streptomycin-

resistant E. coli, with no observed post-treatment regrowth, utilizing a concentration of 

1/20 mg/L of Fe2+/H2O2 [283]. Another study demonstrated that modifications improved 

bacterial inactivation compared to conventional SPF, achieving 6-LRV in 300 minutes for 

citric acid and 60 minutes for persulfate [284].  
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4.7 Regrowth Analysis of Antibiotic-Resistant Bacteria 

The regrowth possibility of ARB was assessed to determine the relationship 

between treatment duration and bacterial cell damage, hence preventing bacterial 

regrowth post-treatment. As treatment duration increased, bacterial regeneration 

activity diminished, demonstrating that treatment time significantly influenced the 

complete removal of bacteria from the aqueous matrix. Following a 20-minute treatment, 

no ARB was detected (0 CFU/mL) in the sample. The regrowth became highly apparent 

after 48-h and 72-h incubation (Fig. 4.24).  

 

 

Fig. 4.24  Regrowth analysis of ARB E. coli RP4 
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Chapter 5: CONCLUSIONS 

 

5.1 Conclusion 

The FeWO4 nanomaterials were successfully synthesized by hydrothermal 

process. By adjusting the NaOH concentration in a facile and affordable hydrothermal 

approach, the morphological changes were achieved and confirmed through FESEM 

characterization. The optical examination by UV-Vis DRS showed that the synthesized 

FeWO4 nanoparticles have excellent photo-response ability and lowered bandgap 

energy compared to nanorods and nanofibers. The XRD characterization confirmed the 

excellent crystallinity of synthesized FeWO4 nanomaterials. The binding energy peaks 

of Fe 2p, W 4f, and O 1s in XPS confirmed that synthesized FeWO4 is in the pure phase. 

The electrochemical analysis (EIS and CV) results suggest that FeWO₄ is highly 

conductive and stable, making it suitable for applications in energy storage and catalysis. 

The catalytic activity of synthesized FeWO4 nanomaterials has been explored by four 

types of Fenton processes and revealed that NPs possess notable catalytic efficiency than 

NR and NF in the degradation of ciprofloxacin (CIP) antibiotic by photo-Fenton and 

sono-photo-Fenton processes at neutral conditions. When exposed to visible light and 

H2O2, the FeWO4 NPs can almost completely degrade CIP within 40 min. This study has 

proven that morphological structures of FeWO4 nanomaterials substantially influence 

the elimination of CIP antibiotics present in contaminated water through photo-driven 

Fenton processes. However, the photo-Fenton process was optimized by Response 

Surface Methodology (RSM) and Central Composite Design (CCD) were used to 

improve the degradation of CIP by altering three independent variables: solution pH, 

catalyst dose (mg/L), and reaction time (min). The quadratic model was found to be 

significant through analysis of variance (ANOVA). Almost complete degradation was 

achieved at the optimum doses of 100 mg/L of FeWO4, pH=7, and a 40-minute reaction 

time with initial concentrations of 10 mg/L for CIP and 2 mM for hydrogen peroxide 

(H2O2). The optimized dose is used to inactivate ARB E. Coli RP4 strain and found that 

6.45 log ARB was removed after 20 minutes of reaction time and no bacteria regrowth 
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occur after 72h incubation period. The scavenger assay demonstrated the HO• is the 

primary reactive species that is involved in the degradation of ciprofloxacin by FeWO4 

nanoparticles. The superior degradation of CIP antibiotics by FeWO4 NPs can be 

attributed to the enhanced photo-response ability, which efficiently promotes the 

electron-hole separation rate to ensure fast generation of ROS during the photo-Fenton 

process. The photoexcited electrons could enhance the Fe3+/Fe2+ cycle and expedite the 

Fenton catalytic process. The reusability test indicates that FeWO4 nanoparticles can be 

an economical photocatalyst to use to remove environmental pollutants. The current 

study can be a standard for creating efficient and economical catalytic materials, which 

is necessary for addressing environmental problems and promoting the use of renewable 

energy. 

5.2 Key Findings 

o FeWO4 nanoparticles showed a lower band gap and higher photocatalytic 

activity as a heterogenous catalyst at neutral pH solution as compared to other 

two nanomaterials. 

o Removal efficiency of ciprofloxacin was up to 99% after 40 min by PF and SPF 

process. 

o 6.45 log ARB E. Coli RP4 reduction occurs by photo-Fenton process after 20 min, 

without further regrowth risk. 

o HO• was revealed as the dominant radical in the degradation of antibiotic and 

antibiotic-resistant bacteria. 

o Five cycles of use of FeWO4 nanoparticles demonstrate it can be an economical 

photocatalyst for environmental remediation. 
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5.3 Limitation of the Study 

o The study was carried out only on a lab-scale base experiment. 

o UV spectrophotometer may not able to detect extremely low concentrations of 

antibiotic. 

o Some physicochemical characterization could not do due to unfavoured 

situation. 

o Unable to check the performance efficiency in the real-life wastewater for 

commercial application. 

5.4 Recommendation for Further Study 

Given the alarming global water scarcity, treated and reused wastewater could be 

a cost-effective, sustainable, and long-term solution. There are many kinds of pollutants 

being discharged by living beings which makes the water sources vulnerable for human 

health. So, this is a big matter of concern regarding future aspects. To improve the 

pollutant removal performance, Heterogeneous Fenton processes will be cost-effective 

and sustainable. As FeWO4 shows a great result, further study should continue to see its 

effectiveness in real wastewater and also inactivate antibiotic resistant bacteria and 

antibiotic resistance genes from real wastewater samples to see how effective the nano 

catalyst is in the inactivation of those resistant bacteria and control the spread of 

antibiotic resistance. 
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